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Abstract—A novel structural class of glycogen synthase kinase-3b inhibitors is modeled using quantum mechanics, automated
docking, and molecular dynamics simulations. The proposed binding modes identify important hydrogen bonds and salt-bridges
with the ATP-binding pocket of the kinase. The modeled complexes justify the observed structure–activity relationships and provide
a structural basis for the high selectivity of these inhibitors against cyclin dependent kinase-2.
� 2005 Elsevier Ltd. All rights reserved.

Alzheimer�s disease, diabetes type-2, and tumorigenesis
are important examples of disorders, where glycogen
synthase kinase-3 (GSK-3), is involved. A serine/threo-
nine kinase, GSK-3, is ubiquitously expressed in mam-
malian tissues and interferes with a plethora of cellular
and physiological processes including glycogen metabo-
lism, s-phosphorylation, Wnt signaling, and NF-jB
pathway.1–3 Because many disorders are associated with
protein phosphorylation abnormalities, discovery of
pharmacological inhibitors of kinases and phosphatases
in general,4 and GSK-3 in particular,5 has emerged as a
tempting goal in drug research.


GSK-3 has two major isoforms (a and b), which are 98%
identical within the catalytic domain,6 however, GSK-
3b has received more attention in pharmacological and
structural studies. Consequently, more than 30 inhibi-
tors of GSK-3b have been described,5 most of them
being ATP-competitive and some with IC50 values in
the nanomolar range. Examples include staurosporine,
paullones, indirubins, hymenialdisine, SB-415286,
CHIR98023, etc. Important in kinase inhibition is the
ability of an inhibitor to be specific for a given kinase
or set of kinases. This is even more challenging due to
the structural similarity of the ATP-binding site of all
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kinases. In the case of GSK-3b, it is often desirable to
achieve selectivity against the cyclin dependent kinases
(CDKs), since GSK-3b is phylogenetically most closely
related to the CDKs.1 All the different classes of com-
pounds reported5 have shown a limited degree of GSK-
3b specificity. However, recently a new structural class
of ATP-competitive 1-(4-aminofurazan-3yl)-5-dialky-
laminomethyl-1H-[1,2,3] triazole-4-carboxylic acid deriv-
atives were reported,7 which not only have high affinity
for GSK-3b besides desirable water solubility, but appar-
ently have the highest level of selectivity against CDK-2
amongst all the GSK-3b inhibitors published until now.


The structure–activity relationships (SARs)7 in this nov-
el class of GSK-3b inhibitors are focused around two
major substructural classes (Fig. 1; nomenclature for
inhibitors is the same as used in the experimental study
by Olesen et al.7 for the sake of compatibility). However,
no structural information is available on the possible
binding mode of these inhibitors which apparently do
not fit into any other previously co-crystallized or mod-
eled kinase inhibitors. The present study reports a possi-
ble binding mode of this novel class of inhibitors in the
GSK-3b active-site, using quantum mechanics, auto-
mated docking, and molecular dynamics simulations.


The three-dimensional structure of GSK-3b was
obtained from the protein data bank (pdb code: 1j1b),
which is a crystallographic structure of the kinase bound
to ANP at 1.80 Å resolution, with a R value of 0.216.8
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Figure 1. 1-(4-Aminofurazan-3yl)-5-dialkylaminomethyl-1H-[1,2,3] triazole-4-carboxylic acid derivatives, compound 6b and compound 8b.7 IC50


values in micromolars are shown for both GSK-3b and CDK-2. MEPs representing a maximum potential, /+ = 0.10 a.u., and a minimum potential,


/� = �0.10 a.u., are mapped onto electron density isosurfaces of q = 0.009 e/Å.3 Negative potentials are in red color and positive in blue.


MOLEKEL 4.3 package was used to obtain the maps after calculating the electron density.
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It has been justified in recent studies that ATP or ANP
bound kinase structures are better starting points to
model ATP competitive molecules than apo struc-
tures.9,10 Quantum mechanical calculations were per-
formed on the compounds first to optimize their
geometries and then to obtain molecular electrostatic
potentials (MEPs). These calculations were performed
using the density functional theory (B3LYP functional
and 6-31 + G(d) basis set) as implemented in the Gauss-
ian 03 program.11 Figure 1 depicts the MEPs for com-
pounds 6b and 8b. Relative electropositive potential is
saturated toward the aminofurazan part, whereas the
electronegative potential is denser toward the 4-pyridyl
moiety. Automated docking studies were performed
using GOLD 2.0 program,12 with the ATP-binding
pocket of GSK-3b defined as active site (see Supporting
Information for details of protocol). The most populat-
ed docking solutions for compounds 6b and 8b also con-
formed to their MEPs, allowing us to choose a docking
mode with electronegative part (4-pyridyl end) occupy-
ing the triphosphate subsite in the ATP-binding pocket
and electropositive part (aminofurazan end) occupying
the adenine subsite (Fig. 2).


Since 6b is the most potent analog and 8b the most selec-
tive one,7 detailed studies were further performed on

docked complexes of these two compounds, which are
expected to capture the most essential and representative
interactions in the whole series. Molecular dynamics
simulations were carried out for each complex to assess
their stability and behavior and to account for ligand in-
duced conformational changes in the kinase. Duan
(ff03)13 and general amber force fields14 were used for
the protein and the ligands, respectively. Simulations
were performed using the SANDER module of AM-
BER 8.0 package.15 Point charges for the ligands were
calculated using the AM1-BCC (AM1 Hamiltonian with
bond charge correction) method.16 Unrestrained molec-
ular dynamics simulations were performed in aqueous
solution for each complex at constant temperature and
pressure with the application of periodic boundary con-
ditions. Protocol involved 500 ps of equilibration phase
followed by a 700 ps production phase. Final 400 ps of
trajectories were used to calculate the average coordi-
nates of each complex. These average structures were
then energy minimized (see Supporting Information
for details of simulation and minimization protocols).
These final models are depicted in Figure 2. Analysis
of trajectories was done with the PTRAJ module of
AMBER 8.0.15 Figure 3 shows the evolution of root-
mean-square deviation (rmsd) of the coordinates.
The time averages of important hydrogen bonds and







Figure 2. Proposed binding mode for inhibitors 6b (a and b) and 8b (c and d) in the GSK-3b active site from the average calculated structure. (a and


c) Inhibitors are shown with their soft-surfaces (drawn using DS Viewer Pro 6.0 package, Accelrys, San Diego, CA) depicting the fit in the ATP


binding pocket, under the P-loop, while contacting, Leu132 and Cys199 residues (shown in yellow, as CPK drawing). (b and d) Calculated hydrogen


bonds and salt-bridges are depicted (broken lines). For clarity only hydrogens bonded to donors and residues involved in these interactions are


shown. Inhibitor carbon atoms are in green, while protein carbons are shown in gray color. All nitrogen atoms are in blue, hydrogens in white, and


oxygen atoms in red color.
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salt-bridges (electrostatic interactions) are shown in Ta-
ble 1 (see Supporting Information for time evolution of
these distances and angles).


Both 6b and 8b have an internal hydrogen bond between
their piperidine nitrogens and the amide nitrogen in 6b
and triazole nitrogen in 8b, respectively. During the en-
tire simulation, the ligands hence did not show any ma-
jor conformational change as can be seen from their
individual rmsds (Fig. 3). The tightly bound inhibitors
are stabilized with the aid of hydrogen bonds and salt-
bridges, besides van der Waals interactions with the
GSK-3b active site residues. The ATP-binding pocket
is occupied fully due to the elongated structure of these
inhibitors. Especially the Leu132 and Cys199 residues
provide dimpled and bulged contours to the active site,

respectively (Figs. 2 and 5). Important are the hydrogen
bonds made with the backbone atoms of Asp133 and
Val135 residues by both 6b and 8b (Fig. 2). In fact, these
two residues have been known to contribute to equiva-
lent hydrogen bonds in all the GSK-3b inhibitor com-
plexes proposed5 including paullones, indirubin-3 0-
oxime, staurosporine, ARA 014418, and pyrazolopyri-
dine 9, etc. In the case of 6b, a third hydrogen bond is
observed between the backbone amide nitrogen of
Phe67 and the 4-pyridyl nitrogen of the inhibitor. Signif-
icant is the observation that this hydrogen bond is a part
of the conformational change brought in the P-loop
(glycine-rich loop) of the kinase by the inhibitor, as in
the starting complex it was absent (see time evolution
of this interaction in Supporting Information). The
4-pyridyl ring in 6b also contributes to van der Waals







Figure 2. (continued)
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interactions with the phenyl ring of Phe67 (Fig. 2b).
However, in the case of 8b, due to its conformation,
the 4-pyridyl nitrogen remains exposed to the solvent.
Nevertheless, a hydrogen bond, though not so strong,
is observed between one of the nitrogens of the triazole
ring and backbone amide nitrogen of Asp200. These
differences account possibly for the weaker inhibition
potency of 8b when compared to 6b.


One of the interesting results of our simulation study is
the identification of stable, multiple electrostatic interac-
tions via Lys85 residue of GSK-3b. In both 6b and 8b,
this lysine is observed to form very stable salt-bridges,
simultaneously, with the inhibitor and Glu97, thus pro-
viding a unique electrostatic bridge in one end of bind-
ing pocket (time evolution plots in Supplementary
Material). This is expected to be very significant in
molecular recognition of these inhibitors by the kinase.
Further, in the case of 6b, due to allowed space in the
binding site, Lys85 is also observed to make a third
simultaneous salt bridge with Asp200. This electrostatic

interaction, however, is expected to be not as significant
and potent as the one with Glu97, because Asp200 is a
solvent exposed residue whereas Glu97 is relatively more
buried. A comparative solvation shell analysis during
the entire simulation justifies this fact (Fig. 4) as it is ob-
served that in the case of both compounds 6b and 8b,
Asp200 residue is more solvent exposed as compared
to Glu97 during the entire length of simulation. Further,
the Asp200 residue, not being buried in the protein ma-
trix, was found to be very flexible (see Supplementary
Material).


The proposed binding mode clearly justifies the ob-
served SAR,7 thus validating the models. Since less po-
tent inhibitors showed mixed docking modes, without
any clear signal, it is important to understand why they
do not bind in the same way as the good ones, by using
the binding characteristics observed in the latter. To
understand why less potent inhibitors hit or miss in
the GSK-3b active site, we superimposed them using
docking model of 6b as a template (examples for 4b
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Figure 3. Evolution of the rmsd of the Ca atoms (black) of (a) GSK-3b:6b complex, and (b) GSK-3b:8b complex, with respect to the initial structure.


Shown in red is the rmsd of the ligand alone. Each line is made up of 600 individual points from the trajectory.


Table 1. Hydrogen bonds and salt-bridges involved in complexes during the molecular dynamics simulationa


Interaction Mean distanceb (Å) ± standard deviation Mean anglec(degree) ± standard deviation


GSK-3b:6b
Phe67(N):6b 3.21 ± 0.21 156.62 ± 10.12


Asp133(O):6b 2.90 ± 0.15 152.86 ± 10.24


Val135(N):6b 3.07 ± 0.16 146.50 ± 14.15


Lys85(NZ):6b 2.91 ± 0.15


Lys85(NZ):Glu97(OE1) 2.78 ± 0.12


Lys85(NZ):Asp200(OD2) 3.15 ± 0.77


GSK-3b:8b
Asp133(O):8b 2.90 ± 0.13 157.43 ± 9.44


Val135(N):8b 3.05 ± 0.15 148.43 ± 13.69


Asp200(N):8b 3.95 ± 0.42 133.67 ± 13.7


Lys85(NZ):8b 3.05 ± 0.15


Lys85(NZ):Glu97(OE1) 2.86 ± 0.19


a Calculated average of the production phase (350 data points).
bMeasured between heavy atoms.
cMeasured between donor, hydrogen, and acceptor.
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and 7b, which show at least half an order of magnitude
weaker activity compared to 6b and 8b, are shown in
Supplementary Material). For instance, in case of 4b
the electrostatic nature of the inhibitor will change with-
out the presence of electronegative pyridyl moiety,
which is likely to interfere with the Lys85 interaction
(NH2 interacting with NH3). Further, smaller size of
4b would also render the P-loop more flexible and would
perhaps let it close more than normal. Next, for 7b, its
extended length, as well as a preferred staggered confor-
mation along the CH2–CH2 group attached between the
amide and 4-pyridyl groups, render it a conformation
which has bumps with the active site roof, that is, the
P-loop (Gly65 residue, especially). Besides this, it also
has bumps with the Lys85 and Phe67 side chains. In case
Lys85 or Phe67 swap away, 7b will lose interactions, be-
sides, if the inhibitor itself rotates around to adjust, it
will have an unfavorable internal energy due to the loss

of staggered conformation mentioned above, besides an
energy barrier accounting for the rotation.


The models also explain, why possibly these compounds
are selective for GSK-3b, in comparison to CDK-2. Fig-
ure 5 shows the active sites of the two kinases (following
a three-dimensional superposition of the two kinases in
Insight II modeling program) comparing �selectivity res-
idues� (CDK-2 structure is PDB ID: 1hck17 (bound to
ATP) and GSK-3b structure is PDB ID: 1j1b8 (bound
to ANP)). The buried residue in CDK-2 equivalent to
Glu97 of GSK-3b is Leu148 (in three-dimensional
superposition and not sequence alignment), although
an equivalent of GSK-3b�s Lys85 (Lys33 in CDK-2) is
present. This implies that the unique salt bridge network
in CDK-2 will be missed by 6b and 8b. Further, the dif-
ferences in the active site topologies owing to Phe80 and
Ala144 residues in CDK-2 may also impart selectivity to
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Figure 4. Solvation shells describing the number of solvent water molecules occupied around the side chains of (a) Glu97 and (b) Asp200 in GSK-


3b:6b complex, and (c) Glu97 and (d) Asp200 in GSK-3b:8b complex. First solvation shell (total water molecules <3.4 Å) is shown in red color and


second solvation shell (total water molecules <5.0 Å) in black.
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the inhibitors. Since 6b and 8b are elongated inhibitors,
binding tightly to the ATP-binding pocket and occupy-
ing the adenine, ribose, as well as triphosphate subsites,
in CDK-2, they may not be able to easily adjust them-
selves, without losing hydrogen bonds in the tail and
the head when they miss the specific interactions or have
unfavorable interactions postulated above.
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Figure 5. Active-site pockets of (a and b) CDK-2 and (c and d) GSK-3b. Solvent-exposed surfaces (drawn using a probe of 1.4 Å radius, using DS


Viewer Pro 6.0 package, Accelrys Inc., San Diego, CA) are shown (a and c), highlighting the differential topologies of the two active sites. (b and d)


depict the active sites, while showing (only heavy atoms; carbon atoms in gray, oxygen atoms in red, sulfur atom in yellow, and nitrogen atoms in


blue) of �selectivity residues.�
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Ying Wang, Robin L. Rolser, Paul Kussie, Marc Labelle and M. Carolina Tuma
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The synthesis and SAR studies on triazole-containing tubulin inhibitor class are reported.


Novel CCR1 antagonists with oral activity in the mouse collagen induced arthritis pp 5160–5164


Laszlo Revesz,* Birgit Bollbuck, Thomas Buhl, Joerg Eder, Ronald Esser, Roland Feifel,
Richard Heng, Peter Hiestand, Benedicte Jachez-Demange, Pius Loetscher, Helmut Sparrer,
Achim Schlapbach and Rudolf Waelchli
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A1B1 and A4B7 showed oral activity in the mouse collagen induced arththritis.


Quantitative structure–activity relationship studies of vitamin D receptor affinity
for analogues of 1a,25-dihydroxyvitamin D3. 1: WHIM descriptors


pp 5165–5169


Maykel Pérez González,* Pedro Lois Suárez, Yagamare Fall and Generosa Gómez


The WHIM approach has been applied to the study of the VDR affinity of 86


vitamin D analogues with excellent results. Three different approaches failed to give


satisfactory models for this property.
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Nonsteroidal anti-inflammatory drugs and their analogues as inhibitors of aldo-keto
reductase AKR1C3: New lead compounds for the development of anticancer agents


pp 5170–5175


Stanislav Gobec,* Petra Brožič and Tea Lanišnik Rižner
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New inhibitors of human recombinant AKR1C3 are reported. Some compounds inhibited the enzyme in submicromolar range.


Novel cell-penetrating a-keto-amide calpain inhibitors as potential treatment for muscular dystrophy pp 5176–5181


Cyrille Lescop,* Holger Herzner, Hervé Siendt, Reto Bolliger, Marco Henneböhle,
Philipp Weyermann, Alexandre Briguet, Isabelle Courdier-Fruh, Michael Erb,
Mark Foster, Thomas Meier, Josef P. Magyar and Andreas von Sprecher
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6a, IC50 = 25 nM in cell-free assay
      IC50 = 500 nM in cellular assay


The synthesis of novel a-keto-amide calpain inhibitors bearing a lipoyl residue is reported. They demonstrated an improved activity


in muscle cells compared to MDL28170, referring to increased cell membrane permeability.


Synthesis and biological evaluation of methoxylated analogs of the newer generation taxoids
IDN5109 and IDN5390


pp 5182–5186


Luciano Barboni,* Roberto Ballini, Guido Giarlo, Giovanni Appendino,
Gabriele Fontana and Ezio Bombardelli


Starting from 10-deacetylbaccatin III, the 2-debenzoyl-2-m-


methoxybenzoyl analogs of the newer generation taxoids IDN5109


and IDN5390 were synthesized. The biological evaluation of these


compounds (5 and 6, respectively) showed a general increase of


cytotoxicity, as observed in first-generation anticancer taxanes.


Structure-based discovery of a new class of Hsp90 inhibitors pp 5187–5191


Xavier Barril,* Paul Brough, Martin Drysdale, Roderick E. Hubbard, Andrew Massey,
Allan Surgenor and Lisa Wright


Docking-based virtual screening identified 1-(2-phenol)-2-


naphthol compounds as a new class of Hsp90 inhibitors of low


to sub-micromolar potency. Here we report the binding affinities


and cellular activities of several members of this class. A high


resolution crystal structure of the most potent compound reveals


its binding mode in the ATP binding site of Hsp90, providing a


rationale for the observed activity of the series and suggesting


strategies for developing compounds with improved properties.
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Carbonic anhydrase inhibitors: Inhibition of the human isozymes I, II, VA, and IX
with a library of substituted difluoromethanesulfonamides


pp 5192–5196


Alessandro Cecchi, Scott D. Taylor, Yong Liu, Bryan Hill, Daniela Vullo,
Andrea Scozzafava and Claudiu T. Supuran*
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3-(5-chloro-2,4-dihydroxyphenyl)-Pyrazole-4-carboxamides as inhibitors of the Hsp90
molecular chaperone


pp 5197–5201


Paul A. Brough,* Xavier Barril, Mandy Beswick, Brian W. Dymock,
Martin J. Drysdale, Lisa Wright, Kate Grant, Andrew Massey,
Allan Surgenor and Paul Workman
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Structure-based drug design using information from X-ray structures of ligands bound to the molecular chaperone


Hsp90 has been used to assist in the design of 3-(5-chloro-2,4-dihydroxyphenyl)-pyrazole-4-carboxamides, several of


which can make a hydrogen bond to Phe138 of the protein, affording increased binding potency.


Heteroaryl-O-glucosides as novel sodium glucose co-transporter 2 inhibitors. Part 1 pp 5202–5206


Xiaoyan Zhang,* Maud Urbanski, Mona Patel, Roxanne E. Zeck, Geoffrey G. Cox,
Haiyan Bian, Bruce R. Conway, Mary Pat Beavers, Philip J. Rybczynski and Keith T. Demarest
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A series of benzo-fused heteroaryl-O-glucosides was synthesized and evaluated in SGLT1 and 2 cell-based functional assays. Indole-O-


glucoside 10a and benzimidazole-O-glucoside 18 exhibited potent in vitro SGLT2 inhibitory activity.


In silico fragment-based discovery of indolin-2-one analogues as potent DNA gyrase inhibitors pp 5207–5210


Marko Oblak, Simona Golič Grdadolnik, Miha Kotnik, Roman Jerala,
Metka Filipič and Tomaž Šolmajer*


We report here compounds with indolin-2-one scaffold as potent DNA gyrase inhibitors. Using the tools of virtual screening and NMR


spectroscopy indolin-2-one analogue HTS05063 (18) that inhibits the DNA gyrase supercoiling activity in the low micromolar range


was discovered.
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Synthesis and evaluation of thiazole carboxamides as vanilloid receptor 1 (TRPV1) antagonists pp 5211–5217


Ning Xi,* Yunxin Bo, Elizabeth M. Doherty, Christopher Fotsch, Narender R. Gavva,
Nianhe Han, Randall W. Hungate, Lana Klionsky, Qingyian Liu, Rami Tamir, Shimin Xu,
James J. S. Treanor and Mark H. Norman
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A series of thiazole carboxamides was prepared and evaluated as TRPV1 receptor antagonists. IC50 values of ca. 0.050 mM were


achieved in either capsaicin- or acid-mediated calcium influx assays in TRPV1-expressing CHO cells.


A small library of trisubstituted pyrimidines as antimalarial and antitubercular agents pp 5218–5221


Anu Agarwal, Kumkum Srivastava, S. K. Puri, S. Sinha and Prem M. S. Chauhan*
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Out of the 20 compounds synthesized, 16 compounds have shown in vitro antimalarial activity against Plasmodium falciparum in the


range of 0.25–2 lg/mL and 8 compounds have shown antitubercular activity against Mycobacterium tuberculosis H37Ra, at a


concentration of 12.5 lg/mL.


Synthesis and antitubercular activity of 2-hydroxy-aminoalkyl derivatives of
diaryloxy methano phenanthrenes


pp 5222–5225


Gautam Panda,* Shagufta, Anil K. Srivastava and Sudhir Sinha
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R = 2 0 and 30 Amines


R'= CH3, CH2CH(OH)CH2R


A lead compound for the development of ABA 80-hydroxylase inhibitors pp 5226–5229


Kotomi Ueno, Hidetaka Yoneyama, Shigeki Saito, Masaharu Mizutani,
Kanzo Sakata, Nobuhiro Hirai and Yasushi Todoroki*
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2: R = CH3, KI = 0.40 µM


4: R = CHF2, KI = 0.41 µM
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Self-complementary peptides for the formation of collagen-like triple helical supramolecules pp 5230–5233


Takaki Koide,* Daisuke L. Homma, Shinichi Asada and Kouki Kitagawa


triple helix-formation


Biaryl diamides as potent melanin concentrating hormone receptor 1 antagonists pp 5234–5236


Anandan Palani,* Sherry Shapiro, Mark D. McBriar, John W. Clader, William J. Greenlee,
Kim O�Neill and Brian Hawes
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Structure–activity relationship studies on a series of cyclohexylpiperazines bearing a phanylacetamide
as ligands of the human melanocortin-4 receptor


pp 5237–5240


Joseph Pontillo, Joe A. Tran, Nicole S. White, Melissa Arellano, Beth A. Fleck,
Dragan Marinkovic, Fabio C. Tucci, John Saunders, Alan C. Foster and Chen Chen*
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Discovery of a substituted 8-arylquinoline series of PDE4 inhibitors: Structure–activity relationship,
optimization, and identification of a highly potent, well tolerated, PDE4 inhibitor


pp 5241–5246


Dwight Macdonald,* Anthony Mastracchio, Hélène Perrier, Daniel Dubé,
Michel Gallant, Patrick Lacombe, Denis Deschênes, Bruno Roy, John Scheigetz,
Kevin Bateman, Chun Li, Laird A. Trimble, Stephen Day, Nathalie Chauret,
Deborah A. Nicoll-Griffith, Jose M. Silva, Zheng Huang, France Laliberté,
Susana Liu, Diane Ethier, Doug Pon, Eric Muise, Louise Boulet,
Chi Chung Chan, Angela Styhler, Stella Charleson, Joseph Mancini,
Paul Masson, David Claveau, Donald Nicholson, Mervyn Turner,
Robert N. Young and Yves Girard


The discovery and SAR of a new series of substituted 8-arylquinoline PDE4 inhibitors are described.


From this series of compounds, the development candidate L-454,560 was selected.


N


SO2Me


Me Me


MeO2S
O N


N


L-454,560


Contents / Bioorg. Med. Chem. Lett. 15 (2005) 5101–5113 5107







Synthesis, biological activity, and X-ray crystal structural analysis of diaryl ether inhibitors of
malarial enoyl acyl carrier protein reductase. Part 1: 40-Substituted triclosan derivatives


pp 5247–5252


Joel S. Freundlich,* John W. Anderson, Dimitri Sarantakis, Hong-Ming Shieh, Min Yu,
Juan-Carlos Valderramos, Edinson Lucumi, Mack Kuo, William R. Jacobs, Jr.,
David A. Fidock, Guy A. Schiehser, David P. Jacobus and James C. Sacchettini
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Nanomolar inhibitors ofP. falciparum enoyl acyl carrier protein reductase are presented that demonstrate potent anti-parasitic efficacy.


N-[(3S)-1-Benzylpyrrolidin-3-yl]-(2-thienyl)benzamides: Human dopamine D4 ligands with
high affinity for the 5-HT2A receptor


pp 5253–5256


Jalaj Arora, Michel Bordeleau, Laurence Dube, Keith Jarvie, Lucy Mazzocco, Jack Peragine,
Ashok Tehim and Ian Egle*
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A series of N-[(3S)-1-benzylpyrrolidin-3-yl]-(2-thienyl)benzamides 8 has been prepared and found to bind with high affinity to the


human D4 (hD4) and 5-HT2A receptors. Several compounds displayed selectivity for these receptors versus hD2 and a1 adrenergic


receptors of over 500-fold.


2-Cyano-4-fluoro-1-thiovalylpyrrolidine analogues as potent inhibitors of DPP-IV pp 5257–5261


Curt D. Haffner,* Darryl L. McDougald, Steven M. Reister, Brian D. Thompson, Christopher Conlee,
Jing Fang, Jonathan Bass, James M. Lenhard, Dallas Croom, Melissa B. Secosky-Chang,
Thaddeus Tomaszek, Donavon McConn, Kevin Wells-Knecht and Paul R. Johnson
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We report the synthesis and biological activity of a series of 2-cyano-4-fluoro-1-thiovalylpyrrolidine inhibitors of DPP-IV. Within


this series, compound 19 provided a potent, selective, and orally active DPP-IV inhibitor which demonstrated a very long duration


of action in both rat and dog.


Photocurable hard and porous biomaterials from ROMP precursors cross-linked with diyl radicals pp 5262–5265


Eric Enholm,* Aarti Joshi and Dennis L. Wright


N=N
h
-N2


Cross


Linking


N=N


A combination of (ROMP) ring-opening metathesis polymerization and diradical (diyl) cross-linking provides a new


access to hard biomaterials and potential artificial bone replacements.
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Discovery of 4-heteroarylbicyclo[2.2.2]octyltriazoles as potent and selective inhibitors of
11b-HSD1: Novel therapeutic agents for the treatment of metabolic syndrome


pp 5266–5269


Xin Gu,* Jasminka Dragovic, Gloria C. Koo, Sam L. Koprak, Cheryl LeGrand,
Steven S. Mundt, Kashmira Shah, Marty S. Springer, Eugene Y. Tan, Rolf Thieringer,
Anne Hermanowski-Vosatka, Hratch J. Zokian, James M. Balkovec and
Sherman T. Waddell
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hHSD1 IC50 = 2.2 nM


hHSD2 IC50 > 2000 nM


11


Heteroaryl substituted bicyclo[2.2.2]octyltriazoles have been shown to be potent and selective


inhibitors of 11b-hydroxysteroid dehydrogenase type I (11b-HSD1) with excellent


pharmacokinetic profiles. Compound 11 is a 2.2 nM inhibitor of human 11b-HSD1 enzyme.


Synthesis and ex vivo evaluation of carbon-11 labelled N-(4-methoxybenzyl)-N0-(5-nitro-1,3-
thiazol-2-yl)urea ([11C]AR-A014418): A radiolabelled glycogen synthase kinase-3b specific
inhibitor for PET studies


pp 5270–5273


Neil Vasdev,* Armando Garcia, Winston T. Stableford, Alex B. Young,
Jeffrey H. Meyer, Sylvain Houle and Alan A. Wilson
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Two classes of p38a MAP kinase inhibitors having a common
diphenylether core but exhibiting divergent binding modes


pp 5274–5279


Enrique L. Michelotti, Kristofer K. Moffett, Duyan Nguyen, Martha J. Kelly,
Rupa Shetty, Xiaomei Chai, Katrina Northrop, Variketta Namboodiri,
Brandon Campbell, Gary A. Flynn, Ted Fujimoto, Frank P. Hollinger,
Marina Bukhtiyarova, Eric B. Springman and Michael Karpusas*


Novel and expanded jadomycins incorporating non-proteogenic amino acids pp 5280–5283
David L. Jakeman,* Cathy L. Graham and Taryn R. Reid
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Synthesis and biological evaluation of novel bisheterocycle-containing compounds as
potential anti-influenza virus agents


pp 5284–5287


Wen-Long Wang, De-Yong Yao, Min Gu,
Min-Zhi Fan, Jing-Ya Li,
Ya-Cheng Xing and Fa-Jun Nan*


N
O


S N


NH


N
H


O


N
O


OHN
O


N
O


Leucamide A (1)


S N


N
O


COOR2


NHR1


S N


N
O


NHR1


N
H


O


N


O


COOR2


3a-3e 2a-2n


A series of novel 4,2-bisheterocycle tandem derivatives consisting of a methyloxazole and thiazole subunit were synthesized. Many


compounds were found to inhibit human influenza A virus. Several analogues exhibited moderate biological activity and could serve


as leads for further optimizations for antivirus research.


Inhibition of Tpl2 kinase and TNF-a production with 1,7-naphthyridine-3-carbonitriles:
Synthesis and structure–activity relationships


pp 5288–5292


Lori Krim Gavrin, Neal Green,* Yonghan Hu, Kristin Janz, Neelu Kaila, Huan-Qiu Li,
Steve Y. Tam, Jennifer R. Thomason, Ariamala Gopalsamy, Greg Ciszewski,John W. Cuozzo,
J. Perry Hall, Sang Hsu, Jean-Baptiste Telliez and Lih-Ling Lin


Aminopiperidine indazoles as orally efficacious melanin concentrating hormone receptor-1 antagonists pp 5293–5297


Anil Vasudevan,* Andrew J. Souers, Jennifer C. Freeman, Mary K. Verzal, Ju Gao,
Mathew M. Mulhern, Derek Wodka, John K. Lynch, Kenneth M. Engstrom,
Seble H. Wagaw, Sevan Brodjian, Brian Dayton, Doug H. Falls, Eugene Bush,
Michael Brune, Robin D. Shapiro, Kennan C. Marsh, Lisa E. Hernandez,
Christine A. Collins and Philip R. Kym


N


HN
N


N
R


R2


R1


The synthesis and biological evaluation of novel 3-amino indazole melanin


concentrating hormone receptor-1 antagonists are reported, several of which


demonstrated functional activity of less than 100 nM. Compounds 19 and 28,


two of the more potent compounds identified in this study, were characterized


by high exposure in the brain and demonstrated robust efficacy when dosed in


diet-induced obese mice.


Binding of amine-substituted N1-benzenesulfonylindoles at human 5-HT6 serotonin receptors pp 5298–5302


Manik Pullagurla, Uma Siripurapu, Renata Kolanos, Mikhail L. Bondarev,
Małgorzata Dukat, V. Setola, B. L. Roth and Richard A. Glennon*
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Indoles 11 and 12 (R1 and/or R2 = NHCH3 or H; R and R3 = NH2 or H) were


examined to determine the influence of amine substituents on 5-HT6 receptor affinity.


Although all compounds displayed low nanomolar affinity, only a single aryl amine


moiety is required for binding. It appears that multiple modes of binding are possible


upon interaction of these types of compounds with 5-HT6 receptors.
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Photoregulation of DNA polymerase I (Klenow) with caged fluorescent oligodeoxynucleotides pp 5303–5306


XinJing Tang, Julia L. Richards, Adam E. Peritz and Ivan J. Dmochowski*
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Inhibitors of the serotonin transporter protein (SERT): The design and synthesis
of biotinylated derivatives of 3-(1,2,3,6-tetrahydro-pyridin-4-yl)-1H-indoles.
High-affinity serotonergic ligands for conjugation with quantum dots


pp 5307–5310


Ian D. Tomlinson, John N. Mason, Randy D. Blakely
and Sandra J. Rosenthal*
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Biotinylated derivatives of 3-(1,2,3,6-tetrahydro-pyridin-4-yl)-1H-indoles with high


affinity for the serotonin transporter have been synthesized and attached to fluorescent


quantum dots. These conjugates have been shown to retain biological activity.


Orally bioavailable highly potent HIV protease inhibitors against PI-resistant virus pp 5311–5314
Zhijian Lu,* Joann Bohn, Tom Rano, Carrie A. Rutkowski, Amy L. Simcoe, David B. Olsen,
William A. Schleif, Anthony Carella, Lori Gabryelski, Lixia Jin, Jiunn H. Lin, Emilio Emini,
Kevin Chapman and James R. Tata
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Efforts directed to identifying potent HIV protease inhibitors (PI) have yielded a class of compounds that are not only very active


against wild-type (NL4-3) HIV virus but also very potent against a panel of PI-resistant viral isolates. Chemistry and biology are


described.


A synthesis of 3-deoxydihydrolycoricidine: Refinement of a structurally minimum pancratistatin
pharmacophore


pp 5315–5318


James McNulty,* Vladimir Larichev and Siyaram Pandey


The synthesis and anticancer evaluation of 3-deoxydihydrolycoricidine 7 are reported.
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Inhibitors of phenylethanolamine N-methyltransferase devoid of a2-adrenoceptor affinity pp 5319–5323


Gary L. Grunewald,* Jian Lu, Kevin R. Criscione and Cosmas O. Okoro
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Synthesis and biological evaluation of novel (LL)-a-amino acid methyl ester, heteroalkyl,
and aryl substituted 1,4-naphthoquinone derivatives as antifungal and antibacterial agents


pp 5324–5328


Vishnu K. Tandon,* Dharmendra B. Yadav, Ravindra V. Singh, Ashok K. Chaturvedi and Praveen K. Shukla
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The synthesis, antifungal, and antibacterial activities of 3–15 are described.


Geometric diversity through permutation of backbone configuration in cyclic peptide libraries pp 5329–5334


Zachary E. Perlman, Jonathan E. Bock, Jeffrey R. Peterson and R. Scott Lokey*
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Novel 7-methoxy-6-oxazol-5-yl-2,3-dihydro-1H-quinazolin-4-ones as IMPDH inhibitors pp 5335–5339


Helen L. Birch, George M. Buckley, Natasha Davies, Hazel J. Dyke, Elizabeth J. Frost,
Philip J. Gilbert, Duncan R. Hannah, Alan F. Haughan, Michael J. Madigan, Trevor Morgan,
William R. Pitt, Andrew J. Ratcliffe, Nicholas C. Ray, Marianna D. Richard, Andrew Sharpe,*


Alicia J. Taylor, Justine M. Whitworth and Sophie C. Williams


The synthesis and biological activity of a novel series of 7-methoxy-6-oxazol-5-yl-2,3-


dihydro-1H-quinazolin-4-ones are described. Some of these compounds were found to


be potent inhibitors of inosine 50-monophosphate dehydrogenase type II (IMPDH II).
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Rapamycin analogs with reduced systemic exposure pp 5340–5343


Rolf Wagner,* Karl W. Mollison, Luping Liu, Cynthia L. Henry, Teresa A. Rosenberg,
Nwe Bamaung, Noah Tu, Paul E. Wiedeman, Yatsun Or, Jay R. Luly, Benjamin C. Lane,
James Trevillyan, Yung-Wu Chen, Thomas Fey, Gin Hsieh, Kennan Marsh, Merrill Nuss,
Peer B. Jacobson, Denise Wilcox, Richard P. Carlson, George W. Carter and Stevan W. Djuric
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Rapamycin 36


The synthesis and biological activities of highly efficacious rapamycin analogs 3 and 6 in various autoimmune disease models are


reported. A shorter plasma half-life of 3 and 6, compared to rapamycin, was measured in rats, and a reduced t1/2 of 3 versus


rapamycin was verified in patients.


Selective and orally bioavailable phenylglycine tissue factor/factor VIIa inhibitors pp 5344–5352


Katrin Groebke Zbinden,* Ulrike Obst-Sander, Kurt Hilpert, Holger Kühne, David W. Banner,
Hans-Joachim Böhm, Martin Stahl, Jean Ackermann, Leo Alig, Lutz Weber, Hans Peter Wessel,
Markus A. Riederer, Thomas B. Tschopp and Thierry Lavé
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We describe the structure-based design and synthesis of nanomolar, orally bioavailable tissue factor/factor VIIa inhibitors which


interfere with the coagulation cascade by selective inhibition of the extrinsic pathway.
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Bioorganic & Medicinal Chemistry Letters 15 (2005) 5136–5141

Carbonic anhydrase activators: X-ray crystal structure
of the adduct of human isozyme II with LL-histidine
as a platform for the design of stronger activators


Claudia Temperini,a Andrea Scozzafava,a Luca Puccettib and Claudiu T. Supurana,*


aUniversità degli Studi di Firenze, Laboratorio di Chimica Bioinorganica, Rm. 188, Via della Lastruccia 3,


I-50019 Sesto Fiorentino (Firenze), Italy
bOspedale San Lazzaro, Divisione di Urologia, Via Pierino Belli 26, 12051 Alba, Cuneo, Italy


Received 23 June 2005; revised 22 August 2005; accepted 23 August 2005

Abstract—Activation of the carbonic anhydrase (CA, EC 4.2.1.1) isoforms hCA I, II, and IV with LL-histidine and some of its
derivatives has been investigated by kinetic and X-ray crystallographic methods. LL-His was a potent activator of isozymes I
and IV (activation constants in the range of 4–33 lM), and a moderate hCA II activator (activation constant of 113 lM). Both
carboxy- as well as amino-substituted LL-His derivatives, such as the methyl ester or the dipeptide carnosine (b-Ala-His), acted as
more efficient activators as compared to LL-His. The X-ray crystallographic structure of the hCA II–LL-His adduct showed the acti-
vator to be anchored at the entrance of the active site cavity, participating in an extended network of hydrogen bonds with the
amino acid residues His64, Asn67, and Gln92 and, with three water molecules connecting it to the zinc-bound water. Although
the binding site of LL-His is similar to that of histamine, the first CA activator for which the X-ray crystal structure has been
reported in complex with hCA II (Briganti, F.; Mangani, S.; Orioli, P.; Scozzafava, A.; Vernaglione, G.; Supuran, C. T. Biochem-
istry 1997, 36, 10384) there are important differences of binding between the two structurally related activators, since histamine
interacts among others with Asn67 and Gln92 (similarly to LL-His), but also with Asn62 and not His64, whereas the number of
water molecules connecting them to the zinc-bound water is different (two for histamine, three for LL-His). Furthermore, the imid-
azole moieties of the two activators adopt different conformations when bound to the enzyme active site. Since neither the amino-
nor carboxy moieties of LL-His participate in interactions with amino acid moieties of the active site, they can be derivatized for
obtaining more potent activators, with pharmacological applications for the enhancement of synaptic efficacy. This may consti-
tute a novel approach for the treatment of Alzheimer�s disease, aging, and other conditions in need of achieving spatial learning
and memory therapy.
� 2005 Elsevier Ltd. All rights reserved.

Activation of the zinc enzyme carbonic anhydrase (CA,
EC 4.2.1.1) has recently been shown to constitute a nov-
el therapeutic approach for the enhancement of synaptic
efficacy, which may constitute an excellent means for the
treatment of Alzheimer�s disease, aging, and other con-
ditions in need of achieving spatial learning, and memo-
ry therapy.1,2 In fact, it has previously been shown by
this group that a multitude of physiologically relevant
compounds such as biogenic amines (histamine, seroto-
nin, and catecholamines), amino acids, oligopeptides, or
small proteins among others act as efficient CA activa-
tors (CAAs) for many of the 16 presently known human
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CA isozymes.3–6 By means of electronic spectroscopy,
X-ray crystallography, and kinetic measurements, it
has been proved that the activator molecule binds within
the enzyme active cavity at a site distinct of the inhibitor
or substrate binding sites, participating thereafter in the
rate-determining step of the catalytic cycle, that is, the
proton transfer processes between the active site and
the environment.7,8


In addition to clarifying basic aspects of the CA catalyt-
ic mechanism, CAAs might lead to interesting pharma-
cological applications, although this field is largely
unexplored for the moment.3–6 Thus, recently it has
been reported1 that phenylalanine, a CAA first investi-
gated by our group,8,9 when administered to experimen-
tal animals produces an important pharmacological
enhancement of synaptic efficacy, spatial learning, and
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memory, proving that this class of unexplored enzyme
modulators may be used for the management of condi-
tions in which learning and memory are impaired. It
should also be mentioned that it was previously reported
that the levels of several CA isoforms (such as CA I and
CA II) are significantly diminished in the brain of pa-
tients affected by Alzheimer�s disease,10 a fact strongly
supporting the involvement of CAs in cognitive func-
tions.1,3–6
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Two X-ray crystallographic structures of adducts of

Table 1. Activation data of hCA isozymes I, II, and IV with histamine,


LL-phenylalanine, LL-histidine, LL-histidine methyl ester, and carnosine


Compound No. KA
a (lM)


hCA Ib hCA IIb hCA IVb


Hst (histamine) 1 2 125 37


LL-Phe 2 1.2 10.3 4.6


LL-His 3 4 113 33


LL-His-OMe 4 2.5 84 23


b-Ala-His (carnosine) 5 1.3 35 15


aMean from at least three determinations by the esterase method, with


4-nitrophenyl acetate as substrate.18 Standard error was in the range


of 5–10%.
b Human recombinant isozymes.19

the main isoform, that is, human CA II (hCA II) with
activators, are known at this moment: one with hista-
mine,7 and another one with phenylalanine (a ternary
complex in which azide is also bound to the Zn(II) ion
of the hCA II active site).8 Both of them showed the
activator molecule to be bound at the entrance of the
active site cavity (in a region different from the inhib-
itor binding site), where it is anchored by hydrogen
bonds to amino acid side chains (Asn62, Asn67, and
Gln92) and water molecules, and also leading to a
complete reorganization of the hydrogen bond net-
work within the active site cavity. Positioned in such
a favorable way, the activator facilitates the rate-limit-
ing step of CA catalysis, that is, a proton transfer
reaction between the zinc-bound water molecule and
the environment, which in many CA isozymes (in
the absence of activators) is assisted by the amino acid
residue His64 situated in the middle of the active site
cavity.8–10 This proton transfer reaction (in which
either the imidazolic moiety of His64 or a protonat-
able moiety of the activator molecule participates)
leads to the formation of the catalytically active nucle-
ophilic species of the enzyme, with hydroxide coordi-
nated to the zinc ion.


Considering mainly histamine or different di-/tripeptides
as lead molecules, many types of potent CAAs have
been reported for isozymes CA I, II, and IV,11–16 but
no other X-ray crystallographic studies for this type of
pharmacological agents are available in the literature.
Here, we report such a study, and more precisely we
have resolved the X-ray crystal structure of the adduct
of the physiologically most relevant cytosolic isoform
hCA II17 with LL-histidine, an activator previously de-
scribed by our group.16 The new structure may be used
as a platform for the design of new types of activators
for many of the physiologically crucial CA isozymes
identified up to now in higher vertebrates.


Compounds 1–5 investigated as activators of the physi-
ologically relevant isozymes hCA I, II, and IV, that is,
histamine, LL-Phe, LL-His, and its methyl ester, as well as
the dipeptide carnosine (b-Ala-LL-His) are commercially
available from Sigma–Aldrich and were used without
further purification.
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Activation data with compounds 1–5 against the three
above-mentioned human CA isozymes are shown in
Table 1. hCA I and II data for 1–3 and 5 have previously
been reported,7,8,11–15 whereas the hCA IV data of all
the compounds and the LL-His-OMe 4 data against all
isozymes are presented here for the first time.


It may be observed that all these derivatives act as po-
tent hCA I activators, with activation constants (KAs)
in the range of 1.2–4 lM. The best hCA I activators
were LL-Phe and carnosine, whereas LL-His was the least
effective one. Thus, derivatization of both the amino-
as well as the carboxy moieties of LL-His leads to an
enhancement of the CA activatory properties, a finding
that will be explained later after discussing the X-ray
crystal structure of the adduct. Against hCA II, hista-
mine 1, and LL-His 3 act as medium–weak activators,
with KAs in the range of 113–125 lM, whereas the meth-
yl ester 4, the dipeptide 5 or LL-Phe 2 were much better
activators (KAs in the range of 10.3–84 lM). Similarly,
against hCA IV, histamine 1, and LL-His 3 acted as medi-
um potency activators (KAs in the range of 33–37 lM),
whereas compounds 2, 4, and 5 were more effective
CAAs (KAs in the range of 4.6–23 lM).


Thus, LL-Phe is a more effective CAA against all the iso-
zymes investigated here, compared to LL-His or hista-
mine, whereas derivatization of both the amino- or
carboxy moieties of LL-His (such as in the ester 4 or the
dipeptide 5) leads to an enhancement of the CA activa-
tory properties against all three investigated isoforms.







Figure 1. Unbiased calculated electron density map of the hCA II–LL-


His adduct, showing the activator (His300), water molecules, and


amino acid residues involved in the recognition of the activator,


together with the Zn(II) ion and its ligands.
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To assess the molecular basis responsible for the activa-
tory properties of LL-His 3 toward hCA II, we solved the
crystal structure of the complex, which was prepared
and crystallized as previously reported for other CA–ac-
tivator adducts.7,20 This three-dimensional structure was
analyzed by difference Fourier techniques, the crystals
being isomorphous to those obtained for the native en-
zyme21–23 and refined using the CNS program.22 The
statistics for data collection and refinement are summa-
rized in Table 2.


The structure refinement allowed us to evidence the spa-
tial arrangement of the activator within the enzyme ac-
tive site. The unbiased calculated electron density map
of the hCA II–LL-His adduct showed one molecule of
activator (numbered as His300) present within the active
site (Fig. 1). The water molecules and amino acid resi-
dues involved in the recognition of the activator, togeth-
er with the Zn(II) ion and its ligands, are also shown in
this figure. The overall binding of LL-His, at the entrance
of the active site cavity of hCA II (similar to the binding
of histamine7 and phenylalanine8 to this isozyme), is
presented in Figure 2A, whereas the key amino acids in-
volved in the recognition of this binding site are shown
in Figure 2B.


Inspection of the electron density maps at various stages
of the crystallographic refinement, showed features com-
patible with the presence of the LL-His molecule bound to
the active site, as clearly illustrated in Figure 3. The
binding of 3 to the enzyme did not significantly perturb
the enzyme structure, even in close proximity of the li-
gand. As a matter of fact, the rms deviation, calculated
over the entire Ca atoms of hCAII–3 complex with re-
spect to the unbound enzyme, was of 0.36 Å. Interac-
tions between the protein and Zn(II) ion were entirely
preserved in the adduct (Figs. 3 and 4). Thus, the Zn(II)
ion remained in its tetrahedral geometry, being coordi-
nated to the imidazolic moieties of His94, His96, and

Table 2. Crystallographic parameters and refinement statistics for the


hCA II –LL-His adduct


Parameter Value


X-ray source Rotating anode


Wavelength (Å) 1.54


Cell parameters a = 42.70 Å


b = 41.79 Å


c = 72.83 Å


a = c = 90�
b = 104.47�


Space group P21
No. of unique reflections 15,867


Completeness (%)a 95.0 (90.1)


No. of reflections [>2r(Fo)] 14,294


hI/r(I)ia 22.1 (5.1)


Resolution range (Å) 8.0–2.0


R-factor (%) 18.2


R-free (%)b 21.8


Rmsd of bonds from ideality (Å) 0.005


Rmsd of angles from ideality (�) 1.34


a Values in parenthesis relate to the highest resolution shell, 2.07–


2.00 Å.
b Calculated using 5% of data.

His119, as well as to a water molecule (w150, zinc–oxy-
gen distance of 2.23 Å).


As seen in Figures 2–4, LL-His binds at the entrance of
the hCA II active site, in the activator binding site pre-
viously discovered by us,7,8 participating in three strong
hydrogen bonds with Ne of His64 (distance of 3.16 Å),
Nd of Gln92 (distance of 3.12 Å), and Od of Asn67 (dis-
tance of 3.31 Å). In addition, the activator molecule par-
ticipates in an extended network of hydrogen bonds
which involve its Ne moiety, three water molecules
(w133, w130, and w129) as well as the zinc-bound water
molecule (w150). All these hydrogen bonds are strong
ones, the distances between two adjacent oxygen atoms
being in the range of 2.83–2.91 Å (Fig. 4). They are
probably also involved in the proton transfer processes
by which activators facilitate the rate-determining step
of the catalytic cycle. It should be mentioned that in
hCA II, in the absence of activators, it is the imidazolic
moiety of His64 which acts as a proton shuttle between
the active site and the environment.3–8 It must also be
noted that similar to histamine,7 the amino moiety of
LL-His does not participate in any contacts with the en-
zyme. The same is true for the carboxy moiety of LL-
His, and this may also explain why some LL-His deriva-
tives in which either the amino- or the carboxy moieties
have been modified still possess CA activatory proper-
ties, which, in some cases, are even enhanced as com-
pared to those of LL-His (see Table 1). Indeed, the
methyl ester of LL-His 4 or the dipeptide 5 showed better
hCA II activatory properties, probably because their
modified carboxy/amino moieties participate in more
favorable contacts with amino acid residues in the
neighborhood of the activator binding site, such as
Leu198, Pro202, Pro201, and Phe131.


Although LL-His and histamine are structurally very sim-
ilar, their binding to hCA II is rather different, excepting
the fact that they bind in the same region of the active







Figure 2. (A) Electrostatic surface potential of hCA II in complex with


LL-His 3. Polar atoms are colored in red (negatively charged) and blue


(positively charged). The activator molecule is shown in green. (B)


Ribbon diagram of the hCA II with LL-His bound (in green) and key


amino acid residues involved in binding of the activator molecule


(Asn62, His64, Asn67, and Gln92, in yellow). The Zn(II) ion is in


magenta.


Figure 3. Details of the active site in the hCA II–LL-His adduct,


showing amino acid residues participating in recognition of the


activator molecule, reported in green and numbered as His300.


Hydrogen bonds, water molecules (w150, 129, 130, and 133), and the


active site Zn(II) ion coordination are also shown.
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Figure 4. Schematic representation for the binding of LL-His (numbered


as His300) to the hCA II active site. The Zn(II) ligands and hydrogen


bonds connecting the Zn(II) ion and the activator through a network


of four water molecules are shown, as well as the three hydrogen bonds


(dotted lines) between the activator molecule and amino acid residues


His64, Asn67, and Gln92 (figures represent distances in Å).
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site (Fig. 5). A superposition of the two structures is
shown in Figure 5. Thus, as shown earlier by our
group,7 histamine participates in three strong hydrogen
bonds when complexed to the hCA II active site, one
with Gln92 (similarly with LL-His, see above), another
one with Asn62 (whereas LL-His makes the second hydro-
gen bond with His64), and the third one with Asn67
(similarly to LL-His). Indeed, in the present structure,
the distance between Nd of LL-His and Nd of Asn62 is
of 4.07 Å (the corresponding distance in the hCA II–his-
tamine adduct is of 3.20 Å),7 which results in the impos-
sibility of hydrogen bond formation. In addition,
histamine makes a weaker hydrogen bond with Od of
Asn67 (of 3.47 Å), interaction which is more favorable
in the hCA II–histidine adduct investigated here (dis-
tance Od of Asn67 to Ne of Asn67 of 3.31 Å). Further-
more, the orientation of the imidazole moieties of the
two activators when bound to the hCA II active site is
rather different (Fig. 5). Indeed, although the aliphatic
chains of the two compounds are almost entirely super-
posable, the two imidazole rings make an angle of

around 45�, which in the case of LL-His orients the ring
in a favorable conformation for participating in the
above-mentioned hydrogen bond with His64. For hista-
mine, which is placed in a somehow more vertical con-
formation as compared to LL-His, the imidazole ring is
too far from His64 for making this favorable hydrogen
bond (Fig. 5). Another major difference between the
two structures concerns the relay of water molecules
connecting the activator molecules to the zinc-bound
water. Thus, in the hCA II–histamine adduct there are







Figure 5. Superposition of the hCA II active sites complexed with LL-


His (green) and histamine (yellow), showing also the amino acid


residues involved in the binding of the two activators.
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two such water molecules, whereas in the hCA II–LL-His
adduct, three water molecules are present in this relay
(Fig. 4). It is thus clear that a complete reorganization
of the hydrogen bond network occurs after the binding
of activators, which may be different for diverse struc-
tural classes of CAAs. This is, in fact, the first example
in which such a difference is being identified.


The activation of other CA isozymes involved in critical
physiological processes with the derivatives investigated
here is also of great importance, considering the fact that
the active site geometry ofmany such isozymes (for exam-
ple, the cytosolic CA VII24 and CA XIII,25 or the tumor-
associated isozymes CA IX26 and XII27) is rather similar
to that of CA II, but some of the key amino acid residues
involved in the binding of activators (such as LL-His or his-
tamine) are different in some of them. Such studies may
lead both to novel pharmacological applications of CAAs
as well as to a better understanding of the physiological
role of some of these CA isoforms.


In conclusion, activation of three CA isoforms, that is,
hCA I, II, and IV, with LL-histidine and some of its deriv-
atives has been investigated by kinetic and X-ray crystal-
lographic methods. LL-His was a potent activator of
isozymes I and IV (activation constants in the range of
4–33 lM) and a moderate hCA II activator (activation
constant of 113 lM). Both carboxy- as well as amino-
substituted LL-His derivatives, such as the methyl ester
or the dipeptide carnosine (b-Ala-His), acted as more
efficient activators as compared to LL-His. The X-ray
crystallographic structure of the hCA II–LL-His adduct
showed the activator to be anchored at the entrance of
the active site cavity, participating in an extended net-
work of hydrogen bonds with the amino acid residues
His64, Asn67, and Gln92, and with three water mole-
cules connecting it to the zinc-bound water. Although
the binding site of LL-His is similar to that of histamine,
the first CA activator for which the X-ray crystal
structure has been reported in complex with hCA II,
there are important differences of binding between the

two structurally related activators, since histamine inter-
acts among others with Asn67 and Gln92 (similarly to
LL-His), but also with Asn62 and not His64, whereas
the number of water molecules connecting them to the
zinc-bound water is different (two for histamine, three
for LL-His). Since neither the amino- nor carboxy moie-
ties of LL-His participate in interactions with amino acid
moieties of the active site, they can be derivatized for
obtaining more potent activators, with pharmacological
applications for the enhancement of synaptic efficacy.
This may constitute a novel approach for the treatment
of Alzheimer�s disease, aging, and other conditions in
need of achieving spatial learning, and memory
therapy.3
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Abstract—We describe the structure-based design and synthesis of highly potent, orally bioavailable tissue factor/factor VIIa inhib-
itors which interfere with the coagulation cascade by selective inhibition of the extrinsic pathway.
� 2005 Elsevier Ltd. All rights reserved.

Thromboembolic disorders are among the leading caus-
es for morbidity and mortality in the industrialized
world. Thrombosis of either the venous or the arterial
vascular system may cause pulmonary embolism, myo-
cardial infarction or ischemic stroke.1 The development
of new anticoagulant therapies therefore represents an
important medical need. For a long period of time the
coumarins have been the only orally active anticoagu-
lants interfering with the coagulation cascade which
have been available on the market. They act indirectly,
inhibiting the c-carboxylation in the biosynthesis of
coagulation factors prothrombin, VII, IX, and X. This
mechanism leads to a slow on-set of action. Additional-
ly, the coumarins suffer from substantial food and drug
interaction, and high protein binding,2 rendering it very
difficult to maintain a balanced plasma exposure. There-
fore, careful and regular monitoring of the patient is re-
quired.3 During the last decades, substantial efforts have
been devoted to the search for an orally bioavailable
replacement of the coumarins. Out of numerous re-
search programs, the only compound to have reached
the market is Ximelagatran from AstraZeneca, which
is a double prodrug of the direct thrombin inhibitor
Melagatran.4 Ximelagatran has been launched in France
in 2004 under the tradename Exanta, but so far has not
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been accepted by the FDA due to concerns about long-
term liver damage and possible risk of heart attacks.


It is known that excessive inhibition of the coagulation
cascade at the final stages (factor Xa, thrombin) can lead
to bleeding complications.5 An alternative target would
be the inhibition of the tissue factor/factor VIIa (TF/
F.VIIa) complex which is the main trigger of thrombotic
events.6 This complex is part of the extrinsic pathway of
the coagulation cascade and causes the activation of fac-
tors IX and X, ultimately resulting in the generation of
thrombin and the thrombin-mediated conversion of
fibrinogen to fibrin. Proof-of-concept experiments in
animal models from our laboratories7 as well as other
research groups8 demonstrate that specific inhibition
of the TF/F.VIIa complex results in an antithrombotic
effect without enhancing bleeding propensity. These re-
sults suggest that F.VIIa is a very promising target for
a novel anticoagulant, and many research programs in
the pharmaceutical industry aim at the discovery of a
low molecular weight TF/F.VIIa inhibitor.9 Here,
we report the design, synthesis, and profiling of the
first highly potent, orally bioavailable TF/F.VIIa
inhibitors from our laboratories.


Results and Discussion. In a previous publication10, com-
pounds 1–3 (Table 1) were described. They were the first
TF/F.VIIa inhibitors discovered in our laboratories
exhibiting an activity in the single digit nanomolar
range. In addition to their good inhibitory activity,
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Figure 1. Crystal structure (1w7x.pdb) of compound 1 bound to the active site of F.VIIa. (A) Ball-and-stick representation. (B) Surface


representation. Crystals of compound 1 complexed with TF/F.VIIa were originally produced as described.10 Crystals of the complex of 1 with short


form recombinant F.VIIa were produced as described12, except that the enzyme was activated before complex formation. Crystals were measured on


the Swiss Norwegian Beam Lines (SNBL) at the ESRF, Grenoble, to resolutions of 2.5 Å and 2.85 Å, respectively. The inhibitor binding mode could


be determined in both cases, but the data sets were incomplete and difficult to refine satisfactorily. In the complex with short form recombinant


F.VIIa, the inhibitor binding is disturbed by a crystal contact. Nevertheless, this structure without TF has been deposited in the Protein Data Bank as


1w8b.pdb. Recently, the structure determination in a new crystal form and at high resolution has been repeated for this publication. To this end


crystals of short form recombinant human F.VIIa were prepared as described.13 Crystals of the complex with 1 were frozen and data were measured


in-house to 1.8 Å resolution and processed with XDS.14 The unit cell is P41212, with a = b = 95.0 Å, and c = 115.85Å. The structure was refined,


starting from coordinates of other in-house structures, using Refmac515 and ARP/wARP16, to final overall crystallographic R-factors of 16.9%


(working) and 19.5% (free), with values in the outer shell of 25.8% and 27.7%, respectively. The inhibitor density is clear. Coordinates of this new


short form recombinant human F.VIIa complex have been deposited in the Protein Data Bank as 1w7x.pdb. An unexpected observation is that the


peptide bond between Lys192 and Gly193 is flipped by 180� relative to its usual �active� conformation into the �inactive� conformation shown. The


carbonyl oxygen of Lys192 is hydrogen bonded to the –OH of Ser195 and the –NH of Gly193, which normally donates a hydrogen bond as part of


the oxyanion-hole, now donates a hydrogen bond to the side-chain oxygen of Gln143. Factor VIIa is unique among the related serine proteases in


having a glutamine in position 143 which can turn inwards to stabilize the �inactive� conformation. This �inactive� conformation is seen both in the


presence and absence of tissue factor for this inhibitor, although in the complex with tissue factor the loop containing Gln143 is poorly ordered. We


speculate that the �inactive� conformation is the more stable conformation in the factor VIIa/tissue factor complex and that factor X, the canonical


macromolecular substrate, must expend some binding energy to promote the active conformation. Such an �inactive� conformation was described in


the literature17 for the epidermolytic toxin A, a functionally unrelated serine protease, including an estimate of the energy required to flip the peptide.


In our hands, some inhibitor series bind to the �inactive� conformation and others to the �active� conformation (unpublished results).


Table 1. Inhibition of TF/F.VIIa and related serine proteases by low nanomolar compounds 1–3
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NH2 NH


N
H
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OH O


OBn


NH


NH2 NH


N
H


O


O


OH O


R


OBn


1 2: R = -SO2-Ph
3: R = -CO-CH2-Ph


1 epimer


α α


Compound Ki (lM) Thrombin 2 · PTa (lM)


F.VIIa Thrombin F.Xa Trypsin F.VIIa


1 0.004 0.035 8.0 0.04 8.8 4


2 0.002 0.54 12.4 0.05 270 12


3 0.007 6.4 19.0 0.08 913 44


aHuman citrated plasma is spiked with at least six concentrations of inhibitor. Clotting is initiated by addition of exogenous tissue factor (Innovin).


Clotting time is determined by a turbidity measurement. The concentration of inhibitor necessary to double control clotting time is determined by


fitting the data to an exponential regression.11
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compounds 2 and 3 showed promising selectivity against
thrombin and factor Xa (F.Xa). The drawback of these
selective TF/F.VIIa inhibitors is their insufficient PK
profile. Additionally, their poor physicochemical behav-
ior and their high molecular weight cause a moderate
functional activity in the PT (prothrombin time) assay
which is a measure of the ability of an inhibitor to pre-
vent clotting via the extrinsic pathway of the coagula-
tion cascade.11 In this report, we describe how we were
able to reduce the molecular weight and the complexity
of the phenylglycine amide TF/F.VIIa inhibitors while
maintaining selectivity and improving plasma activity.


The X-ray crystal structure of compound 1 bound to the
active site of TF/F.VIIa is shown in Figure 1. The ami-
dine forms the expected salt bridge with the carboxylate
of Asp189 at the bottom of the S1 pocket. A hydrogen
bond is formed between the aniline NH and the hydrox-
yl group of the active site serine (Ser195). The methoxy
group meta to Ca of the phenylglycine moiety is located
in the small S2 pocket of F.VIIa. The carboxylate is
located in close proximity of the side chain of Lys192
and might thus be engaged in a favorable electrostatic
interaction, although the end of this side chain is quite
disordered in most X-ray crystal structures of complexes
between F.VIIa and inhibitors. Notably a �flipped� con-
formation of the peptide bond between Lys192 and
Gly193 is observed (see Fig. 1A).


From examination of the X-ray structure it became
obvious that the carboxylate could also be attached
directly to the central benzylic position (Ca of the central
phenylglycine moiety) and still contribute to the binding
affinity by an electrostatic interaction with the quite flex-
ible lysine side chain.


This hypothesis was confirmed by the preparation of the
phenylglycine derivative 4 (Table 2). The replacement
of the phenylglycine amide side chain by a simple
carboxylate still resulted in a binding affinity of

Table 2. Inhibition of TF/F.VIIa and related serine proteases by phenylglyc
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OBn
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NH2 NH
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O


O


OBn


54


3


4 4


3


α α


Compound Ki (lM)


F.VIIa Thrombin F.Xa


4 0.061 0.074 0.73


5 0.028 0.085 0.79


6 0.19 >35 5.6

61 nM. However, the selectivity against thrombin was
lost. Activity could be improved by a factor of 2 by
replacement of the methoxy group in the 3 position by
an ethoxy group (compound 5).


Much better selectivity against thrombin was observed
for compounds with two meta substituents in both posi-
tions 3 and 5 as exemplified by compounds 6 and 7–20
(Table 3). This observation can be explained by the un-
ique positioning and shape of the small S2 pocket of
F.VIIa. In all X-ray structures of complexes between
F.VIIa and phenylglycine as well as phenylglycine amide
inhibitors (unpublished results), the S2 pocket is occu-
pied by a small substituent in the position meta to Ca


of the phenylglycine moiety (Fig. 2B). In thrombin,
the S2 pocket is lined by an insertion loop made up of
Tyr60A-Pro60B-Pro60C-Trp60D. It is located in a
slightly different region of the active site and looks com-
pletely different from the S2 pocket of F.VIIa (Fig. 2C).


In the case of F.VIIa, compounds 1–20 most likely
accommodate their respective 3-substituents in the S2
pocket. In the active site of thrombin, the 3,4-dialk-
oxy-substituted phenyl residue of compounds 4 and 5
can be rotated by 180� around the bond between Ca


and the phenyl glycine phenyl ring, in such a way that
the alkoxy group in position 3 is turned out of the active
site and thus points toward the solvent. This explains the
good inhibitory activity of these two derivatives toward
thrombin. In the case of the 3,5-disubstituted phenylgly-
cine derivatives 6–20, the accommodation of the 3,5-
dialkoxyphenyl residue in the active site of thrombin
by means of such a rotation is no longer possible be-
cause two meta substituents are present, thus explaining
their selectivity against thrombin and F.Xa which lacks
the small S2 pocket completely.


There is not much room for optimization of the meta
substituent in position 3, occupying the small S2 pocket.
Besides the ethoxy group, methoxy, methyl, ethyl, vinyl,

ine derivatives 4–6
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Thrombin 2 · PTa (lM)


Trypsin F.VIIa


0.31 1.2 11.9


1.0 3.0 8.8


16.9 184 9.1







Table 3. Inhibition of TF/F.VIIa by meta,meta-disubstituted derivatives 7–20


NH


NH2 NH


OH


O


R3 R5


Compound R3 R5 Ki (lM) Thrombin 2 · PT (lM) 2 · aPTTa (lM) aPTT/PT


F.VIIa Thrombin F.Xa Trypsin F.VIIa


7 EtO
O


O
0.14 >6.6 2.9 7.0 49.1 4.8 19.8 4.1


8 Ethyl
O


O
0.060 1.6 >7.5 4.8 27.2 4.8 15.6 3.3


9 Vinyl
O


O
0.069 2.9 13.3 8.7 41.4 5.9 23.7 4.0


10
O


O
0.038 4.7 2.9 1.9 123.7 3.4 14.3 4.2


11 EtO


O


OH


0.11 5.5 12.2 4.0 50.1 5.4 29.4 5.4


12 EtO


O


N
S


O O


0.18 >3.5 4.4 3.5 20.1 4.8 26.9 5.6


13 EtO
O


N
0.48 9.9 1.6 8.6 20.1 4.6 22.3 4.8


14 EtO
O


O
0.33 8.6 2.3 7.3 25.8 4.5 17.2 3.8


15
O


O
0.065 9.5 2.6 5.4 211.8 4.3 12.9 3.0


16 EtO
O


O


R
0.43 11.3 9.1 9.9 26.2 8.6 51.7 6.0


17
O


O


R
0.129 8.8 15.3 6.6 68.1 9.1 34.0 3.7


18 EtO
O


O


s
0.12 4.6 1.5 4.5 40.2 2.7 10.3 3.8


R enantiomer at Ca


19 EtO 0.13 7.3 1.4 >68 57.1 35.6 69.9 2.0


20 EtO
N


0.51 10.2 2.2 8.0 20.2 11.8 57.6 4.9


a Human citrated plasma is spiked with at least six concentrations of the inhibitor. Clotting via the intrinsic pathway is initiated by the addition of


Actin� FS (ellagic acid in soy phosphatides). Clotting time is determined by a turbidity measurement. The concentration of inhibitor necessary to


double control clotting time (EC50) is determined by fitting the data to an exponential regression.11
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ethinyl, propyl, cyclopropyl, and 2-propenyl are allowed
in this position as demonstrated by comparing a series
of compounds with a tetrahydropyranyloxy substituent
in position 5 (Table 3, entries 7–10, and unpublished re-
sults). Regarding in vitro and plasma potency (2 · PT)
the best compound out of this series is the ethinyl
derivative 10. Additionally it is characterized by a good
selectivity against thrombin and F.Xa. Consequently,

the intrinsic pathway is inhibited to a much lesser extent
than the extrinsic pathway as can be seen by the quite
favorable aPTT/PT ratio. The aPTT (2 · prolongation
of activated partial thromboplastin time) serves as a
measure for the ability of the inhibitor to interfere with
the coagulation cascade via the intrinsic pathway.11


Larger moieties in position 3 lead to a sharp drop in
affinity (unpublished data). According to modeling and
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Figure 2. (A) Compound 18 docked in the active site of F.VIIa (magenta: relevant amino acid residues of enzyme). (B) The same representation with


the surface of the active site of F.VIIa shown in magenta. (C) Superposition of compound 18 in the F.VIIa binding conformation with the active site


of thrombin. The meta ethoxy group cannot be accommodated as in F.VIIa because the S2 pocket is different in thrombin.
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X-ray structural analysis of selected derivatives (unpub-
lished data), the meta substituent in position 5 is located
in the shallow, solvent-exposed S3 pocket allowing the
introduction of a large variety of larger substituents.
Compounds 11–13 all featuring six-membered heterocy-
clic rings are characterized by good PT potencies. Com-
pound 13 which has the poorest in vitro affinity of these
compounds is, surprisingly, the most active compound
in plasma. This might be attributed to its additional
positive charge which enhances its hydrophilicity.


Going from six-membered to five-membered rings, the
tetrahydrofuranyloxy substituent with configuration S
is found to be optimal (compound 14), while derivative
16 with an R-configured tetrahydrofuranyloxy substitu-
ent is much less active in plasma. The same tendency
was observed for the two derivatives 15 and 17 bearing
an ethinyl substituent in position 3. The better plasma

Table 4. Pharmacokinetic parameters (rat) of parent compounds 6 and 14 a


NH2


O


O


O


R'


Compound R5 R 0 R00 Dose (mg/kg) T1/2 iv


6 EtO H H 6.1 2.9


21 EtO H OH 10.3 —


22 EtO Et OH 10 3.5


14
O


O


s
H H 3 1.4


23
O


O
Et OH 10 0.9

activity of S-compounds 14 and 15 might be attributed
to a residual F.Xa inhibitory activity. Separation of
compound 14 into its two epimers led to the most active
derivative found within this series. Compound 18 exhib-
its a plasma activity of 2.7 lM. In all X-ray structures
generated from compounds of the phenylglycine series
(unpublished results), it is always the stereoisomer with
configuration R at Ca of the phenylglycine motive which
is found in the active site of F.VIIa. From analogy it can
be assumed that compound 18 also is most likely the epi-
mer with configuration R at Ca.


Good in vitro affinity was observed for the biaryl deriv-
ative 19. It suffered, however, from poor plasma activity.
Replacing the phenyl ring in position 5 by a pyridyl moi-
ety led to a substantial loss in activity, while at the same
time the plasma activity was restored (compound 20).
This clearly shows that not only the in vitro affinity,

s well as of the corresponding prodrugs 21–23
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Scheme 1. Preparation of phenylglycine derivatives 4–6. Reagents and


conditions: (a) i—4-aminobenzonitrile, MeOH; ii—benzylisonitrile,


BF3-OEt2, 0 �C; (b) 20 equiv H2O, 52–80%; (c) H2N-OH HCl,


triethylamine, EtOH, reflux, 66–82%; (d) H2, Raney nickel, EtOH/


H2O/HOAc, 56–86%; (e) LiOH, THF, 80–98%.
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but to a large extent also the hydrophilicity influences
the functional activity of a TF/VIIa inhibitor in plasma.
The same effect has been observed by other groups
working in the field of thrombin and factor Xa
inhibition.18


The zwitterionic character of the phenylglycine deriva-
tives renders them very polar. Not surprisingly, the oral
bioavailability of 6 amounted to only 2% in the rat (Ta-
ble 4). When the strongly basic benzamidine group was
masked as amidoxime prodrug (compound 21), the oral
bioavailability increased to 30%, while the amidoxime/
ester double prodrug 22 displayed an oral bioavailabil-
ity of 100%. Despite this excellent bioavailability, a
very high dose would be required to cover the plasma
exposure needed for sufficient PT prolongation because
the activity of the parent compound 6 is relatively low
(2 · PT = 9.1 lM). Therefore, the PK profiles of the
more active tetrahydrofuranyloxy derivative 14 and its
amidoxime/ester double prodrug 23 were determined.
The bioavailability of 23 in rats was found to be
15%, with a good half-life of about 4 h. Conversion effi-
ciency to parent compound after iv dosing of double
prodrug was found to be about 50% for both 22 and
23. Double prodrug 22 has a bioavailability which is
higher than its conversion efficiency observed after
intravenous administration of the double prodrug. This
indicates very good absorption of the double prodrug
and suggests additional conversion of the prodrug dur-
ing intestinal absorption. In contrast, only partial
absorption seems to occur in the case of 23 leading to
a bioavailability about 3-fold lower than conversion
efficiency. Therefore, dose adjustment and formulation
optimization are needed for compound 23 to maintain
plasma concentration for sustained inhibition of
coagulation activity and are currently being further
evaluated.


In summary, we have found novel small molecule factor
VIIa inhibitors with good inhibitory activity against fac-
tor VIIa and decent in vitro selectivity against other ser-
ine proteases of the coagulation cascade and against
trypsin. The best derivatives displayed low micromolar
functional activity in inhibiting the coagulation cascade
via the extrinsic pathway (2 · PT prolongation), while
interfering with the intrinsic pathway to a much lesser
extent (2 · aPTT prolongation). The pharmacokinetic
profile of this compound class is characterized by a
promising oral bioavailability and a long half-life. Fur-
ther optimization with the goal to reach sufficient
plasma exposure and antithrombotic activity in
relevant animal models will be the subject of further
publications.


Chemistry. Phenylglycine derivatives 4–6 were synthe-
sized starting by a Lewis acid-catalyzed condensation
between an appropriately substituted benzaldehyde, 4-
aminobenzonitrile, and benzylisonitrile (Scheme 1).
The intermediate iminoether 24 was hydrolyzed in situ
to the corresponding phenylglycine ester 25 by the addi-
tion of an excess of water. By reaction with hydroxyl-
amine hydrochloride compound 25 was converted to
the corresponding amidoxime 26. Reduction with Raney

nickel and subsequent ester hydrolysis finally provided
the zwitterionic phenylglycines 4–6.


The synthesis of the 3-ethoxy-substituted compounds 7,
11–14, 16, and 18 started with the monoethylation of 5-
hydroxymethyl-benzene-1,3-diol, followed by a benzyla-
tion of the remaining phenol and oxidation of the
hydroxymethyl group to give benzaldehyde 27, which
was condensed with 4-aminobenzonitrile and toluene-
4-sulfonylisocyanide to furnish phenylglycine ester 28
(Scheme 2). After removal of the benzyl group, phenol
29 was derivatized by a Mitsunobu reaction with various
alcohols. Conversion of the nitrile into the respective
amidine by a Pinner reaction and hydrolysis of the ester
functionality lead to the zwitterionic phenylglycine
derivatives 7, 11, 13, 14, and 16. The (S)-tetrahydrofura-
nyloxy-substituted derivative 16 was separated into its
epimers by chiral HPLC. Compound 12 was prepared
starting by derivatization of phenol 29 with 4-hydroxy-
piperidine-1-carboxylic acid tert-butyl ester. After cleav-
age of the Boc-protecting group and reaction of the
piperidine with methane sulfonylchloride, the nitrile
was converted into the amidine by a Pinner reaction.
Hydrolysis of the ester led to the desired phenylglycine
product 12.


The 3-ethinyl-substituted derivatives 10, 15, and 17 were
prepared starting with the reaction of 3,5-dihydroxy-
benzaldehyde with trifluoromethanesulfonic anhydride
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Scheme 2. Preparation of 3-ethoxy-substituted phenylglycine deriva-


tives 7, 11–14, 16, and 18. Reagents and conditions: (a) ethylbromide,


K2CO3, DMF, 60 �C, 30%; (b) benzylbromide, K2CO3, DMF, 65 �C,
83%; (c) MnO2, 1,2-dichloroethane, 50 �C, 81%; (d) i—4-aminobenzo-


nitrile, MeOH; ii—toluene-4-sulfonylisocyanide, BF3-OEt2, 0 �C; iii—
20 equiv H2O, 63%; (e) H2, Pd/C, THF, EtOH, 70%; (f) R00-OH, PPh3,


DEAD, THF, 63–68%; 7 and 13: R00 = R 0 = R; 14 and 16: R 0 = R; 11:


R00-OH = cis-4-trityloxy-cyclohexanol; 14: R00-OH = (R)-3-hydroxy-


tetrahydrofurane; 16: R00-OH = (S)-3-hydroxy-tetrahydrofurane; 30:


R00-OH = 4-hydroxy-piperidine-1-carboxylic acid tert-butylester


(Derivative 11: The trityl group of R00-OH is lost during the Pinner


reaction. Derivatives 11, 14, 16: Mitsunobu reaction with the respective


alcohols R00-OH proceeds with inversion of stereochemistry.) (g) HCl-


gas, CHCl3–MeOH (3:1), �10 �C, evaporate, then 2 N NH3 in MeOH,


45–92%; (h) LiOH, THF, 62–97%; (i) separation of 16 by chiral HPLC,


31%; (j) 4 N HCl in EtOAc, 94%; (k) CH3-SO2-Cl, DIPEA, THF, 44%.
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Scheme 3. Preparation of 3-ethinyl-substituted derivatives 10, 15, and


17. Reagents and conditions: (a) trifluoromethanesulfonic anhydride,


TEA, CH2Cl2, 0 �C, 88%; (b) trimethylsilylacetylene, Pd(PPh3)2Cl2,


Cu(I)I, TEA, THF, 70%; (c) 1 N LiOH, MeOH, 66%; (d) i—4-


aminobenzonitrile, MeOH; ii—toluene-4-sulfonylisocyanide, BF3-


OEt2, 0 �C; iii—20 equiv H2O, 65%; (e) R 0-OH, PPh3, DEAD, THF,


62–85%; 10: R = R 0; 15: R 0-OH = (R)-3-hydroxy-tetrahydrofurane; 17:


R 0-OH = (S)-3-hydroxy-tetrahydrofurane (Derivatives 15 and 17:


Mitsunobu reaction with the respective alcohols R 0-OH proceeds with


inversion of stereochemistry.) (f) HCl-gas, CHCl3–MeOH (3:1),


�10 �C, evaporate, then 2 N NH3 in MeOH, 41–50%; (g) LiOH,


THF, 60–88%.
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Scheme 4. Preparation of 3-ethyl-substituted derivative 8 and 3-vinyl-


substituted 9. Reagents and conditions: (a) p-TsOH, ethylene glycol,


benzene, reflux, 98%; (b) tributyl(vinyl)tin, tetrakis(triphenylphos-


phin)palladium(0), toluene, 80 �C, 64%; (c) n-butyllithium, trimeth-


ylborate, THF, �78 �C, then acetic acid, H2O2, 68%; (d) 4-hydroxy-


tetrahydropyrane, PPh3, DEAD, THF, 69%; (e) 2 N HCl, THF, 60%;


(f) i—4-aminobenzonitrile, MeOH; ii—toluene-4-sulfonylisocyanide,


BF3-OEt2, 0 �C; iii—20 equiv H2O, 66%; (g) HCl-gas, CHCl3–MeOH


(3:1), �10 �C; evaporate, then 2 N NH3 in MeOH, 86%; (h) LiOH,


THF, 74%; (i) H2, Pd/C, EtOH/H2O, 66%.


5350 K. Groebke Zbinden et al. / Bioorg. Med. Chem. Lett. 15 (2005) 5344–5352

(Scheme 3). Mono-Sonogashira coupling and cleavage
of the remaining triflate lead to intermediate 32 which
was condensed in a Lewis acid-catalyzed three-compo-
nent reaction with 4-aminobenzonitrile and toluene-4-
sulfonylisocyanide to give phenylglycine ester 33. The
phenol was derivatized with various alcohols via a Mits-
unobu reaction. Finally, the nitrile was converted into
the corresponding amidine by a Pinner reaction. The
final products 10, 15, and 17 were generated by hydroly-
sis of the corresponding phenylglycine esters.


The vinyl-substituted phenylglycine derivative 8 and
the corresponding ethyl compound 9 were obtained

starting by ethylene glycol protection of 3,5-dibromo-
benzaldehyde, followed by a mono-Stille coupling with
tributyl(vinyl)tin and subsequent conversion of the
remaining bromo substituent into a hydroxy group by
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lithiation, reaction with trimethylborate, and subse-
quent oxidation with hydrogen peroxide (Scheme 4).
Intermediate 35 was reacted in a Mitsunobu reaction
with 4-hydroxy-tetrahydropyrane and then deprotected.
The resulting aldehyde 36 was converted in a Lewis acid-
catalyzed condensation with 4-aminobenzonitrile and
toluene-4-sulfonylisocyanide to provide phenylglycine
ester 37. Conversion of the nitrile into an amidine group
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Scheme 6. Preparation of prodrugs 21–23. Reagents and conditions:


(a) LiOH, THF, 86%; (b) H2N-OH hydrochloride, TEA, EtOH, reflux,


21: 22%, 22: 81%, 23: 65%.


NH
O


O


N


O OH


NH
O


O


O Aryl


NH2 NH


NH
OH


O


O Aryl


NHNH2


NH
O


O


N


O OTf


19, 20


a


b


c, d


29 38


39


Scheme 5. Preparation of biaryl derivatives 19 and 20. Reagents and


conditions: (a) trifluoromethanesulfonic anhydride, TEA, dichloro-


methane, 0 �C, 99%; (b) 19: phenylboronic acid, K2CO3, tetrakis(tri-


phenylphosphine)palladium(0), toluene, 90 �C, 93%; 20: 3-(tri-n-


butylstannyl)-pyridine, triphenylarsine, Pd2(dba)3-CHCl3, LiCl,


NMP, 80 �C, 60%; (c) HCl-gas, CHCl3–MeOH (3:1), �10 �C, evap-
orate, then 2 N NH3 in MeOH, 77–87%; (d) LiOH, THF, 90–94%.

and hydrolysis of the ester moiety led to the phenylgly-
cine compound 8 which was converted into the ethyl
analogue 9 by hydrogenation of the double bond.


The 5-aryl-substituted compounds 19 and 20 were syn-
thesized starting from phenol 29 (Scheme 2) which after
conversion to triflate 38 was reacted with phenylboronic
acid and 3-(tri-n-butylstanyl)-pyridine (Scheme 5). Con-
version of the nitrile into the amidine via Pinner reaction
and hydrolysis of the phenylglycine ester provided the
desired products.


The amidoxime prodrug 21 was synthesized starting
from the 3,5-diethoxy-substituted phenylglycine ester
40 (prepared as described in Scheme 1) by hydrolysis
of the ester group and subsequent reaction of the nitrile
with hydroxylamine hydrochloride (Scheme 6). The ami-
doxime/ester double prodrugs 22 and 23 were prepared
by reaction of the appropriately substituted phenylgly-
cine esters 40 (prepared as described in Schemes 1 and
2) with hydroxylamine hydrochloride.
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Abstract—A structure-based approach has been taken to develop 4 0-substituted analogs of triclosan that target the key malarial
enzyme Plasmodium falciparum enoyl acyl carrier protein reductase (PfENR). Many of these compounds exhibit nanomolar potency
against purified PfENR enzyme and modest (2–10 lM) potency against in vitro cultures of drug-resistant and drug-sensitive strains
of the P. falciparum parasite. X-ray crystal structures of nitro 29, aniline 30, methylamide 37, and urea 46 demonstrate the presence
of hydrogen-bonding interactions with residues in the active site and point to future rounds of optimization to improve compound
potency against purified enzyme and intracellular parasites.
� 2005 Elsevier Ltd. All rights reserved.

The development of novel anti-malarials is critical as
malaria worldwide afflicts 300–600 million people result-
ing in 1–3 million deaths per year.1,2 Plasmodium falci-
parum infection is the most widespread form of
malaria and is the predominant cause of severe disease
and death. Traditional treatments with drugs, such as
chloroquine and sulfadoxine-pyrimethamine, are now
much less effective due to rampant resistance.3


The inhibition of fatty acid synthesis in P. falciparum
holds significant promise in potentially enabling the dis-
covery and development of an orally dosed therapeutic
that is affordable, safe, and efficacious against drug-re-
sistant strains. Fatty acid synthesis plays a key role in
membrane construction and energy production. Unlike
in higher eukaryotes and yeast where fatty acid biosyn-
thetic machinery resides on a single multifunctional
polypeptide (FAS-I), fatty acid synthesis in Plasmodium
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is reliant on a dissociative process that utilizes a set of
distinct enzymes composing a FAS-II pathway.4 This
pathway has been localized to the parasite apicoplast,
an essential organelle ancestrally related to cyanobacte-
ria.5 Fatty acid biosynthesis is an iterative process begin-
ning with the condensation of acetyl CoA with the
growing fatty acid chain. P. falciparum enoyl acyl carrier
protein (ACP) reductase (PfENR) is responsible for the
final step in each fatty acid synthesis cycle: the NADH-
dependent reduction of trans-2-enoyl-ACP to acyl-ACP.


We and others have shown that triclosan inhibits
PfENR,6,7 in addition to the related ENRs for Esche-
richia coli,8,9 Staphylococcus aureus,10 and mycobacte-
ria.11 This compound was also found to be effective in
killing P. falciparum in vitro6,7,12 and curing mice of
infection with the rodent malaria species Plasmodium
berghei.6 Given triclosan�s abundance13 (U.S. annual
production > 1 · 106 lbs), its safety as demonstrated by
its widespread use in personal care and household prod-
ucts, and the absence of a lipid synthesis inhibitor in the
anti-malarial arsenal, we and others have chosen to







Scheme 2. Synthesis of various 4 0-derivatives from the corresponding


aldehyde and nitrile derivatives, where Ar = 4-chloro-2-methoxyphe-


nyl. Reagents: (a) i—LiAlH4, THF, ii—TsCl, NEt3, DCM, iii—NaCN,


DMSO; (b) NaN3, ZnBr2, H2O, D; (c) NaOH, H2O2, THF, 70–90 �C;
(d) i—HBTU, HNR1R2, DIEA, DMF/NMP or ii—cat. DMF, SOCl2
then HNR1R2.
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pursue the discovery of a triclosan-derived therapeutic
for malaria.7,14–19


Prior elucidation of the X-ray crystal structure of triclo-
san and its NAD+ co-factor bound to PfENR revealed
the phenol moiety to be the critical binding element of
triclosan.7 Structural analysis suggested vectors off the
triclosan A and B rings where additional functionality
could be placed to enhance binding affinity. A strategy
was developed to build off these aromatic ring positions
to enhance enzymatic and anti-parasitic activity. A sig-
nificant gain in potency could facilitate replacement or
removal of the phenol, which is a metabolic liability as
in vivo conjugation of the phenol leads to rapid clear-
ance of triclosan.20 With this goal in mind, this report
details our work on the 4 0-position of the triclosan
pharmacophore.


Examination of the PfENR:NAD+:triclosan structure
revealed the 4 0-chloro group to be in van der Waals con-
tact with the hydrophobic sidechains of Val-222 and
Met-281. The halogen is directed toward the sidechain
of Asn-218 and backbone carbonyl of Ala-219. Our
hypothesis was that replacement of the chloride with a
variety of groups with both hydrophobic and hydro-
gen-bonding characteristics could enhance the enzyme
binding affinity of triclosan derivatives. A recently
reported triclosan analog utilizes the hydroxyl group
of a naphthol to make these proposed hydrogen bonds.7


The 4 0-chloro is approximately 4 Å from the solvent-ac-
cessible surface and, thus, the 4 0-position could also
serve to append functionality to alter inhibitor physio-
chemical properties.


Compound syntheses began with nitroaromatic 1, alde-
hyde 2, and nitrile 3, prepared from commercially avail-
able starting materials via nucleophilic aromatic
substitution. Elaboration of the nitro derivative 1 is
depicted in Scheme 1. Compound 1 was hydrogenated
to afford aniline 4 which could be acylated or sulfonylat-
ed to afford 5–10. Reductive amination with aldehydes

Scheme 1. Synthesis of various 4 0-derivatives from the corresponding


parent aniline where Ar = 4-chloro-2-methoxyphenyl. Reagents and


conditions: (a) H2, Ra-Ni, AcOH/EtOH, (b) Ac2O or PhC(O)Cl or


RSO2Cl in NEt3, DCM; (c) ArCHO, NaBH3CN, HOAc, MeOH; (d)


i—(Cl3CO)2CO, NEt3, DCM, �78 �C rt, ii—R1R2NH; (e) i—H2SO4,


NaNO2, 0 �C, ii—tol, 110 �C.

yielded 11–13. Activation of the aniline with triphosgene
in the presence of base followed by aminolysis afforded
ureas 14–15. Diazotization of the aniline followed by
acid hydrolysis of the corresponding diazonium salt
afforded 4 0-phenol 16.21


As shown in Scheme 2, aldehyde 2 was reacted in three
steps to produce 17 via a sequence of conventional
methods consisting of lithium aluminum hydride reduc-
tion, tosylation, and displacement with sodium cyanide.
The method of Sharpless was implemented to prepare
tetrazole 18 from nitrile 3.22 Sodium hydroperoxide
was generated in situ and utilized to hydrolyze 3 to car-
boxylic acid 19.23 The carboxylic acid was taken on to
afford amides 20–27 using either acid chloride methodol-
ogy or HBTU-mediated coupling.


The intermediate anisoles 1 and 3–27 were treated with
an excess of boron tribromide or aluminum trichloride
to derive the final product phenols 28–53. All final com-
pounds were characterized by 1H NMR, LC–MS, and in
some cases elemental analysis.


Final compounds 28–53 were tested in two assay sys-
tems to determine their inhibition of PfENR enzymatic
activity and inhibition of parasite whole cell growth. For
both assays, the reported inhibitory concentrations are
tabulated as means ± standard error, taking into ac-
count three independent determinations performed in
duplicate. The enzyme assay has been previously de-
scribed7 and was modified slightly to allow for a higher
throughput.25 Briefly, the assay measured the NADH-
dependent enzymatic reduction of crotonoyl-CoA sub-
strate by following a decrease in absorbance at 340 nm
resulting from the conversion of NADH to NAD+. To
date, 14 independent determinations of the IC50 of tri-
closan have been made, resulting in a mean of 73 nM
with a standard error of 21 nM. The parasite whole cell
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assay, previously described,7 uses [3H]hypoxanthine
incorporation into nucleic acids in cultured P. falcipa-
rum parasites (exposed to drug for 72 h) as a marker
of growth inhibition in the presence of drug. In the cur-
rent study, two parasite strains were utilized: 3D7, which
is drug-sensitive, and Dd2, which is resistant to the anti-
malarials chloroquine and pyrimethamine-sulfadox-
ine.24 To date, 43 independent runs of triclosan have
been conducted with the following results. Against the
3D7 strain, the EC50 was determined to have a mean
value of 2.9 lM and a standard error of 0.2 lM. Versus
the Dd2 strain, the EC50 mean value was 3.9 lM with a
standard error of 0.3 lM.


Table 1 shows the results from biological testing of the
initial round of compounds (28–36), which targeted
replacement of the 4 0-chloro group with simple organic
functionality capable of hydrogen bonding with Asn-
218 and Ala-219. All compounds in this subset display
IC50 values <400 nM, except for molecules featuring a
relatively acidic proton: carboxylic acid 33, tetrazole
34, and hydroxamic acid 36. Sharing the common fea-
ture of a hydrogen bond acceptor, amide 35 and nitrile
31 are among the most potent of these derivatives
against the enzyme. Consistent with its enzymatic activ-
ity, 31 exhibits parasite activity equipotent to triclosan.

Table 1. Inhibitory properties of selected 4 0-substituted derivatives.


OH


Cl


O


Compound R


Triclosan Cl


28 OH


29 NO2


30 NH2


31 CN


32 CH2CN


33 COOH


34 1H-tetrazol-5-yl


35 C(O)NH2


36 C(O)NHOH


aValues reported as means ± standard error.


Table 2. Inhibitory properties of selected 4 0-amide derivatives.


OH


Cl


O


Compound R


35 NH2


37 N(H)Me


38 N(H)Bn


39 NMe2
40 N-Pyrrolidine


41 N-Piperidine


42 N-Morpholine


a Values reported as means ± standard error.

35, however, suffers a significant loss against the para-
site, while nitro derivative 29 exhibits potent anti-para-
site activity. The significant anti-parasitic efficacy of 29
is not commensurate with its enzyme inhibition and
off-target activity must be considered as an explanation.


Utilizing the criteria of enzymatic potency and ease of
synthetic elaboration, the amide 35 core was chosen
for analog synthesis with the dual goals of improving en-
zyme and parasite assay potency. Aniline 30, although
less potent than 35 in both assay systems, was also
selected for derivatization due to the facile nature of
the synthetic chemistry. Not only could an increase in
compound hydrophobicity potentially aid parasite
membrane permeability, but the potential of interacting
with other hydrophobic moieties (i.e., Val-222, Tyr-277,
and Met-281) within the PfENR active site held
promise.


Inspection of the biological data in Table 2 for amide
derivatives 35, 37–42 does not afford a clear SAR trend.
With regard to enzyme inhibition, the parent amide 35 is
most potent, with the morpholino amide 42 being most
preferable amongst the tertiary amides tested. This trend
is not reflected in the parasite assay, where the benzyl-
amide 38 and piperidino amide 41 are the most

Cl


R


EC50
a 3D7/Dd2 (lM) PfENRa IC50 (nM)


2.9 ± 0.2/3.9 ± 0.3 73 ± 21


65.3 ± 9.2/87.8 ± 20.6 220 ± 25


2.1 ± 0.1/3.2 ± 0.6 180 ± 22


120 ± 21/140 ± 24 360 ± 92


3.9 ± 0.7/5.4 ± 0.7 120 ± 43


23.1 ± 5.1/36.4 ± 3.7 190 ± 52


110 ± 27/130 ± 4 550 ± 20


120 ± 10/>150 413 ± 49


96.3 ± 11.7/100 ± 16 120 ± 35


31.2 ± 10.8/30.6 ± 2.2 1200 ± 240


Cl


R


EC50
a 3D7/Dd2 (lM) PfENRa IC50 (nM)


96.3 ± 11.7/100 ± 16 120 ± 35


77.8 ± 25.3/100 ± 22 310 ± 66


7.5 ± 2.8/20.6 ± 3.6 3000 ± 800


68.4 ± 13.2/95.7 ± 11.6 460 ± 110


20.7 ± 6.0/42.6 ± 12.8 810 ± 300


11.7 ± 2.2/18.0 ± 3.0 680 ± 120


63.5 ± 14.1/94.5 ± 10.0 200 ± 10







Figure 1. Overlay of the X-ray structures of 29 (stick drawing with


carbons in yellow) and 30 (stick drawing with carbons in purple) in the


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


with bound co-factor (space-fill). One of the nitro oxygens of 29 is


hydrogen-bonded to the side-chain amide N–H of Asn-218 and the


backbone N–H of Ala-219. The 4 0-anilino hydrogens of 30 are


hydrogen-bonded to the side-chain carbonyl of Asn-218 and the main


chain carbonyl of Ala-219. The aniline lone pair may be participating


in a hydrogen bond with the main chain N–H of Ala-219.
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efficacious. Clearly, gains in anti-parasitic activity can be
made by substituting for one or more of the parent
amide�s N–H groups. Further rounds of compound
synthesis and assay evaluation are necessary to clarify
the structural requirements for attaining both enzyme
and parasite assay activity. It is interesting to note that
the substituted amides 37–42 are significantly more
potent against the 3D7 strain than the Dd2 strain.


The assay data for aniline derivatives 43–53 are shown
in Table 3. Acyl-based derivatives such as the acetyl 43
and benzoyl 44 analogs display modest improvements
in both assay systems. The sulfonamide analog of 44 is
equipotent against cultured parasites, while being less
active against purified enzyme. Alteration of the sulfon-
amide aryl group from phenyl (47) to 1- or 2-naphthyl
(48 and 49) offers slight improvements in parasite assay
performance while resulting in decreased enzyme
inhibition.


Benzylamine derivative 51 exhibits greater potency than
aniline 30 against purified enzyme and cultured para-
sites. Introduction of an ortho-substituent in 52 and 53
affords more potent compounds than 51 in the parasite
assay, while not improving enzyme inhibition. Ortho-
phenol 53 is much more potent against the parasite
(EC50 = 4.5 (3D7) and 5.6 (Dd2) lM) than 30, while
not exhibiting enhanced enzyme inhibition.


To understand the molecular basis of these results, we
have solved the X-ray crystal structures of nitro 29, ani-
line 30, methylamide 37, and urea 46 bound to PfENR
in the presence of co-factor. As expected, the only signif-
icant difference in all of these structures is the interaction
of the 4 0-substituent with the surrounding enzyme
residues. Other interactions of the triclosan core with
co-factor and enzyme are preserved. Displayed in
Figure 1, 30 utilizes its aniline hydrogens to form
hydrogen bonds to the side-chain carbonyl of Asn-
218 (dC@O–N = 3.4 Å) and the main chain carbonyl
of Ala-219 (dC@O–N = 3.7 Å). The aniline nitrogen�s

Table 3. Inhibitory properties of selected 4 0-aniline derivatives.


Compound R


30 H


43 Ac


44 Bz


45 C(O)NH2


46 C(O)N-Morpholine


47 SO2Ph


48 SO2(1-Naphthyl)


49 SO2(2-Naphthyl)


50 SO2CF3


51 CH2Ph


52 CH2(2-CNPh)


53 CH2(2-HOPh)


a Values reported as means ± standard error.

lone pair may be engaged in a favorable interaction
with the main chain N–H group of Ala-219 (dN–N =
2.7 Å). Compound 29 binds in a conformation similar
to 30. The only significant change in the enzyme ac-
tive site is the rotation of the Asn-218 sidechain to al-
low its carboxamide N–H to interact with one of the
nitro oxygens (dN–O = 3.4 Å). The same nitro oxygen
forms a hydrogen bond with the main chain N–H
group of Ala-219 (dN–O = 3.2 Å), while the other oxy-
gen makes no direct interactions with the enzyme.


Methylamide derivative 37, shown in Figure 2, utilizes
its amide carbonyl to form a hydrogen bond with the
sidechain N–H of Asn-218 (dN–O@C = 3.2 Å) and the
carbonyl may also make a weak hydrogen bond with

EC50
a 3D7/Dd2 (lM) PfENRa IC50 (nM)


120 ± 21/140 ± 24 360 ± 92


52.2 ± 17.3/50.9 ± 19.2 57 ± 24


57.2 ± 14.7/83.9 ± 15.0 170 ± 16


110 ± 24/120 ± 22 160 ± 45


66.8 ± 14.1/86.4 ± 14.9 250 ± 49


55.1 ± 10.2/77.5 ± 8.0 370 ± 100


34.3 ± 5.6/43.7 ± 12.2 590 ± 88


23.5 ± 3.2/33.9 ± 9.6 2500 ± 900


>120/>120 140 ± 34


35.8 ± 5.3/47.5 ± 12.2 140 ± 69


26.7 ± 2.9/45.4 ± 6.5 560 ± 120


4.5 ± 0.5/5.6 ± 1.3 320 ± 59







Figure 2. X-ray structure of 37 (stick drawing) in the PfENR active


site (ribbon and tube with key residues in stick format) with bound co-


factor (space-fill). The 4 0-methylamide carbonyl group makes a


hydrogen bond with the side-chain N–H of Asn-218 and it may also


be engaged in a weak hydrogen bond with the backbone N–H of Ala-


219. The amide methyl group is interacting with the Val-222 sidechain.


Figure 3. X-ray structure of 46 (stick drawing) in the PfENR active


site (ribbon and tube with key residues in stick format) with bound co-


factor (space-fill). The 4 0-urea carbonyl group is hydrogen bonded with


the sidechain N–H of Asn-218 and the backbone N–H of Ala-219.
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the main chain N–H group of Ala-219 (dN–O@C =
4.0 Å). Its N-methyl group appears to interact favorably
with the i-propyl sidechain of Val-222. Depicted in Fig-
ure 3, the urea derivative 46, in contrast, does not have
significant interactions between the appended morpholi-
no group and the enzyme. The urea carbonyl moiety
is hydrogen bonded to the Asn-218 sidechain N–H
group (dN–O@C = 2.8 Å) and the Ala-219 main chain
N–H (dN–O@C = 3.0 Å).


Clearly, the crystal structures of 29, 30, 37, and 46 dem-
onstrate the ability to append hydrogen-bonding func-
tionality off the 4 0-position through interactions with
Asn-218 and Ala-219. However, from the enzyme data
in Tables 1–3, it is clear that overall losses in binding
affinity for the enzyme are realized. The reasons for
these decreases in enzyme binding are not clear at this
moment. One can speculate that, in the structurally
characterized analogs, replacement of the chloro with
a more polar group such as anilino, nitro, carboxamido,

or ureido may result in the loss of hydrophobic interac-
tions with Val-222 and Met-281. Subtle rearrangements
in the enzyme complex with co-factor and ligand may
also be responsible for the observed decreases in ligand
affinity.


In conclusion, a series of 4 0-substituted triclosan deriv-
atives have been prepared and assayed for inhibition
of purified PfENR and cultured P. falciparum. While
the effort did not result in compounds significantly
more potent than triclosan against both the enzyme
and the parasite, it did provide an understanding of
which groups could be substituted for the 4 0-chloro
to provide nanomolar inhibitors of PfENR with dem-
onstrated anti-parasitic activity. X-ray crystallography
studies demonstrate the ability of some of the pre-
pared compounds to expand upon triclosan�s interac-
tions with PfENR via hydrogen-bonding networks
with Asn-218 and Ala-219. The examination of the
4 0-position will aid future efforts guided toward
improving the potency and pharmacokinetic profiles
of this diaryl ether class of anti-malarials. This will
be done in conjunction with probing other positions
along the diaryl ether scaffold.
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Abstract—Docking-based virtual screening identified 1-(2-phenol)-2-naphthol compounds as a new class of Hsp90 inhibitors of low
to sub-micromolar potency. Here we report the binding affinities and cellular activities of several members of this class. A high res-
olution crystal structure of the most potent compound reveals its binding mode in the ATP binding site of Hsp90, providing a ratio-
nale for the observed activity of the series and suggesting strategies for developing compounds with improved properties.
� 2005 Elsevier Ltd. All rights reserved.
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Figure 1. Small molecule inhibitors of Hsp90.

Many of the client proteins of the molecular chaperone
Hsp90 are involved in the onset and progression of can-
cer, making it a very attractive oncology target.1 The N-
terminal domain of Hsp90 (Nt-Hsp90) binds ATP,
which drives the chaperone activity of the protein.
Therefore, binding of ligands to this site results in
Hsp90 inhibition and therapeutic opportunities. The
natural products geldanamycin (1c) and radiciol (2)
were the first to be identified as inhibitors of Hsp90.2,3


The geldanamycin derived inhibitor 17-AAG (1b) has
entered phase I clinical trials and initial results are
encouraging, providing proof of principle for Hsp90
inhibitors as cancer therapeutics.4,5 However, 17-AAG
has several potential limitations including poor solubili-
ty, limited bioavailability, toxicity and extensive metab-
olism.6 These issues and the inherent chemical
complexity of these compounds have led to significant
efforts to identify small molecule inhibitors of Hsp90.7


New classes of compounds have been discovered by syn-
thetic modification of the natural substrate of Hsp908,9


and by high throughput screening of chemical li-
braries,10,11 leading to purines such as PU24FCl (3)
and dihydroxyphenylpyrazoles such as G3129 (4a) and
CCT018159 (4b) (Fig. 1). The Nt-Hsp90 domain is ame-
nable to X-ray crystallographic analysis and structures
of human Nt-Hsp90 in complex with purine and resor-
cinol-based inhibitors have been successfully applied to
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rationalize structure–activity relationships and to guide
the optimization of these series12–14 to produce
compounds such as VER-49009 (4c).


There has recently been increasing success in using
molecular docking methods15 in the discovery of new
chemical entities that bind to structures of therapeutic
targets.16,17 Here we report how this approach led to
the discovery of 1-(2-phenol)-2-naphthol as a new class
of Hsp90 inhibitors. The initial set of hits found by
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means of docking-based virtual screening were augment-
ed with closely related compounds found in commercial
catalogues, providing valuable initial SAR. Moreover,
the crystal structure of the most potent member of the
series has been obtained, providing insights into the
most promising optimization avenues for this series.


In order to identify new classes of Hsp90 inhibitors, we
used a virtual screening protocol, which has been pub-
lished elsewhere16 and consists of four main steps. The
first is definition of the binding cavity. The shape and
size of the ATP binding site are altered upon binding
of purines,12 so two structures of Nt-Hsp90 correspond-
ing to the open and helical forms were used (PDB codes
1YET18 and 1UY6,12 respectively). Three interstitial
water molecules consistently found around the carboxyl-
ic group of Asp93 were kept as part of the receptor. The
second step is preparation of the database of small mol-
ecules to be docked. A virtual library of 0.7 million com-
pounds was selected from the 3.5 million commercially
available compounds in our proprietary catalogue
rCat,19 on the basis of drug-likeness,20 removal of reac-
tive groups and vendor delivery timelines. The program
CORINACORINA,21 version 3.00 was used to convert the docking
library from 2D to 3D. The third step used the program
rDock (Morley et al., unpublished results) to screen the
docking library against Nt-Hsp90 and identify 9000
highest-scoring compounds for further analysis. The
fourth and final step is postfiltering the compounds.
All the Hsp90 inhibitors for which a structure of the
complex with the protein is available form a hydrogen
bond with one carboxylic oxygen of Asp93 and accept
a second hydrogen bond from an interstitial water mol-
ecule. A Perl script was used to retain only the predicted
binding modes that satisfy this donor–acceptor pharma-
cophore. These compounds were clustered in families
based on the scaffold they use to satisfy the pharmaco-

Table 1. Binding and growth inhibition assay results for compounds 5–13


S
NH


O


O


X


OH
O
H


B


A


Compound X R1 R2 R3 R4


5 A H H H H


6 A H H F H


7 A H H Cl H


8 A H H Br H


9 A H H Et H


10 A H H t-Bu H


11 A Cl H H Cl


12 A Me H Me Me


13 B — — — —


17-AAG


Radicicol


Activities of 17-AAG and radiciol are provided for comparison.
a Values are means of at least two experiments.

phore; the number of members in a few over-represented
families was reduced using two-dimensional three-point
pharmacophore fingerprints (as implemented in MOE;
Chemical Computing Group Inc., Montreal) to maxi-
mize chemical diversity within the family. This resulted
in 1000 compounds selected for purchase, of which
719 were actually available from commercial suppliers
and were assayed in a malachite green assay.22 This
led to the discovery of several chemical families, includ-
ing resorcinol–pyrazoles similar to 4a and 4b, the phe-
nol–naphtholes herein described and others. Out of
five compounds of general formula 1-(2-phenol)-2-naph-
thol present in the screening library, three were identi-
fied as hits (greater than 50% inhibition) in the
primary assay,22 of which two (compounds 7 and 13)
had low to sub-micromolar activity. The central scaffold
common to both compounds was used to perform sub-
structural searches in commercial chemical catalogues,
from where seven compounds (5, 6, and 8–12) were pur-
chased and assayed, all of which turned out to be active.
The IC50 values (determined with a fluorescent polariza-
tion assay23) are provided in Table 1 for all these
compounds.


The cellular activity of the three compounds with higher
binding affinity (7, 11 and 13) was assessed using a
growth inhibition assay on human colon cancer cell line
HCT116 and is also reported in Table 1. In all cases, the
GI50 is significantly greater than the IC50, by a factor of
13 (7), 41 (11) or 100 (13), suggesting that the com-
pounds are not well absorbed by the cell. Although
somewhat disappointing, the poor GI50/IC50 ratio of
these compounds (particularly 11 and 13) is not unex-
pected because they have not been optimized for cellular
potency. Pharmacodynamic marker changes in human
breast cancer BT474 cells after 48 h of exposure to com-
pound 11 at a concentration equivalent to the GI50

S


R1 R2


R3


R4


FP enzyme IC50, lM
a Cell growth inhibition, lMa


3.3 n.d.


8.8 n.d.


2.2 27.8


6.1 n.d.


6.6 n.d.


26.4 n.d.


0.7 29.0


15.2 n.d.


0.6 59.8


1.27 0.16


0.15 0.13
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(34.9 lM) were examined by Western blotting. A reduc-
tion was seen in the cellular levels of CDK4 alongside
up-regulation of Hsp70 (data not shown). This is consis-
tent with the mode of action for growth inhibition being
through inhibition of Hsp90 activity.


In order to determine the binding mode of this class of
compounds, X-ray crystallography experiments were
performed as follows: Nt-Hsp90a His-tagged protein
was concentrated to 20 mg/ml into a final buffer contain-
ing 25 mM Tris, pH 7.5, 0.15 M NaCl and 5 mM DTT.
Apo Hsp90a crystals were grown in sitting drops at 4 �C
using crystallization conditions containing 25% PEG-
ME2K, 0.1 M cacodylate, pH 6.5, and 0.2 M magne-
sium chloride. Single apo crystals were removed from
the crystallization drops and placed in a solution of
4 ll crystallization reservoir plus 0.5 ll of 20 mM com-
pound 11 in 100% DMSO. The crystals were left to soak
at 4 �C for approximately 16 h.


The ligand-bound data set was collected at cryo-temper-
ature. Reservoir solution, with the PEG concentration
increased to 35%, was used as the cryoprotectant. Data
were collected on an in-house RU-H3R rotating anode
generator with R-Axis IV++ image plate detector and
were subsequently processed using D*Trek (Rigaku/
MSC). The crystals belong to space group P21212 with
unit cell dimensions isomorphous to those of our previ-
ous PU3-bound Hsp90a structure12 (PDB code 1UY6).
The structure was solved by isomorphous replacement
using the Hsp90a protein model coordinates (with the
PU3 ligand and solvent removed) and refined with the
program REFMAC5REFMAC5.24 Twenty cycles of rigid-body re-
strained refinement were then carried out, followed by
model building using the molecular graphics program

Figure 2. Binding mode of 11 to the ATP binding site of Hsp90. The


blue grid depicts the 2fo-fc electron density map countered at a level of


2r.

OO.25 Crystallographic water molecules were added by cy-
cling REFMAC5REFMAC5 with ARP/wARP.26 Once refinement of
the structure was completed (R factor = 19.4;
Rfree = 24.1) the structures were validated using PRO-PRO-


CHECKCHECK
27 and the SFCHECKSFCHECK and WHATCHECKWHATCHECK programs


from the CCP4i package.28


Within the crystal there are two monomers in the asym-
metric unit, labelled A and B. These are essentially identi-
cal in structure (root mean square deviation is 0.50 Å)
apart from a difference in the flexible loop between resi-
dues 106 and 116. Inmonomer A, the flexible loop adopts
a conformation similar to that of the open form, with
Lys112 shifted towards the active site. In monomer B,
the flexible loop is almost completely helical. The electron
density clearly defines the structure and the ligandbinding
mode (Fig. 2), which is the same in both monomers
(although the ligandonly has 80%occupancy inmonomer
B). Conserved water molecules can also be seen quite
clearly within the binding site in both monomers.


The crystal structure of 11 in complex with Hsp90 re-
veals a binding mode reminiscent of radicicol29 and
other resorcinol-containing compounds.10,11,14 The
substituted ring of the naphthol is located in essentially
the same position as the resorcinols (Fig. 3) and the key
interaction with Asp93 is provided by a hydroxyl in both
inhibitor classes. Ethyl and chloro substitutions of the
resorcinol ring have been reported to provide better fit-
ting with the binding site and to be important for activ-
ity.11,14 In our compounds, the unsubstituted naphthol
ring appears to play a similar role. The structures of rad-
icicol and CCT018159-like molecules reveal a hydrogen
bond acceptor atom (provided by an ester moiety and a
pyrazole ring, respectively), in the vicinity of Oc of
Thr184 and an interstitial water molecule. The phenol
moiety of compound 11 is at 2.8 and 3.1 Å from the oxy-
gen atoms of these groups, respectively, providing fur-
ther indication of the importance of these interactions.


In addition, the crystal structure shows that the sulfon-
amide group does not make any interaction with the
protein and merely acts as a linker between the phenol
and benzene rings. The di-chloro-phenyl ring of 11 is
located at the entrance of the binding site and also does
not make any key interactions with the protein. This ex-
plains why most substitutions seem to be well tolerated,
which is in agreement with the fact that pyrazoles also
tolerate a wide range of substituents at position 4,14


which, as shown in Figure 3, localize in the same region
as the phenyl ring. Of all the compounds investigated, 10
is the least active, possibly due to a clash between the
bulky tert-butyl group and Gly135. On the other hand,
the R1 and R4 chlorine atoms of compound 11 make
contacts with Asp54 and Leu106, respectively, explain-
ing the improved activity. The sulfur atom of the thio-
phene ring in compound 13 is likely to make similar
favourable contacts.


As shown in Figure 4, the binding mode of compound 7
predicted by docking compares very well with the exper-
imental binding mode observed for compound 11. As
explained above, the key interactions between the pro-







Figure 4. Comparison of the binding mode of 11 (carbon atoms in


green) with the predicted binding mode of 7 (carbon atoms in grey).


Figure 3. Comparison of the binding mode of 11 (colour-coded by


atom) with G3129 (carbon atoms in grey, heteroatoms in black).
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tein and this series of compounds are mediated by the
naphthol and phenol rings. The predicted binding mode
for this part of the molecule is within 0.6 Å rmsd to the
crystallographic coordinates. In contrast, the chloro-
substituted phenyl rings adopt significantly different
positions, but this is due to the different conformation
of the protein in that region, particularly the side chain
of Asn106. This shows that, as long as the key interac-
tions are correctly predicted, our docking protocol toler-
ates fluctuations in the conformation of the protein.

Beyond rationalization of the SAR, the crystal structure
of 11 indicates which areas of the molecule are more
suitable for optimization. It is clear that the unsubstitut-
ed ring in the naphthol system is not strictly necessary
for binding and it could be replaced by other groups
provided that (a) favourable lipophilic contacts with
Phe138 are maintained, and (b) the twist between the
rings (approximately 65�) remains unchanged. This is
important to guarantee a correct position of the two
phenolic oxygens near Asp93 and Thr184, respectively.
Another optimization avenue could be the introduction
of large and lipophilic groups able to induce a confor-
mational change in the flexible loop and occupy the
hydrophobic pocket used by PU3 and similar com-
pounds.12 The overlay in Figure 3 also shows that small
substituents such as hydroxyl could be tolerated at posi-
tion 4 of the naphthol ring. Finally, the phenyl sulfon-
amide could possibly be replaced with a wide variety
of chemical groups, including solubilizing elements.
Unfortunately, the crystal structure suggests that
replacement of any of the metabolically liable phenolic
groups is likely to result in a major loss of potency.


In conclusion, a new class of Hsp90 inhibitors has been
discovered by means of docking-based virtual screening.
Its binding mode to Hsp90 has been determined by X-
ray crystallography, enabling us to rationalize the
SAR and identify the chemical modifications with
greater potential to improve the series. The growth inhi-
bition capacity of these series is sub-optimal, but it
seems to arise from the correct mode of action and, in
any case, poor cellular activity is not unexpected for
newly identified hits. Most important of all, this discov-
ery validates docking-based virtual screening as a viable
strategy for hit identification against Hsp90.


Crystallographic coordinates have been deposited with
the Protein Data Bank: PDB code 2BZ5.
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Abstract—Collagen is acknowledged as one of the most prominent biomaterials on account of its high biocompatibility and biosta-
bility. The development of artificial collagens to replace the animal-derived collagens presents a challenge in the formation of safer
and highly functionalized biomaterials. Here, a novel peptide-based system for obtaining collagen-like supramolecules via a spon-
taneous self-assembling process is described. The designed collagen-like peptides are self-complementary trimers in which each of the
24-mer peptide strands is tethered by two cystine knots forming a staggered arrangement. Their self-assembling ability in aqueous
solution was analyzed by circular dichroism, ultrafiltration, and laser diffraction particle size estimation. The obtained results indi-
cate that the staggered trimers form large supramolecular architectures through intermolecular triple helix-formation.
� 2005 Elsevier Ltd. All rights reserved.

Collagen is arguably the most widely used biomaterial in
cosmetic surgery, tissue engineering, and drug delivery
systems to date.1,2 Animal-derived collagens purified
from the tissues of cows and pigs have been generally
used for such purposes. However, the use of these ani-
mal-derived collagens in human puts the recipient at risk
to prion infection or even gelatin-related allergies, de-
spite the collagen exhibiting low immunogenicity. Con-
sequently, the production of recombinant human-type
collagens and artificial collagen surrogates is of consid-
erable interest. Recently, self-assembling peptide sys-
tems to obtain supramolecules have been extensively
studied as potential methods for the formation of bio-
materials.3 In these studies, intermolecular folding to
form either b-sheets4,5 or a-helices6 is often utilized to
assemble the peptide building blocks. Although colla-
gen-like supramolecules are expected to be highly potent
biomaterials, only a few such systems have been report-
ed to date. One such example includes an amphiphile
comprising a collagen-like peptide head group and a tail
group possessing either one or two alkyl chains.7 These
collagen-like peptide amphiphiles are known to self-
associate through the hydrophobic interactions between
their alkyl chains to form aggregated materials. A sec-
ond collagen-like supramolecule comprises a collagen-

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.


doi:10.1016/j.bmcl.2005.08.041


Keywords: Collagen; Peptide; Triple helix; Supramolecule.
* Corresponding author. Tel./fax: +81 25 268 1307 07; e-mail:


koi@niigata-pharm.ac.jp

triblock peptide based on the molecular structure of
(Glu)5-(Gly-X-Hyp-Gly-Pro-Hyp)6-(Glu)5, (Hyp, 4(R)-
hydroxyproline), which forms triple helical aggregates
with the aid of the Glu-repeats at either end.8 Here,
we describe a novel system for creating collagen-like
supramolecules with elongated triple helical structures,
based on the intrinsic triple helix-forming property of
synthetic peptides with the collagenous Gly-X-Y-repeat
sequences.


It is well known that collagen-like (Gly-X-Y)n peptides
have an inherent propensity to fold into triple helical
structures.9,10 As occupation of X and Y positions by
imino acids enhances the stability of the triple helical
structure, (Gly-Pro-Pro)n is used as the simplest model
of collagen triple helix. (Gly-Pro-Hyp)n, the most abun-
dant triplet repeats in native collagens, forms more sta-
ble triple helix than corresponding non-hydroxylated
counterparts. The collagen triple helix is a right-handed
supercoil consisting of three parallel, left-handed
polyproline-II-like helices, staggered relative to each
other by a single residue. The Gly residues positioned
every third residue within the helical core are essential
for maintaining the overall structure of the triple helix.
The cooling of a typical collagen-model peptide solution
causes the peptide molecules to trimerize, forming per-
fectly aligned (and hence) highly stable triple helices.
In this manner, the lengths of the triple helices are de-
fined by the lengths of the peptide chains, where no elon-
gation of the triple helix is expected (Fig. 1a). It is
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Figure 1. Concept for the self-assembly of collagen-like peptides. (a) Classical collagen-model peptides self-assemble to form triple helical trimers. (b)


Supramolecule-formation by the intermolecular folding of self-complementary collagen-like peptides.


Scheme 1. Synthesis of trimers 1 and 2.
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expected that by forcing the molecules to fold intermo-
lecularly with regular staggering, a collagen-like supra-
molecule would form elongated triple helices (Fig. 1b).
In order to realize this concept, we have designed two
heterotrimeric peptides (1 and 2), which are disulfide-
linked trimers of 24-mer peptides comprising similar
sequences of repeat (Gly-Pro-Hyp) units (Fig. 2). The
adjacent peptide strands are staggered by either 12-resi-
dues (in trimer 1) or by 13-residues (in trimer 2). The
introduction of these staggers prevents intramolecular
triple helix formation and creates self-complementary
cohesive ends. Disulfide bridges between Cys residues
incorporated in the X and Y positions were chosen to
link the peptide strands, since such cystine-knots were
reported to be structurally compatible with the collagen
triple helix.11


Single chain precursors of the trimers (1 and 2) were syn-
thesized using the standard Fmoc-based solid-phase
protocol on Trt(2-Cl)-resins (Watanabe Chemical Co.).
tert-Butyl and Trt groups were used as side-chain pro-
tecting groups for Hyp and Cys residues, respectively,
while the N-terminal Cys side chains in the biscysteinyl
chains were protected with acetamidomethyl (Acm)
groups. After deprotection/cleavage with a trifluoroace-
tic acid (TFA)-scavenger system,12 the main products
were purified by reversed-phase HPLC (RP-HPLC).
Heterologous trimerization was then achieved by step-
wise disulfide bond-forming reactions as described in
our previous paper.13 Briefly, the [Cys(Acm),Cys(SH)]-
chain was treated with dithiodipyridine (PySSPy) to
activate the free thiol group (Scheme 1, step i). The pyr-
idylthiolated peptide was then heterodimerized (step ii),
and the S-Acm moiety was converted to an S-3-nitro-2-
pyridinesulfenyl (Npys) group (step iii). Finally, the S-
Npys-peptide was mixed with a second Cys(SH)-peptide
to form the heterotrimer (step iv). In each step, the main
products were purified by RP-HPLC and characterized
by electron spray ionization mass spectrometry (ESI-
MS). RP-HPLC profiles of the final products are shown

GPOGPOGPOGPOGPOGPOGPOGPC


OGPOGPOGPOGCCGPOGPOGPOGP


COGPOGPOGPOGPOGPOGPOGPOG


OGPOGPOGPOGPOGPOGPCGPOGP


OGPOGCOGPOGPOGPOGPCGPOGP


OGPOGCOGPOGPOGPOGPOGPOGP


1


2


Figure 2. Structure of self-complementary collagen-like peptides


synthesized in this study. �O� denotes a 4-hydroxyproline residue.

in Figure 3. They are characterized as the desired prod-
ucts by ESI-MS: 1 m/z = 6457.2 [M]; 2 m/z = 6457.0 [M],
calcd: 6456.2.


The lyophilized powders of trimers 1 and 2 were dis-
solved in water at a concentration of 10 mg/mL and kept
at 4 �C for more than 3 days. In this condition, the solu-
tions are clear and no visible precipitates were observed
to form. The conformational states of trimers 1 and 2 in
solution were analyzed by circular dichroism (CD)
spectrometry and compared with that of the classical
collagen-model peptide, (Pro-Hyp-Gly)8. As shown in
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Figure 3. RP-HPLC profiles of the synthetic peptide trimers: (a) 1 and


(b) 2. HPLC was conducted using a Cosmosil 5C18-AR II (4.6


id · 250 mm) column with linear gradients of CH3CN in water both


containing 0.05% TFA at 42 �C.


Figure 5. Size analysis of the collagen-like supramolecules. (a) Perme-


ability of collagen I (Cellmatrix type I-C,NittaGelatin Inc., 0.3 mg/mL),


trimers 1, 2 (0.5 mg/mL), and (POG)8-amide (0.5 mg/mL) to 0.2 lm-


pore-size filters (Millex-LG, Millipore) and 100 kDa-molecular weight


cut-off filters (Microcon YM-100, Millipore). The amount of peptides


remaining in the filtrates was determined from the HPLC peak area.


Collagen I was quantified by the densitometric analysis of a Coomassie


blue-stained SDS–polyacrylamide gel. (b) Typical size distributions of


the supramolecules formed by trimer 2, recorded at 4 �C on a SALD-


7000 Laser Diffraction Particle Size Analyzer (Shimadzu Corp.). The


concentration of 2 is 0.83 mg/mL.
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Figure 4a, all three peptides showed positive CD signals
around 225 nm, indicating the formation of a collagen-
like triple helix. The Rpn values denote the ratio of posi-
tive peak intensity over negative peak intensity, and are
used as an index to represent the triple helical content.14


The Rpn values for 1, 2, and (Pro-Hyp-Gly)8 were esti-
mated to be 0.12, 0.13, and 0.13, respectively, which
are comparable with that of native collagen I (0.13).14


The high triple helical contents observed in 1 and 2
strongly suggest the existence of well-organized triple
helices formed between the trimer units, because intra-
molecular triple helix formation is very unlikely to oc-
cur. The [h]225 values of the peptides were monitored
with increasing temperature (Fig. 4b). The thermal melt-
ing profiles of the triple helices formed by 1 and 2 were
found to differ. The triple helix formed by 2 showed a
co-operative melting similar to that of the (Pro-Hyp-
Gly)8 triple helix, although its stability was lower than
that of (Pro-Hyp-Gly)8. On the other hand, the [h]225
value for 1 decreased gradually with increasing temper-
ature, suggesting that the triple helical components in

a


Figure 4. (a) CD spectra of trimers 1, 2, and (POG)8 recorded at 4 �C.
spectroscopy at 225 nm. The temperature was increased at a rate of 0.3 �C/m

solution 2 have higher homogeneity, presumably in the
size of supramolecules formed.


The size of supramolecules expected to form from trimer
1 and 2 solutions was examined by measuring their per-
meability with respect to membranes with a 0.2 lm
pore-size or a molecular weight cut-off value of
100 kDa (Fig. 5a). Native collagen I and (POG)8 were
used as controls. All of the solutes were found to pass
through the 0.2 lm pores, while only very minor frac-

b


(b) Thermal equilibrium curves for the peptides monitored by CD


in.
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tions of trimers 1, 2, and collagen I were detected in the
filtrates of the 100 kDa-cut-off membranes. When the
same solutions were heat-denatured at 95 �C for 5 min
prior to filtration, permeability of 1 and 2 through the
100 kDa-cut-off membranes was found to be almost
quantitative. The size of the supramolecules was further
estimated using a laser diffraction particle size analyzer
(SALD7000, Shimadzu Co.). In the trimer 2 solution,
at least two prominent populations of supramolecules,
giving particle sizes of approximately 0.6 and 14 lm in
diameter, were detected15 (Fig. 5b). These results,
together with those obtained by CD analysis, indicate
that trimers 1 and 2 form large supramolecules through
intermolecular triple helix formation.


As demonstrated here, collagen-like supramolecules
have been created by the self-assembly of certain trimer-
ic peptides with purposely designed cohesive ends. The
as-formed supramolecules are constructed solely from
collagen-like sequences and mimic the unique tertiary
structure of native collagen. At this stage, it is not clear
whether the triple helices are independently dispersed in
aqueous solution or form higher-order bundles like
native collagen in physiological conditions. Further
morphological analysis using electron microscopy or
scanning probe microscopy will be able to clarify this.
The use of synthetic peptides as building blocks will al-
low further specific functionalization of the supramole-
cules by incorporating functional sequences found in
native collagen (integrin binding-sequences16,17 etc).
Although the thermal stabilities of these triple-helical
supramolecular prototypes are still below the require-
ment for biological applications, the concept described
here offers a novel strategy toward the development of
artificial collagens.
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1993, 12, 4795.





		Self-complementary peptides for the formation of collagen-like triple helical supramolecules

		Acknowledgments

		References and notes








Bioorganic & Medicinal Chemistry Letters 15 (2005) 5176–5181

Novel cell-penetrating a-keto-amide calpain inhibitors as
potential treatment for muscular dystrophy
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Abstract—Dipeptide-derived a-keto-amide compounds with potent calpain inhibitory activity have been identified. These reversible
covalent inhibitors have IC50 values down to 25 nM and exhibit greatly improved activity in muscle cells compared to the reference
compound MDL28170. Several novel calpain inhibitors have shown positive effects on histological parameters in an animal model
of Duchenne muscular dystrophy demonstrating their potential as a treatment option for this fatal disease.
� 2005 Elsevier Ltd. All rights reserved.

Calpains are calcium-activated neutral proteases belong-
ing to the papain superfamily of cysteine proteases; the
best characterized are calpains I and II. Calpains are
widely distributed in mammalian cells and have been
implicated in a variety of diseases such as stroke, Alzhei-
mer�s disease, spinal cord injury, cardiac ischemia, mus-
cular dystrophy, and cataract.1 Thus, in recent years,
calpain inhibition has become an important pharmaco-
logical strategy to develop novel therapies.


Our drug discovery program for novel calpain inhibitors
emerged from our interest in finding a treatment for
Duchenne muscular dystrophy (DMD).2 Muscular dys-
trophies are a group of neuromuscular diseases charac-
terized by progressive weakness and degeneration of
body musculature. The most prevalent form is DMD,
an X-chromosome-linked inherited disease with an inci-
dence rate of 1 in 3500 newborn boys worldwide affect-
ing about 40,000 male patients in Europe and North
America. This fatal disease manifests between the age
of two and six, confines affected teenage children to
wheelchairs, and ultimately leads to death at early age.

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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Treatment options are at present very limited and in-
clude artificial respiration, orthopedic surgery, and the
short-term use of glucocorticoids primarily to limit the
disease-associated inflammation.


A pharmacological approach using enzyme inhibitors is
currently regarded as a possible therapeutic strategy for
the treatment of DMD. Absence of functional dystro-
phin protein in DMD muscle leads to impaired muscle
cell membrane integrity during cycles of contraction
and relaxation. Calcium influx through membrane le-
sions causes abnormal calpain activation and proteolysis
and, therefore, contributes to muscle cell deterioration.
Subsequent protein degradation by the proteasome
pathway further promotes muscle fiber damage and
muscle weakness. Therefore, activation of the cytosolic
Ca2+-dependent cysteine proteases calpain I and II is be-
lieved to be a critical step in the pathogenesis of DMD.
Consequently, it is considered that inhibition of calpains
holds the potential to slow down or stop disease
progression by preventing muscle degeneration and
necrosis.


A number of calpain inhibitors have been reported in
the literature. Most of these are modified peptides con-
taining reactive functional groups that interact with
the active-site cysteine thiol of calpain. These com-
pounds can be classified as either irreversible or revers-
ible inhibitors. Irreversible inhibitors include peptidyl
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halo-ketones,3 diazo-ketones,4 epoxy-succinyls,5 and
other derivatives. They contain reactive functional
groups which can be nucleophilically displaced by the
cysteine thiol to form a sulfide, thereby permanently
inactivating calpain. Reversible inhibitors include pepti-
dyl aldehydes6 like the natural product leupeptin 1
(Fig. 1) and activated ketones7 like a-keto-esters, a-ke-
to-acids, and a-keto-amides. They inactivate the enzyme
in a transient manner by forming a reversible covalent
bond (hemithioacetal or -ketal) with the cysteine thiol.
However, most of these inhibitors have unsatisfactory
pharmacological properties regarding selectivity, solu-
bility, stability, or cellular penetration.1b


Starting from known calpain inhibitor lead compounds
such as MDL28170 2 (Fig. 1),8 we initiated a lead opti-
mization program to develop reversible calpain inhibi-
tors 3–6 which possess a chemically and metabolically
stable warhead and which show improved uptake
into muscle cells.9 We have focused on the synthesis
and evaluation of dipeptide-derived a-keto-carbonyl
compounds.


Depending on the structure of the target compounds
and the availability of the starting materials, two syn-
thetic routes were used. The first method (method A) in-
volved the Passerini reaction as the key step to generate
the precursor 11 of the required keto-amide functional-
ity.10 As displayed in Scheme 1, aldehydes 9 were syn-
thesized from acids 7 under known conditions7c and
reacted with isocyanides and Boc-protected amino-acids
using Passerini conditions to yield 10. a-Acyloxyamides
10 underwent an acyl migration after Boc removal and
treatment with triethylamine to give the a-hydroxy-
amides 11. Subsequent coupling with different acids un-
der standard conditions (HBTU or EDCI/HOBt)
followed by Dess–Martin oxidation provided the
a-keto-amides 3–6.
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Figure 1. Leupeptin 1, MDL28170 2, and general structure of the


dipeptide-derived a-keto-carbonyl calpain inhibitors 3–6.

The alternative protocol (method B) utilized the Wasser-
man acyl cyanophosphorane oxidative cleavage (Scheme
2).11 Coupling of the acids 7 with cyanomethyl-triphe-
nylphosphonium ylide afforded phosphoranes 12. Sub-
sequent ozonolysis of the phosphorus–carbon double
bond at low temperature resulted in the generation of
reactive acyl nitrile that was then displaced by the
appropriate nucleophiles to yield the a-keto-carbonyl
intermediates 13. Deprotection in acidic medium and
coupling of the left moieties provided the final com-
pounds 3–6 as a 1:1 mixture of diasteromers at P1.
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Table 1. Inhibition of calpain I by P3 analogs 3a–m
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R3


Compound R3 Calpain I


inhibition


cell-freeb


IC50 [lM]a


Calpain I


inhibition


myoblastc


IC50 [lM]a


1 Leupeptin 0.08 0 % at


10 lM
2 MDL28170 0.02 10


3a O


O


0.09 15


3b
O


S
S


0.06 0.35


3c
O


S 0.10 0.40


3d
OS


0.12 2.0


3e S
O


0.10 3.2


3f N
H


O


S
S


O


0.03 1.0


3g N
H


O


S
S


O


0.04 30


3h N
H


O


S
S


O


0.10 20


3i
O


S
S


O


0.08 6.0


3j


O
S


NHNH


O


HH 0.10 5.0


3k


O


0.06 1.5


3l
O


0.15 25


3m
O


>1.0 n.d.


a Values are means of triplicates (n.d. = not determined).
b Hydrolysis of fluorogenic substrate Suc-Leu-Tyr-AMC by purified


porcine calpain I.
c Activation of cellular calpain with Ca2+-ionophore Br-A-23187 and


hydrolysis of fluorogenic substrate Suc-Leu-Tyr-AMC by cellular


calpain.
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According to numerous publications, the P1 and P2 res-
idues are quite well defined to achieve the optimal in vi-
tro activity: preferred P1 residues are large hydrophobic
groups like phenylalanine and preferred P2 residues are
valine and leucine.1 Therefore, we decided to focus first
on the P3 moiety (Fig. 1) by replacing the benzyloxycar-
bonyl group (Cbz) of MDL28170 with a residue which
would improve the uptake of the compounds into mus-
cle cells. Calpain I inhibition was initially determined in
a cell-free assay by measuring the time course of the
hydrolysis of a fluorogenic substrate Suc-Leu-Tyr-
AMC by purified porcine calpain I (increase in fluores-
cence over 30 min, kex = 360 nm, kem = 440 nm).12 Sub-
sequently, the inhibitory activity within muscle cells
was determined in a cell-based assay using cultured
C2C12 myoblasts which were loaded with the fluorogen-
ic substrate Suc-Leu-Tyr-AMC prior to the experiment.
Cellular calpains were activated by incubation with cal-
cium ionophore 4-Br-A23187 (10 lM) in the presence of
increasing concentrations of the inhibitor.


Using the Passerini strategy, we prepared a series of
inhibitors with ethyl a-keto-amide as warhead to cir-
cumvent the chemical and metabolic instability of the
aldehyde. We investigated different residues known to
be carried by biological transporters into the human
cells. A non-polar lipophilic residue, lipoyl 3b, was iden-
tified to mediate uptake into muscle cells as measured by
improved intracellular activity of the compound. Next,
we evaluated the influence of small changes on this type
of moiety as summarized in Table 1 with focus on a ser-
ies 3a–m characterized by valine in P2 and p-Cl-phenyl-
alanine in P1, respectively.


Removal of one sulfur atom resulted in another potent
inhibitor 3c with a significantly improved intracellular
activity compared to the compound 3a bearing a Cbz
group. Interestingly, shortening of the chain length by
one (3d) or two carbons (3e) led to a loss of potency
in the cellular assay (5–8-fold decrease) while keeping
the activity against calpain I in the cell-free assay. Addi-
tion of a spacer between the lipoyl residue and the P2
moiety (3f–h) also resulted in a reduced intracellular
potency while the inhibitory activity as measured in a
cell-free assay remained in the same range. More polar
analogs like sulfoxide 3i and biotin 3j derivatives were
investigated as well. The sulfoxide derivatives were iso-
lated in some cases as a side product of the final oxida-
tion step. These compounds usually kept the inhibitory
potency against the enzyme but exhibited poor intracel-
lular activity (14–17-fold decrease). Replacement of the
sulfur ring by a phenyl (3k) or attachment of more lipo-
philic residues like 4-n-butylbenzoyl (3l) or lauroyl (3m)
resulted in weaker cell permeability or overall potency,
once again demonstrating the superiority of the lipoyl
residue over other lipophilic moieties.


Having identified the lipoyl group as the most potent P3
residue for improving the permeability into the muscle
cells, a study to confirm the best P2 residues was under-
taken (Table 2). With respect to the P2 position, our
results generally are in agreement with previous observa-
tions:1 the S2 pocket of calpain is quite tight and can tol-

erate only small lipophilic residues. Leucine and valine
are the preferred residues as illustrated in 3b and 4d
which are the most potent compounds in both enzymat-
ic and cellular assays. Surprisingly, tert-butylglycine,
reported to be a potent P2 moiety,6b resulted in the inac-
tive compound 4b. Large groups like cyclohexyl (4c)
proved to be detrimental. In another series, replacement
of leucine by its polar isoster threonine led to poor







Table 3. Inhibition of calpain I by P1 analogs 5a–s
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Compound R1 Calpain I


inhibition,


cell-free


IC50 [lM]a


Calpain I


inhibition,


myoblast


IC50 [lM]a


3b 4-Cl-PhCH2– 0.06 0.35


5a PhCH2– 0.08 3.5


5b 4-F-PhCH2– 0.10 2.5


5c 4-Br-PhCH2– 0.06 0.20


5d 4-MeO-PhCH2– 0.12 0.22


5e 4-Me-PhCH2– 0.07 0.35


5f 4-CF3-PhCH2– 0.20 1.1


5g 4-t-Bu-PhCH2– 0.40 1.8


5h 4-CN-PhCH2– 0.12 5.0


5i 4-OH-PhCH2– 0.15 2.5


5j 3-CF3-PhCH2– 0.10 15


5k 2,4-Di-Cl-PhCH2– 0.10 40


5l 3,4-Di-Cl-PhCH2– 0.08 10


5m 3,4-Di-F-PhCH2– 0.10 0.70


5n 2-Thienyl-CH2– 0.10 6.0


5o c-Hexyl-CH2– 0.25 3.0


5p i-Bu– 0.50 0.25


5q Ph– 0.40 2.0


5r Ph-CH2-CH2– >1.0 >10


5s (Ph)2CH– >1.0 n.d.


a Values are means of triplicates (n.d. = not determined).


Table 2. Inhibition of calpain I by P2 analogs 4a–e
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O


R2
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Y


Compound R2 Y Calpain I


inhibition,


cell-free


IC50 [lM]a


Calpain I


inhibition,


myoblast


IC50 [lM]a


3b Cl 0.06 0.35


4a Br 0.18 9.0


4b Cl >1.0 n.d.


4c Br >1.0 n.d.


4d Cl 0.02 0.39


4e Cl 0.10 3.5


a Values are means of triplicates (n.d. = not determined).
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inhibitors as well (data not shown) providing evidence
that the S2 pocket cannot accommodate polar groups.


As illustrated in Table 3, we also initiated a SAR study
to identify more potent P1 residues. We found that the
use of substituted phenylalanines as the P1 moiety affor-
ded inhibitors with a better binding to the enzyme usu-
ally with IC50 values below 0.15 lM. Calpain can
accommodate different substitution patterns on the
phenyl ring but the position of the substituent has a sig-
nificant influence on the intracellular activity. Substitu-
tion at the 4-position with hydrophobic groups
provided compounds with improved uptake into the
muscle cells (up to 17-fold improvement compared to
the unsubstituted analog 5a). Chloro- (3b), bromo-
(5c), methoxy- (5d), and methyl- (5e) were among the
best substituents. Di-substitution (5k–m) as well as the
use of polar substituents (5i) was detrimental to the cel-
lular activity. Replacement of the phenyl ring by a thie-
nyl (5n) or a cyclohexyl ring (5o) or by an isopropyl
group (5p) did not improve inhibitory activity. Interest-
ingly, the use of phenylglycine (5q) maintained moderate
activity, whereas increase of the chain length by one car-
bon resulted in a loss of activity (5r). Bulky a-branched
phenylalanines led to inactive compounds like 5s.


We finally evaluated the effect of changes in the warhead
group on inhibitory potency as summarized in Table 4.
In the lipoyl-Leu-4-BrPhe series, changing the ethyl a-
keto-amide (6a) to the a-keto-acid (6b) resulted in a sim-
ilar potency against calpain but in a diminution of the
intracellular activity likely due to its polarity preventing
a good membrane permeability. The corresponding eth-
yl a-keto-ester 6c proved to be inactive against the en-
zyme (IC50 > 10 lM). Therefore, we decided to focus

further efforts on the a-keto-amide series. N,N-disubsti-
tuted a-keto-amide analogs as exemplified with 6d were
much less potent than N-monosubstituted a-keto-
amides. This observation is consistent with previous
work7b and could indicate that the NH of the a-keto-
amide functional group forms a hydrogen bond with
an amino-acid residue of the active-site of calpain. Pri-
mary amide (6e) and other N-alkyl or N-alkylaryl amide
derivatives were also examined (data not shown). They
usually exhibited similar potency as 6a, but the a,a-di-
substituted N-alkyl residues like 6g were detrimental
for the binding to the enzyme. In order to prepare more
water soluble compounds, polar moieties were also eval-
uated. Intracellular potency of weakly basic residues on
the alkyl chain like pyridyl (6h) or morpholinyl (6i) was
comparable to the one of non-polar moieties, whereas
strongly basic substituents like piperidine led to a signif-
icant decrease of the intracellular activity with IC50 val-
ues above 5 lM (data not shown).


As depicted in Table 5, biochemical profiling against
other biologically relevant proteases demonstrated good
selectivity versus caspase 3 and thrombin. In the case of
cathepsin B, limited selectivity was observed. Some com-
pounds (5c) proved to be moderate 20S-proteasome
inhibitors. This property could be beneficial since both
calpain- and proteasome-mediated proteolytic pathways
are involved in muscular dystrophies.


Finally, we examined the influence of the chiral center of
the lipoyl residue by synthesizing the two isomers 6a-(R)
and 6a-(S) starting from (R)-lipoic acid and (S)-lipoic







Table 4. Inhibition of calpain I by P 0 analogs 6a–i
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Br


Compound X Method Calpain I inhibition cell-free IC50 [lM]a Calpain I inhibition myoblast IC50 [lM]a


6a –NHEt A 0.02 0.5


6b –OH B 0.05 5.0


6c –OEt B >10 4.5


6d –N(CH2CH2)2-O B >1.0 n.d.


6e –NH2 B 0.02 0.25


6f –NH-c-Hex B 0.07 0.28


6g –NH-t-Bu A >1.0 n.d.


6h –NH(CH2)2-2-pyridyl B 0.23 0.8


6i –NH(CH2)3-morpholinyl B 0.12 1.0


a Values are means of triplicates (n.d. = not determined).


Table 5. Inhibitory activity profiling


Compound CalpI IC50 [lM]a CathB IC50 [lM]a 20S-Proteasome IC50 [lM]a Casp3 % inhib. at 10 lMa Thrombin % inhib.at 10 lMa


2 0.02 0.10 >1.0 0 0


3b 0.06 0.10 0.50 17 36


4d 0.02 0.12 0.52 0 20


5c 0.06 0.04 0.18 0 0


6a 0.02 0.65 0.62 0 30


a Values are means of triplicates.
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acid.13 The inhibitory activity of 6a-(R) and 6a-(S) was
similar to that of the racemate 6a with IC50 value of
0.039 and 0.024 lM, respectively, in the cell-free assay
and IC50 value of 0.4 lM for both isomers in the myo-
blast assay. Therefore, compounds were used as race-
mates in the animal model.


The best inhibitors were tested in vivo in mdx mice, a
well-established animal model for DMD (ip treatment,
every second day between the third and seventh week
of age, 20 mg/kg, PEG200/saline (1:1) vehicle). A well-
documented hallmark of dystrophic muscles seen in
mdx mice is the increased variability of muscle fiber size

Figure 2. Representative images showing the normalization of the fiber s


application of 6a.

diameters indicating elevated muscle fiber turnover. This
variability in muscle fiber diameters was quantified by
calculating the variance coefficient of the minimal Fer-
et�s diameter of all muscle fibers in a given muscle.14


Several inhibitors showed a normalized histological
appearance, as illustrated in Figure 2, and improved
variance coefficient of the muscle fiber diameters. As
summarized in Table 6, between 25% and 30% improve-
ment was observed in diaphragm muscle upon applica-
tion of the keto-amides 3b, 5c, and 6a. Similar
histopathological recovery was achieved by overexpres-
sion of calpastatin (a specific endogenous calpain inhib-
itor) in mdx mice.15

ize distribution in diaphragm muscle of mdx mice upon four weeks







Table 6. Variance coefficient of muscle fiber size in diaphragm muscle
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Wild type mdx 3bc 5cc 6ac


Meana 231.2 401.6 351.5 354.7 359.7


% Red.b 29.4 27.5 24.6


Mice 12 27 5 5 13


p-valued < 0.001e 0.013f 0.008f 0.001f


a Variance coefficient.14


b % Reduction in the variance coefficient of muscle fiber sizes as


compared to untreated mice (= 100%).
cmdx treated with compound.
d p-value unpaired Student�s t-test.
e Comparison against wild type.
f Comparison against untreated mdx.
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We have described the preparation of novel dipeptide-
derived a-keto-amides as potent calpain inhibitors.
These compounds possess a lipoyl moiety at the P3 po-
sition and demonstrate an improved calpain inhibitory
activity in cultured muscle cells compared to the refer-
ence compound MDL28170. Additionally, some
derivatives displayed moderate 20S-proteasome inhibi-
tion which could be advantageous since both calpain-
and proteasome-mediated proteolytic pathways are
involved in DMD. In the mdx mouse model, several
compounds significantly improved relevant histopathol-
ogical parameters demonstrating their potential as a
treatment for this devastating disease.
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Abstract—Information from X-ray crystal structures of Hsp90 inhibitors bound to the human Hsp90 molecular chaperone was used
to assist in the design of 3-(5-chloro-2,4-dihydroxyphenyl)-pyrazole-4-carboxamides as novel inhibitors of Hsp90. Accessing an
extra interaction with the protein via Phe138 gave a significant increase in binding potency compared to similar analogues that
do not make this interaction.
� 2005 Elsevier Ltd. All rights reserved.
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Figure 1. Structures of natural product derived Hsp90 inhibitors.

Molecular chaperones are proteins which have a key
role in the maintenance of conformation, stability, and
function of client proteins within the cell. Heat shock
protein 90 (Hsp90) is an ATP-dependent molecular
chaperone that has several oncogenic client proteins in-
volved in signal transduction, cell cycle regulation, and
apoptosis, and has recently become a focus of interest
as a potential anticancer drug target.1–6


It has been shown that several natural products and
their derivatives have anti-tumor activity arising from
inhibition of the intrinsic ATPase activity of Hsp907–10


(Fig. 1). Inhibition of Hsp90 activity results in the pro-
teasomal degradation of client proteins causing cell
growth arrest and/or apoptosis in cancer cells.11


The geldanamycin derived inhibitor 17-AAG (1b) has
entered phase II clinical trials and initial results are
encouraging, providing proof of principle for Hsp90
inhibitors as cancer therapeutics.12–14 However, 17-
AAG has several potential limitations including poor
solubility, limited bioavailability, toxicity, and extensive
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metabolism.15 These issues and the inherent chemical
complexity of the compounds have led to significant ef-
forts to identify small molecule inhibitors of Hsp90.16–21


Figure 2 shows some of the chemotypes recently identi-
fied as potent inhibitors of Hsp90.18,22,19


We have disclosed previously how structure-based drug
design was implemented in the identification of 5 (VER-
49009) using structural information from the X-ray crys-
tal structure of 3 (CCT018159) bound to the ATPase
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binding site of Hsp90a.19,20 This information enabled us
to successfully target a specific region of the protein to
design a significantly more potent analogue. Herein,
we report a series of novel 3-(5-chloro-2,4-dihydroxy-
phenyl)-pyrazole-4-carboxamides23 designed with a sim-
ilar approach as that used to identify 5. In the present
case however, we have targeted additional interactions
at a distinct region of the Hsp90 protein.


Scheme 1 depicts the synthesis of carboxamides 14a–q:
Commercially available 4-chlororesorcinol 6 underwent
regioselective Friedel–Crafts acylation followed by ben-
zyl protection to give the acetophenone 8. Generation of
the requisite pyrazole ring was achieved via reaction of 8
with DMF.DMA and reaction of the resulting eneamine
9 with hydrazine hydrate. Bromination of the pyrazole
was regioselective for the 4-position affording com-
pound 10. After some detailed investigation of protect-
ing groups, the pyrazole nitrogen was protected as a
silyl ethoxy methoxy (SEM) ether, affording 11 as a
1:1 mixture of regioisomers, (reflecting the expected exis-
tence of tautomeric forms of the pyrazole). Lithium–hal-
ogen exchange with 11 at �78 �C afforded the 4-lithio
species which was subsequently quenched with carbon
dioxide to give carboxylic acid 12. A standard HATU
mediated coupling reaction was then performed with a
series of amines to generate amides 13a–q. Treatment
of amides 13a–q with boron trichloride effected concom-
itant removal of the benzyl and SEM protecting groups
affording pyrazole carboxamides 14a–q (Table 1).


N-terminal human Hsp90a his-tagged protein was
crystallized in complex with compounds 14h and 14o
as previously described.24 Data were collected on both
co-crystals and the structures were subsequently solved
by molecular replacement using the previously solved
native Hsp90a structure24 (PDB code: 1UY1). Both
crystals diffracted in space group P21 to resolutions of
1.9 and 1.7 Å for 14h and 14o, respectively. Co-crystals
of Hsp90 with 14o bound were grown at a slightly differ-
ent pH (pH 5.5) as compared to those containing 14h
(pH 6.5). In both structures, the flexible loop region
adopts a more �open� conformation as previously

described.25 The binding mode of the resorcinol and
pyrazole rings is essentially as described before,19,20,26


The novel and most prominent features of the structure
are described in the next section.


Structural information gained from X-ray crystallogra-
phy of Hsp90 inhibitors (including 3) bound to human
Hsp90a protein revealed that the 4-position of the pyra-
zole could be elaborated to give further interaction with
the Hsp90 protein and potentially increase both binding
potency and activity against cells via inhibition of intra-
cellular Hsp90. Using the available structural informa-
tion, phenyl and benzyl templates were initially
evaluated for generation of SAR in this region of the
molecule. All compounds were tested for binding at
the ATP binding site using a fluorescence polarization
assay,27 with the majority of these being additionally
tested for their ability to inhibit the growth of
HCT116 human colon cancer cells in vitro. The data
in Table 1 show the effects of modification to the tem-
plates. Most of the compounds discussed inhibit binding
of the probe substrate in the low micromolar range,
notable exceptions being the tertiary amide 14f (which
is >50 lM compared to its secondary amide analogue
14d) and heteroaryl compounds 14p and 14q which also
lose an appreciable amount of binding potency. Howev-
er, incorporation of an acetyl at the para position of the
aryl template (compound 14h) gives a significant in-
crease in binding potency. The crystal structure of 14h
in complex with the N-terminus domain of Hsp90a re-
veals that the ketone moiety is hydrogen bonded to







Figure 3. Binding mode of 14h to Hsp90. The dotted surface renders


the new cavity formed between helices 2 and 7.


Figure 4. Binding mode of 14o to Hsp90. Compound 14h is depicted in


silver for comparison.


Table 1. Binding and growth inhibition assay results for compounds
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a Values are means of two experiments. nd, not determined.
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the backbone of Phe138, thus explaining the higher
affinity for Hsp90 (Fig. 3). It is worth noting that the
a-phosphate of ADP28 and the amidic oxygen of gel-
danamycin25 are also hydrogen bonded to Phe138 but,
to the best of our knowledge, this is the first time that
the impact of this interaction can be quantified.


The benzylic compound 14o also exhibits increased
binding affinity for Hsp90 and crystallography again
identified a hydrogen bond between Phe138 and the li-
gand as responsible (Fig. 4), though this compound does

not display any cellular activity in vitro (possibly due to
poor cell penetration inherent with primary sulfona-
mides). The intermolecular hydrogen bond with
Phe138 increases the binding affinity of compounds
14h and 14o by more than one order of magnitude com-
pared to similar compounds unable to place a hydrogen
bond acceptor at this position. This equates to approx-
imately 1.5–2.0 kcal/mol, clearly in the upper range of
the contribution of hydrogen bonds to protein stabili-
ty29–31 or protein–ligand binding,32–34 which is surpris-
ing for such a solvent-exposed site.







Figure 5. Western blot showing increases in Hsp70 and decrease in


Her2 and Raf-1 following exposure of HCT116 cells to 14h and 1b.
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The crystal structure of 14h also reveals a new channel cre-
ated at the interface between a-helices 2 and 7, at the bot-
tom of the ATP binding pocket. This is the result of a
displacement of the side chain of Leu48, which is relative-
ly minor but sufficient to leave space for a chain of 3 water
molecules hydrogen bonded to the ligand and the protein
(Fig. 3). This channel has never been reported before,
although we have noted that the PDB structure 1YC326


presents an occluded water molecule at a position corre-
sponding to the bottom of the channel. The implications
of this channel for ligand recognition or biological func-
tion of Hsp90 are unclear, but its potential exploitability
for ligand binding should receive further consideration.


To support the premise that the disclosed effects on cell
growth were via Hsp90 inhibition, Western blotting was
used to study the effect of 14h and 17-AAG (1b) on in vi-
tro cellular levels of Hsp70, Her2, Raf-1, and CDK4 in
HCT116 cells (GAPDH used as a loading control). Fig-
ure 5 shows that 14h causes induction of Hsp70 (at 1, 2,
and 4 times GI50) and knock down of Raf-1 and Her2
(at 2 and 4 times GI50). CDK4 gave partial knock down
at 8 times GI50 (data not shown). The observed changes
are consistent with the known molecular signature of
Hsp90 inhibition.35,36


In conclusion, we have utilized structure-based drug de-
sign to assist in the design and rationalization of Hsp90
inhibitors. Thebackboneof residuePhe138hasbeen iden-
tified as an additional interaction point to increase bind-
ing potency. This structural information may be useful
to help design new inhibitors of the Hsp90 chaperone.


Crystallographic coordinates have been deposited with
the Protein Data Bank: [14h PDB code: 2BYH; 14o
PDB code: 2BYI]


Supplementary Information


Full experimental procedures for the synthesis of 14h are
available. In addition a protocol for the Fluorescent
Polarization assay is provided.
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Abstract—A novel triazole-containing chemical series was shown to inhibit tubulin polymerization and cause cell cycle arrest in
A431 cancer cells with EC50 values in the single digit nanomolar range. Binding experiments demonstrated that representative active
compounds of this class compete with colchicine for its binding site on tubulin. The syntheses and structure–activity relationship
studies for the triazole derivatives are described herein.
� 2005 Elsevier Ltd. All rights reserved.

Microtubules (MT) are among the most successful tar-
gets for anticancer therapy.1 Composed of dynamic poly-
mers of tubulin, microtubules are elements of the cell
cytoskeleton that play key roles in cell division and cell
shape. During mitosis, tightly regulated microtubule
dynamics is essential for spindle formation and chromo-
somal separation. Therefore, rapidly dividing cells are
more susceptible to inhibitors of tubulin polymerization
than non-dividing cells. Indeed, targeting tubulin is a
successful strategy for cancer therapy.2 There are three
well-characterized drug binding sites on tubulin: taxol,
vinca, and colchicine sites. Drugs that bind to the first
two sites, such as Paclitaxel (Taxol�) and Vinblastine�,
have been successfully used in clinics as chemotherapeu-
tics to treat various tumor types; however, their use is
limited by multiple drug resistance (MDR). Several
colchicine site binders, on the other hand, have been
shown to inhibit MDR tumors, instilling renewed
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interest in the search for novel antimitotic agents that
bind to the colchicine binding site on tubulin.3


Several classes of colchicine site binders are currently in
clinical trials. Candidates T138067, A-289099, and
A-105972 demonstrate antitumor activity against Paclit-
axel and Vinblastine� resistant tumors4–6 with the added
benefit of oral administration. A new approach to the
use of these colchicine site binders is the targeting of
tumor vasculature (vascular disrupting agents or
VDAs). VDAs preferentially disrupt microtubules in
tumor endothelial cells, causing tumor vascular damage
that leads to massive tumor necrosis even when dosed at
a fraction of their maximum tolerated doses (MTD).7,8


Examples of such agents currently undergoing clinical
trials are ZD-6126 and Combretastatin A4P (CA4P),
derived from colchicine and Combretastatin A4 (CA4),
respectively (Fig. 1).9,10


Novel triazole-containing tubulin inhibitors were dis-
covered by screening our internal compound library
using an in vitro tubulin polymerization assay. At
10 lM, compound 1 inhibited bovine brain tubulin
polymerization in vitro by 80% and depolymerized
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Scheme 1. Reagents and conditions: (i) Ethyl-2-chloronicotinate,


DMF, 140 �C, 20 h; (ii) hydrazine monohydrate, i-PrOH, 120 �C,
10 h; (iii) CH3I, acetone, reflux, 4 h; (iv) pyridine, sealed tube, 140 �C,
4 h.


Figure 1. Structures of compound (1), colchicine and combretastatin.
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microtubules in cultured A431 cells within 20 min
(Fig. 2). Compound 1 also demonstrated antiprolifera-
tive activity against several tumor cell lines (Table 1)
and induced G2/M arrest of A431 human cancer cells.
Given its potency, small molecular weight, and potential
for significant diversity at various regions of the mole-
cule, we proceeded to synthesize analogs of compound
1. Compounds were evaluated for inhibition of tubulin
polymerization in vitro and capacity to arrest cancer
cells during the G2/M phase of the cell cycle for activity
determination and discrimination from general cytotox-
ic compounds. Representative syntheses and SAR stud-
ies of this novel tubulin inhibitor class are reported
herein.


Compound 1 was synthesized by a condensation of a
substituted arylhydrazide C with a substituted methylat-
ed thiourea E according to a previously reported proce-
dure11 (Scheme 1). Intermediate C was synthesized by
heating aniline A with ethyl-2-chloronicotinate to yield
B which was reacted further with hydrazine mono hy-
drate to provide C. An intermediate E was formed by
reacting the substituted thiourea D with methyl iodide.
A variety of substituted anilines and amines replaced
aniline A to produce compounds which are listed in
Table 2.

Figure 2. Disruption of A431 cellular microtubules by (1). Left, 0.1% DMS


antibody.


Table 1. Antiproliferative activitya by (1) against various tumor cells


Cell line A431 A498


GI50 (lM)b 0.05 0.060


Cell line LoVo HCT116


GI50 (lM) 0.02 0.40


a Cytotoxicity measured after treatment for 24 h.
bGI50 value for each cell line, the concentration of compound that caused 5


sulfurhodamine B assay. Values are the means of three independent determ
cMDR-1 positive breast cell line.

To identify structural elements required for activity, we
generated a set of compounds following Scheme 1 with
varying R1 groups. Compounds that showed inhibition
of tubulin polymerization were then tested for G2/M
block activity in A431 cells (Table 2). By keeping R2 con-
stant, compounds 1 and 2 demonstrated thatmeta or para
alkoxylanilines in the R1 position are superior in inhibit-
ing tubulin polymerization and cycling cells than an
unsubstituted aniline analog 3. However, the presence
of dimethoxyanilines (4–6) leads to reduced activity. A
similar effect was also observed for anilines substituted
with other functional groups (7–9). It is noteworthy that
compounds 10 and 11, with cyclized alkoxyl moieties,
showed potency similar to that of compound 1 in the
G2/M assay. Cyclized alkoxyl moieties were later found
to be optimal regardless of modifications made to other

O. Right, 10 lM compound (1). Cells were stained with an a-tubulin


DLD1 DU145 NCI-H460


0.07 0.02 0.01


SNB19 SKOV3 NCI/ADR-RESc


0.15 0.220 0.150


0% reduction in absorbance at 562 nm relative to untreated cells using


inations (SD < 10%).







Table 2. Effects of R1 and R2 on tubulin activity


N


N
H


NN
R1


X


R2


Compound R1 R2 X % ITPa % G2/M blockb EC50(lM)c


CA4 95 88 0.0035


Colchicine 80 80 0.0028


1 3-Methoxyphenylamino 3,5-Dimethoxyphenyl NH 80 72 0.090


2 4-Methoxyphenylamino 3,5-Dimethoxyphenyl NH 73 68 0.083


3 Phenylamino 3,5-Dimethoxyphenyl NH 5 22 >10


4 2,5-Dimethoxyphenylamino 3,5-Dimethoxyphenyl NH 33 20 >10


5 2,4-Dimethoxyphenylamino 3,5-Dimethoxyphenyl NH 47 17 NT


6 3,5-Dimethoxyphenylamino 3,5-Dimethoxyphenyl NH 45 NT NT


7 4-N,N-Dimethylamino-phenylamino 3,5-Dimethoxyphenyl NH 35 NT NT


8 3,5-Dichlorophenylamino 3,5-Dimethoxyphenyl NH 44 NT NT


9 4-Cyanophenylamino 3,5-Dimethoxyphenyl NH 34 NT NT


10 Benzo[1,3]dioxol-5-ylamino 3,5-Dimethoxyphenyl NH 87 85 0.062


11 2,3-Dihydro-benzo[1,4]dioxin-6-ylamino 3,5-Dimethoxyphenyl NH 95 83 0.117


12 3-Methoxy-benzylamino 3,5-Dimethoxyphenyl NH 100 71 0.12


13 4-Methoxy-benzylamino 3,5-Dimethoxyphenyl NH 88 22 NT


14 (Tetrahydro-furan-2-yl)-methylamino 3,5-Dimethoxyphenyl NH 97 36 NT


15 3-Methoxyphenyl 3,5-Dimethoxyphenyl NH 15 NT NT


16 3-Methoxybenzyl 3,5-Dimethoxyphenyl NH 9 NT NT


17 3-Methoxyphenylamino 3-Methoxyphenyl NH 9 NT NT


18 3-Methoxyphenylamino Phenyl NH 4 NT NT


19 3-Methoxyphenylamino 3,5-Difluorophenyl NH 0 NT NT


20 Benzo[1,3]dioxol-5-ylamino 3,5-Difluorophenyl NH 28 NT NT


21 2,3-Dihydro-benzo[1,4]dioxin-6-ylamino 3-(2-Oxo-pyrrolidin-1-yl)-propyl NH 21 NT NT


22 2,3-Dihydro-benzo[1,4]dioxin-6-ylamino 2-(Pyridin-3-yl)ethyl NH 23 NT NT


23 Benzo[1,3]dioxol-5-ylamino Pyridin-4-yl-methyl NH 84 70 0.066


24 Benzo[1,3]dioxol-5-ylamino 3,4-Difluorobenzyl NH 84 23 NT


25 2,3-Dihydro-benzo[1,4]dioxin-6-ylamino 3,4-Difluorobenzyl NH 84 32 NT


26 2,3-Dihydro-benzo[1,4]dioxin-6-ylamino 4-Methoxybenzyl NH 68 30 NT


27 3-Methoxyphenylamino 3,5-Dimethoxyphenyl O 100 (100d) 83 0.021


28 Benzo[1,3]dioxol-5-ylamino 3,5-Dimethoxyphenyl O 98 (91d) 83 0.0072


29 3-Hydroxyphenylamino 3,5-Dimethoxyphenyl O 100 (83d) 86 0.010


30 2,3-Dihydro-benzo[1,4]dioxin-6-ylamino 3,5-Dimethoxyphenyl O 100 (88d) 89 0.0036


31 3,5-Dimethoxyphenylamino 3,5-Dimethoxyphenyl O 99 (73d) 87 0.023


32 4-Dimethylamino-phenylamino 3,5-Dimethoxyphenyl O 98 (76d) 86 0.031


33 4-Cyanophenylamino 3,5-Dimethoxyphenyl O 97 (57d) 27 NT


34 3,5-Difluorophenylamino 3,5-Dimethoxyphenyl O 87 (51d) 27 NT


35 Pyridine-3-amino 3,5-Dimethoxyphenyl O 49d 61 0.066


36 3-Methoxy-benzylamino 3,5-Dimethoxyphenyl O 100 32 NT


37 4-Methoxy-benzylamino 3,5-Dimethoxyphenyl O 86 28 NT


38 Piperonylamino 3,5-Dimethoxyphenyl O 90d 24 NT


39 Pyridin-4-yl-methylamino 3,5-Dimethoxyphenyl O 68 44 NT


40 (3-Methoxy-phenyl)-methyl-amino 3,5-Dimethoxyphenyl O 5d NT NT


41 (3-Methoxy-benzyl)-methyl-amino 3,5-Dimethoxyphenyl O 28d NT NT


42 4-Methoxy-benzamido 3,5-Dimethoxyphenyl O 8d NT NT


43 Benzo[1,3]dioxol-5-ylamino 3,5-Difluorophenyl O 97d 23 NT


44 Benzo[1,3]dioxol-5-ylamino 3,5-Dimethylphenyl O 52d 83 0.010


45 Benzo[1,3]dioxol-5-ylamino 3-Hydroxy-5-methoxyphenyl O 80d 83 0.012


46 Benzo[1,3]dioxol-5-ylamino 3,4,5-Trimethoxyphenyl O 89d 86 0.016


47 Benzo[1,3]dioxol-5-ylamino 3-Dimethylamino-phenyl O 53d 63 0.011


48 Benzo[1,3]dioxol-5-ylamino Pyridin-3-yl O 43d 21 NT


49 Benzo[1,3]dioxol-5-ylamino 3-Fluorophenyl O 43d 37 NT


NT, not tested.
a % ITP = percent inhibition of tubulin polymerization; 30 lM tubulin and 10 lM compounds were used. Measured as percent inhibition of tubulin


assembly compared to that of DMSO control. Average of three experiments with SD < 15%. Compounds that showed >55% inhibition were tested in the


G2/M block assay.
b Induction of cell cycle arrest, expressed as percent of cells in the G2/M phase. A431 cells were treated with 0.1 lM compound for 24 h and then analyzed


by flow cytometry. Average of two experiments with SD < 10%. Only compounds that showed G2/M cell arrest in single point measurements were tested


for EC50s.
c Dose–response induced by cell cycle arrest in the G2/M phase, expressed as the compound concentration that causes 50% cells to arrest. Average of three


experiments with SD < 10%.
d 3.33 lM compounds were used in the assay. Average of three experiments with SD < 10%. At this concentration, only compounds with 40% inhibition or


higher were tested in the G2/M block assay.
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Table 3. Effects of B and C rings on tubulin activitya
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a See Table 2 footnotes for the assay description.
b 10 lM compound concentration was used in the polymerization assay.
c 3.33 lM compound concentration was used in the polymerization assay.
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areas of themolecule. In contrast, results of replacing ani-
lines with alkylamines were disappointing. Compounds
12–14 displayed excellent activities in inhibiting tubulin
polymerization in vitro; however, only 12 showed good
cellular activity. Efforts to remove the NH linker or re-
place it with amethylene group in theR1 position resulted
in a loss of activity. For example, compounds 15 and 16,
synthesized by condensing hydrazide C (Scheme 1) with
3-methoxy-benzamidine or 2-(3-methoxy-phenyl)-acet-
amidine respectively, were not active. In conclusion, two
R1 moieties, benzo[1,3]dioxol-5-ylamino and 2,3-dihy-
dro-benzo[1,4]dioxin-6-ylamino, as well asmeta and para
mono methoxyphenylamino groups gave us the best
cellular activity.


While exploring structural requirements at R2, we found
that a 3,5-dimethoxyphenyl moiety was necessary to
maintain activity (17–20). Alkyl groups at R2 (21–26)

H


3


O (CH2)n


O


n % ITP % G2/M block EC50 (lM)


2 96c 86 0.013


2 69c 83 0.044


2 65c 82 0.0066


2 59c 40 0.21


1 89b 85 0.017


1 100b 84 0.0094


2 100b 77 0.0053


2 100b 68 0.053


2 64c 25 0.24


2 76b 26 0.13


2 30c NT NT
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had little activity, with only benzylamines (23–26) show-
ing marginal effects in arresting cells in the G2/M phase
of the cell cycle. We implemented several strategies for
aniline removal from the lower portion of the molecule.
Replacing NH with an oxygen atom was the most suc-
cessful (X = O, Table 2). The biaryl ether analogs were
synthesized by replacing aniline A with corresponding
phenols in a modification of Scheme 1. In step (i),
K2CO3 was introduced at lower temperatures, in a var-
iation on Scheme 1. Step (ii) was also carried out at re-
duced temperature to minimize the cleavage of the biaryl
ether linkage by hydrazine (Scheme 2). Whilst keeping
R2 constant as a 3,5-dimethoxyphenyl group, com-
pounds 27–35, bearing various aromatic amines at R1,
displayed similar or improved functional activity com-
pared to those of corresponding analogs in Table 2.
However, only the compounds with electron-rich aniline
or phenol groups at R2 caused cells to arrest. A similar
result was observed for the alkylamines at R1 where
compounds 36–39 had no cellular activity. The aniline
NH at R1 appears to be critical for activity, since meth-
ylene (40, 41) or acyl (42) analogs showed no activity.
Compound 42 was prepared according to Scheme 3. In
summary, for the SAR at region R2, only electron-rich
substituents provided good functional and cellular
activities, as demonstrated by compounds 43–49.


We also investigated the two central ring moieties con-
necting R1 and R2 (Table 3). We demonstrated that
the 2,3-disubstituted pyridine at ring B was not required
for activity, while a regioisomeric pyridine, pyrimidine,
pyrazine or even a phenyl ring was equal to or more
effective than the corresponding 2,3-disubstituted pyri-
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dine analogs (50–53 compared to 30; 54 and 55 com-
pared to 10; 56 and 57 compared to 11). Pyrimidine
containing analogs 51 and 57 were produced according
to the general outline in Scheme 4.


Preparation of compounds 50 and 53–56 was achieved
using procedures similar to that described in Scheme 1
where the corresponding commercially available ring B
chloro derivatives were used instead of ethyl-2-chloro-
nicotinate. Compound 52 was synthesized using an
alternative procedure depicted in Scheme 5.


Methyl substitution at two different positions of the tri-
azole ring (58–60) reduced activity, indicating that either
NH groups are critical for binding or steric hindrance
plays a role in this region. The synthesis of compounds
58 and 60 is shown in Scheme 6.


N-Methyltriazole analog 59 was prepared by a slightly
modified procedure of Scheme 1 where hydrazine is
substituted by methylhydrazine.


Given that most of our potent compounds possessed
structural motifs that mimic colchicine and CA4
(i.e., multiple methoxy groups, Fig. 1), we predicted
they would bind to the same tubulin site. Molecular
modeling suggested that the binding mode of com-
pound 10 is similar to that of podophyllotoxin,
another potent colchicine site binder.12 Superposition
of the compounds suggests that the methoxyphenyl
and benzodioxole groups share a similar pharmaco-
phore (Fig. 3). To test our hypothesis, we evaluated
these compounds in a colchicine competition binding
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assay.13 Indeed, the majority of potent compounds
inhibited [3H]colchicine binding to tubulin. Table 4
summarizes the dose dependent results of colchicine
competitive binding, and G2/M arrest of cells for
selected compounds and standards. Representative tri-
azole derivatives were also evaluated in cytotoxicity
assays with NIH 3T3 fibroblasts and showed reduced
toxicity compared to tumor cell lines (GI50 10–100·
higher, data not shown). The most potent compounds
are highly active in all assays, comparable to CA4 and
colchinol, the active entities of the VDA prodrugs
CA4P and ZD6126, respectively. To evaluate the
potential of the triazole derivatives as drug candidates,
we plan to investigate their effects in vivo, and the
results will be reported in due course.


In conclusion, a series of triazole derivatives has been
discovered as a novel class of tubulin polymerization
inhibitors that bind to the colchicine site on tubulin.14,15


Structure–activity relationships have been established
for this class of compounds in terms of their capacity
to inhibit tubulin polymerization in vitro and cause
G2/M arrest in tumor cells. Selected compounds showed
biochemical characteristics similar to those of Combre-

Table 4. Ki for selected compounds and standards


Compound Ki
a (lM) EC50


b (lM)


CA4 0.03 ± 0.02 0.0035 ± 0.002


Colchinol 1.85 ± 1.68 0.0435 ± 0.033


1 0.10 ± 0.06 0.090 ± 0.035


10 0.06 ± 0.00 0.062 ± 0.015


11 0.16 ± 0.13 0.117 ± 0.007


27 0.05 ± 0.01 0.021 ± 0.012


28 0.01 ± 0.01 0.0072 ± 0.004


30 0.02 ± 0.01 0.0036 ± 0.008


a Colchicine competition binding assay, with tubulin at 40 nM and


[3H]colchicine at 65 nM.
b Compound concentration required for 50% of A431 cells to accu-


mulate at the G2/M phase of the cell cycle.

tastatin A4 and colchinol, and are currently being
investigated in various in vivo tumor models.
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cNational Institute of Chemistry, Laboratory for Biotechnology, Hajdrihova 19, SI-1001 Ljubljana, Slovenia
dNational Institute of Biology, Department of Genetic Toxicology and Cancer Biology, Večna pot 111, SI-1001 Ljubljana, Slovenia
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Abstract—We describe here the fragment-based design of potent DNA gyrase inhibitors. Using the tools of virtual screening and
NMR spectroscopy we identified the binding of two low-molecular weight fragments (2-aminobenzimidazole and indolin-2-one)
to the 24 kDa N-terminal fragment of DNA gyrase B. Further in silico optimization of indolin-2-one led to the discovery of potent
DNA gyrase inhibitors.
� 2005 Elsevier Ltd. All rights reserved.

Figure 1. Inhibitors of DNA gyrase B.

DNA gyrase is a bacterial enzyme that catalyzes the
introduction of negative supercoils in a closed-circular
DNA using the energy of the ATP hydrolysis. Since it
is found only in prokaryotes and is vital for their surviv-
al, it has become an attractive target for antibacterial
agents.1 DNA gyrase consists of two subunits, GyrA
and GyrB, and forms an A2B2 complex.2 GyrA is a cat-
alytic site for DNA breakage and reunion, while the
ATP-binding site is found in the subunit GyrB. Couma-
rins (novobiocin, Fig. 1) are natural antibiotics that
inhibit the ATPase activity by blocking the binding of
ATP to subunit GyrB. Low solubility and permeability,
high toxicity, and insufficient in vivo activity of couma-
rins currently prevent their therapeutic use. Newly
developed triazine (1) and indazole (2) inhibitors
(Fig. 1) have also been unable to overcome all of these
coumarin deficiencies.3,4 Therefore, design of novel po-
tent DNA gyrase B inhibitors is at present still of great
importance.5


Recently, we have characterized the binding site of quer-
cetin, a natural flavonoid that inhibits the DNA gyrase
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activity by binding to the subunit GyrB.6 Based on the
results of NMR spectroscopy experiments we have
constructed a structural model of quercetin in the
ATP-binding site with residue Asp73 forming one of
the crucial hydrogen bonds with the hydroxyl group of
quercetin.


In this work, we employed the concept of fragment-
based drug design, which already showed promising re-
sults in case of indazole inhibitors, to search for novel
inhibitors of DNA gyrase B.3 This approach utilizes
identification of weak-binding fragments (molecules
with Mr = 120–250) toward active site pockets and their
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subsequent linking or optimization into lead com-
pounds.7 Biophysical methods, including NMR spec-
troscopy, X-ray crystallography, and mass
spectrometry, as well as various computational tools
were utilized to assist this process.8


The crystal structure of 43 kDa N-terminal fragment of
DNA gyrase B in complex with ADPNP (PDB code
1EI1)9 was taken as a starting-point. Using LUDI mod-
ule as implemented in INSIGHT200010 we have identi-
fied several interaction sites (HB-donors, HB-
acceptors, and hydrophobic areas) that complement
the central part of the ATP-binding pocket near residue
Asp73 (Fig. 2A). This highly conserved residue among
prokaryotes (eukaryotes have Asn residue at this posi-
tion) is vital for binding as it takes part in hydrogen
bonding network observed between protein, crystal
water molecule, and several inhibitors.11


In the first step, we initiated virtual screening of MDL-
ACD and MDL-SCD databases12 to obtain the central

Figure 2. (A) Interaction sites in the central part of the ATP-binding


pocket. Hydrogen bond acceptors and donors are presented as green-


red and blue-gray capsules, respectively. Two hydrophobic regions are


displayed with green spheres. (B) Fragments of 2-aminobenzimidazole


(3) and indolin-2-one (4) obtained by virtual screening of the database.


Figure 3. (A) Chemical shift changes of GyrB24 backbone amide resonances


Chemical shift differences of selected GyrB24 backbone resonances as a funct


2-aminobenzimidazole was determined as an average value for residues with

fragment (molecules with Mr < 180) that would satisfy
the interaction sites defined by LUDI as shown above.
In addition, virtual screening was performed also on
the basis of topological similarity to adenine (ADPNP),
triazine (1), and indazole (2) rings, respectively. Tanim-
oto coefficient was set to a relatively low value >0.5 to
allow higher structural diversity of the resulting hits.
According to the �rule of three,�13 water solubility and
commercial availability this selection process resulted
in two fragments (2-aminobenzimidazole (3) and indo-
lin-2-one (4); Fig. 2B). Subsequently, we characterized
their binding to 24 kDa N-terminal fragment of DNA
gyrase B (GyrB24), which comprises the ATP-binding
site, by using NMR spectroscopy.6b The 15N HSQC
experiments of 15N-isotopically labeled GyrB24 protein
from Escherichia coli were performed in the presence
of 2-aminobenzimidazole and indolin-2-one, respective-
ly. By mapping the chemical shift differences of the apo
and bound protein we were able to identify the residues,
which are directly involved in the interaction with each
fragment, using the assignment of nearly all backbone
N–H chemical shifts in the 15N HSQC spectra. Residues
with most pronounced shift differences are clustered into
four regions around residues Ala47, Arg76, Val120, and
Val167 (Fig. 3A) that delineate the ATP-binding site.
Similar pattern of shift differences was observed for both
fragments indicating their homologous binding mode in
the ATP-binding pocket. These results confirmed our
initial hypothesis about structural requirements for the
binding of central fragment.


We also performed 15N HSQC titration experiments
with increasing fragment concentrations and determined
the dissociation constant KD for both fragments upon
binding to the GyrB24 protein (Fig. 3B). In agreement
with docking studies, lower dissociation constant of
fragment 3 (KD = 2 mM) compared to that of fragment
4 (KD = 10 mM) can be explained with the higher num-
ber of hydrogen bonds formed between 2-aminobenzim-
idazole and residues Asp73 and Gly77, respectively.


Due to a shortage of commercially available substituted
2-aminobenzimidazoles with free primary amino group
(�20) in the MDL database compared to substituted
indolin-2-ones (�11.000), we decided on in silico optimi-
zation of indolin-2-one, despite its 5-fold lower affinity.

observed by 15N HSQC experiments upon addition of fragment 3. (B)


ion of fragment 3 concentration. Dissociation constant KD = 2 mM for


most pronounced shift differences.
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In this step, LUDI was used again to define the interac-
tion sites in the rest of the ATP-binding pocket and to
search for fragments that could bind in close vicinity
of indolin-2-one-binding site as determined by NMR
spectroscopy. Typical fragments that met structural
requirements defined by LUDI were five- to seven-mem-
bered monocyclic and seven- to ten-membered bicyclic
heterocyclic rings with up to four heteroatoms (N, O,
S). Coumarin ring was also recognized among heterocy-
cles mentioned above. This structural element of novo-
biocin and compound 2 (Fig. 1), which stacks on the
Glu50-Arg76 salt bridge and forms two strong hydrogen
bonds with positively charged side chain of Arg136, is
essential for their high in vitro antigyrase activity.14


Ten indolin-2-one derivatives containing the above-
mentioned heterocyclic system (such as benzene, naph-
thalene, imidazole, and pyridine rings) that follow the
Lipinski rule of five15 were selected from the MDL data-
base and their inhibitory activity was evaluated in the
DNA gyrase supercoiling assay at compound concentra-
tion 100 lM (Fig. 4).16 Only compound 6 with substitut-
ed imidazole ring and ethylidene linker to indolin-2-one
inhibited the gyrase activity at this concentration. Max-
imum non-effective concentration (MNEC)17 for com-
pound 6 was determined at 50 lM.


Next, seven close structural analogues of compound 6
were purchased to investigate the importance of partic-
ular group for activity (Fig. 5). Since tautomerization

Figure 4. In vitro activity of substituted indolin-2-ones against Escherichia


maximum non-effective concentration of inhibitor (MNEC), which showe


novobiocin was determined at 0.05 lM). For details see Refs. 16 and 17.


Figure 5. In vitro activity of structural analogues of compound 6 against Esc


and Refs. 16 and 17.

of imidazole ring permits the proton positioning on
either of the nitrogen atoms, indolin-2-ones with indole
and pyrazole rings (19–21; Fig. 5) were also selected.
The limited SAR of compounds 6 and 15–21 indicates
that imidazole ring appears to be essential for antigyrase
activity. Imidazole ring is likely to be located in hydro-
phobic part of the active site, most probably in the vicin-
ity of residues Ile78, Pro79, and Ile94. The activity of
compound 17 (without the ethyl group at position 2 in
imidazole ring) decreased considerably compared to
compound 6, while the additional methyl group at posi-
tion 4 (compound 18) increased the activity by 2-fold.
Phenyl ring at position 2 (compound 16) is probably
too bulky to be accommodated in the active site. Sub-
stantial reduction in activity for compounds with substi-
tuted indole and pyrazole ring can be explained by their
different spatial conformation. Namely, intramolecular
hydrogen bond between carbonyl oxygen of indolin-2-
one moiety and amino group of imidazole ring that
could stabilize compounds 6 and 15–18 in Z-conforma-
tion cannot be formed in case of indole or pyrazole ring
(19–21). Additional reason for inactivity of compounds
19–21 could be that a congested active site cannot
accommodate the larger side chains of these com-
pounds, as hypothesized for compound 16.


Thus, compound HTS05063 (18) displays the highest
in vitro activity of this series of indolin-2-ones in
DNA gyrase supercoiling assay (MNEC = 25 lM). This
is still 500-fold lower activity compared to novobiocin;

coli DNA gyrase supercoiling activity. Inhibition was measured as


d no inhibition of supercoiling activity (as a reference, MNEC for


herichia coli DNA gyrase supercoiling activity. For details see Figure 4
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however, its relatively low molecular weight (Mr =
253.3) and lipophilicity as estimated by the logarithm
of the octanol/water partition coefficient (logP = 1.82)18


provide a sound basis for further optimization. Success-
ful applications of the fragment based discovery meth-
odology7,8 point to the necessity of adding another
substituent onto the scaffold of promising lead com-
pound in order to improve on desired inhibitory activity
from micromolar to nanomolar concentration range.


DNA gyrase belongs to the GHKL ATPase superfami-
ly19 and is therefore closely structurally related to the
large family of protein kinases. The conservation of
structural features within the ATP binding cleft led to
the belief that specificity would be difficult to achieve.
However, the clarified structural basis for selectivity
and potency of protein kinase inhibitors has yielded sev-
eral small-molecule ATP-competitive inhibitors that are
in various stages of development.20 Not surprisingly,
indolin-2-ones are potent inhibitors of VEGF and
PDGF receptor tyrosine kinases,21 JNK protein ki-
nases,22 casein kinase-1,23 etc.


In conclusion, we report here a class of compounds with
indolin-2-one structural scaffold as potent DNA gyrase
inhibitors. Based on the available 3D structure of
DNA gyrase B and structural similarity of known gyrase
inhibitors, we completed a successful search for frag-
ments that would bind to the ATP-binding site. Binding
of two fragments, indolin-2-one and 2-aminobenzimi-
dazole, was demonstrated using the 15N HSQC NMR
spectroscopy of isotopically labeled protein. Further in
silico optimization of indolin-2-one led us to discovery
of a compound HTS05063 that inhibits the DNA gyrase
supercoiling activity in the low micromolar range.
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Abstract—A combination of (ROMP) ring-opening metathesis polymerization and diradical (diyl) cross-linking provides a new
access to hard biomaterials and potential artificial bone replacements. ROMP was used to construct soft and pliable linear polymers
bearing photolabile diazene functions. After treatment with light, a nitrogen aerosol is released throughout the polymer to create
desirable porosity, cross-linking, and hardening in a single step. Nonpolymeric mechanistic work supporting these studies was also
examined.
� 2005 Elsevier Ltd. All rights reserved.
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Scheme 1. Release of N2 and cross-linking.

Olefin metathesis with well-defined ruthenium catalysts
can provide a wide range of possibilities for hard mate-
rials� synthesis.1,2 Increasing knowledge about these rea-
sonably stable catalysts, promulgated by Grubbs and
co-workers, has led to an improved understanding of
ring-opening metathesis polymerization (ROMP) of
substituted norbornyl compounds with a high toleration
for a variety of functional groups and substrates.3–5 We
recently began a study of combining ROMP chemistry
with novel cross-linking methods to create hard bioma-
terials.6 A useful application of porous biomaterials is
for the sustained delivery of biologically active agents
such as drug molecules, nutrients, growth factors, and
hard tissue replacements.7–9 Many current hard tissue
substitutes are nonporous and not ideal for irregularly
shaped or hard to reach defects such as those found in
many bone injuries.


In this paper, we investigated the chemical synthesis of
new materials using ring-opening metathesis polymeriza-
tion (ROMP) to construct linear polymers bearing photo-
labile diazene substituents as shown in Scheme 1.10 It was
not clear from the outset if a diazo functionwould survive
the polymerization or Grubbs� ruthenium catalyst. These
polymers would need to be soft and pliable enough to
mold into any shape needed (i.e., like toothpaste), yet
maintain this form until treated with light.
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During the photocuring process, we hoped that nitro-
gen would be released and escape throughout the
polymer as it hardened. There are two important pro-
cesses taking place here. First, as the N2 aerosol es-
capes, it creates the porosity we needed by boring
holes through the soft polymer. Second, the diradicals
(diyls) cause the linear ROMP chains to cross-link and
solidify. The diyls could react with other diyl radicals
in the same or an adjacent polymer chain and/or could
react with carbon–hydrogen bonds in the backbones.
Some mechanistic studies discussed below, were car-
ried out to shed some light on this event. Once
cross-linked, the polymer becomes intractable and
insoluble in solvents; hence, mechanistic data had to
be obtained in an indirect fashion.


The light-induced hardening process was selected be-
cause we wanted to utilize conditions that specifically
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avoid physiologically incompatible acid, base, and high-
ly exothermic methods. The diyl chemistry was adopted
from extensive studies on trimethylene methane trap-
ping reactions.11 For our chemistry to be successful, it
was modified to allow a diazo moiety to be attached
to a ROMP polymer backbone. The work herein, dis-
cusses the first example of an internal nitrogen aerosol
to prepare a porous architecture in a hard polymer.


Thus, a norbornyl ring system was envisioned that could
be constructed bearing a light sensitive diazene bridge.
Another norbornyl residue would be appended by an es-
ter linkage to expediteROMP reactions withGrubbs� cat-
alyst. The synthesis was initiated in Scheme 2.
Commercially available d-valerolactone 1 was ring-
opened to an acyclic methyl ester with a catalytic amount
of acidic Dowex resin in methanol and subsequently oxi-
dized with pyridinium chlorochromate to aldehyde 2 in
66% yield. The standard method for the construction of
fulvenes was adopted when 2 was treated with cyclopent-
adiene and a base.12 The desired fulvene 3was obtained in
51% yield.


We chose the chemistry of 4-(S,S-dimethylsulfoximi-
no)-1,2,4-triazoline-3,5-dione (S-TAD), as described
by Meehan and Little,13 as an ideal method that could
be adopted for the construction of a diazene bridge.
The Diels–Alder cycloadduct 5 was prepared via the
reaction of S-TAD 4 with a fulvene 3 in 90% yield, fol-
lowed by a subsequent in situ reduction of the p-bond
of the resulting Diels–Alder adduct using diimide at
low temperature. Conversion of 5 to the corresponding
diazene–acid 6 involved treating it under mildly basic
conditions with hot water, in 77% yield.


The synthesis was continued in Scheme 3 with a N 0N
diisopropylcarbodiimide-mediated (DIC) esterification
of diazene–acid 6 and norbornene alcohol 7 to give the
desired ROMP monomer 8 in 37% yield after purifica-
tion. The ROMP of 8 was then examined using Grubbs�
second-generation catalyst 9. We were pleased to ob-
serve that the catalyst led to ROMP polymer 10 without
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Scheme 2. Synthesis of the diazene–acid.

the worrisome degradation of the diazene function (vide
infra). Upon addition of ethylvinyl ether to the reaction
mixture, the polymerization was halted. Some precipi-
tate was formed in the flask after the ether was added.
The mixture was poured into rapidly stirring methanol
at room temperature to obtain all of the remaining pre-
cipitate. The precipitate was washed several times with
excess methanol to remove unwanted byproducts. A
GPC analysis was obtained to elucidate the extent of
polymerization. The analysis indicated an average
molecular weight of 3000, which indicated short poly-
mer chains, and a polydispersity of 1.19 for 10.


Polymer 10 was then photocross-linked using a 400 W
Hanovia lamp with a Pyrex filter for 3 h at a distance
of 2 in. from the lamp. The polymer was observed to
undergo gel–solid transformation. A cross-section of
the polymer using scanning electron microscopy
(SEM) is shown in Figure 1. This view shows the porous
nature of the interior of the polymer.14 The cross-section
images clearly indicate that the nitrogen aerosol creates
several holes (some being 40 lm) throughout the poly-

Figure 1. Cross-section of porous cross-linked material 10 (10 lm per


division on lower scale).
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mer, capable of carrying water, nutrients, and blood
cells through the hard, sponge-like material.15 Ideally,
the size of the pores should enable migration of water
and blood, with an average of 10 lm width per red
blood cell.16


Several cross-linking mechanisms are proposed in
Scheme 4. Upon photochemical extrusion of nitrogen
from 10, diyl species 11 M 12 is formed, which can react
minimally via three pathways. These reactivity pathways
have been observed with other 1,3-diyls in solution.11a


Path 1 features a cycloaddition reaction with an alkene,
while path 2 shows how a diyl can insert in a C–H bond
(atom transfer). Both reactions can lead to cross-linked
polymer and with the diyl species. A third path 3 in-
volves direct dimerization to the tricyclic product 17
from two diradical precursors.


To further understand the photocross-linking step, three
mechanistic studies were conducted to confirm the
extrusion of nitrogen and diyl formation upon photoir-
radiation, as shown in Scheme 5. We synthesized methyl
ester 18 without the norbornene group to confirm that a
diazene moiety can survive a ROMP. This compound
was easily formed by the reaction of acid 6 with dia-
zomethane. Ester 18 was reacted with 0.1 equiv of
Grubbs� second-generation catalyst in CH2Cl2 for 2 h
and it was recovered unchanged. The lack of reactivity
by the diazene p-bond precludes any metathesis at this
site.17


It is also noteworthy that no cross-metathesis products
formed from the trisubstituted alkene in 18.18 Unsym-
metrically substituted alkenes usually readily undergo
cross-metathesis and can give up to three products.19


That this outcome was not observed can be rationalized
by considering that the alkene is located in an apical
position on a norbornyl ring system and very much hin-
dered; thus, the bulky catalyst 9 could not readily access
it. Second, the electron-rich diazene could coordinate to
the catalyst and deactivate it, as has been observed in

related cases. Third, we noted that no olefin migration
was observed, a common occurrence with alkenes sub-
jected to Grubbs� catalysts.20 Because no chemical reac-
tion was observed, we conclude that diazenes are stable
to Grubbs� catalyst, a facet of their reactivity not clearly
delineated prior to these studies.


In a second study, monomer 8 was dissolved in spectral
grade acetonitrile and was photolyzed with 19 (Scheme
5) to obtain a cycloaddition reaction. The intermolecu-
lar cycloaddition product was obtained in 66% yield.
This shows that the 1,3-diyls formed by photoextrusion
can react with electron-deficient alkenes. Co-polymers
of 19 and 10 are possible with 19 acting a spacer in a
polymer chain.21


In a third study, compound 8 was dissolved in acetoni-
trile and irradiated for 3 h; the resulting dimerization
product 21 was isolated in 95% yield. It is noteworthy
that in the absence of the olefin, the diyl simply reacted
with itself via the 1,3-diradical coupling.


In conclusion, ring-opening metathesis polymerization
(ROMP) and diradical (diyl) cross-linking provided
new access to hard biomaterials. ROMP was used to
construct soft and pliable linear polymers, that extruded
a nitrogen aerosol when photolyzed. The nitrogen gas
created porosity, cross-linking, and hardening.
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Abstract—The DNA polymerase reaction by Klenow fragment (KF) was efficiently regulated with UV light using a 25-mer caged
fluorescent oligodeoxynucleotide (CFO) as the template. The CFO was functionalized with a fluorescein reporter (Fl) and photo-
cleavable DABSYL quencher moiety (Dab). With Fl and Dab at adjacent cytidines in the middle at the template, KF was blocked
from extending a complementary 12-mer primer. Upon UV photolysis of the DABSYL blocking group under aerobic conditions,
fluorescein emission was restored and 50% of the primers were fully extended by KF.
� 2005 Elsevier Ltd. All rights reserved.

The ability to trigger biomolecular events using pho-
toactivatable �caged� compounds has found wide usage
in chemistry and biology.1–7 Caged DNA or RNA,
whose function is transiently blocked by a photolabile
moiety, offers exciting possibilities to control protein–
nucleic acid interactions for applications in biochemis-
try, biotechnology, and gene regulation. However, there
are still few examples of caged nucleic acids, due to syn-
thetic and experimental challenges. Bai et al. successfully
incorporated a photolabile group at the 5 0 or 3 0 ends of a
DNA oligonucleotide.6,8 However, it has been more
challenging to attach a suitably photoactive moiety to
the middle of the oligodeoxynucleotide (ODN), where
it can maximally perturb DNA function.9,10 Synthetic
methods developed in our lab11 and elsewhere12,13 allow
the site-specific attachment of photoactive blocking
groups to ODNs. The incorporation of a fluorescent
reporter is unique to our system and allows real-time
monitoring of the photoactivation process. This holds
considerable advantages for many biological applica-
tions, but requires further development for in vivo stud-
ies. Herein, we demonstrate the ability of caged
fluorescent oligodeoxynucleotides (CFOs) to regulate
primer extension by the Klenow fragment (KF) of
DNA polymerase I.

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.


doi:10.1016/j.bmcl.2005.08.058
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DNA polymerases are involved in all DNA syntheses
occurring in Nature. These enzymes are the workhorses
in numerous molecular biology core technologies, such
as the polymerase chain reaction (PCR), cDNA cloning,
genome sequencing, and detection of nucleotide variation
within genes.14,15 The Klenow fragment of Escherichia
coli DNA polymerase I retains the 5 0 ! 3 0 polymerase
and 3 0 ! 5 0 (proofreading) exonuclease activities. KF
serves as a useful model in our lab for controlling pro-
tein–DNA interactions with light. One previous study
on the photoregulation of DNA polymerase, used azo-
benzene attached to a short modulator oligonucleotide.16


Unfortunately, by introducing this second primer, the
overall efficiency of the polymerase was reduced. More-
over, the short timescale of the azobenzene cis ! trans
re-isomerization makes this photoswitchable moiety too
unstable for most biological experiments. Therefore, we
set out to develop CFOs to modulate KF activity using
kinetic and thermodynamic data that had been collected
with modified ODNs.17 Recent studies showing that a
TT dimer in the template can inhibit primer extension
by DNA polymerase suggested that modifying adjacent
bases of the template could block DNA synthesis.18


Templates 1–6 (Fig. 1) were synthesized using standard
phosphoramidite chemistry in an automated DNA syn-
thesizer. The cytosine phosphoramidites modified with
fluorescein or pendant amine were synthesized and
incorporated as described previously.11 The 25-mer oli-
godeoxynucleotides were subsequently cleaved from
the solid support and purified. Oligos 3 and 6 were syn-
thesized through reaction with the photoactive quencher
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Figure 1. (A) Strategy for photoregulating primer extension by the Klenow fragment (KF). (B) Sequences of DNA templates and primers.


Figure 2. The percentage of primers (12-mer, 9-mer, and 17-mer) fully


extended through the 25-mer template, observed 60 min after the


addition of KF, incubation at 37 �C. Percentage of primer extension


was determined with the phosphorimager by integrating the intensity


of the 25-mer peak, dividing by the total intensity of the bands


corresponding to the 12-mer and 25-mer, and multiplying by 100. The


first two bars show the result of photoactivating the 25-mer template 6,


in the absence (bar 1) and presence (bar 2) of dioxygen. The


deoxygenated sample was irradiated for 5 min with a Xe lamp


(355 nm, 36 mW/cm2). The oxygenated sample was irradiated for


40 min at 0 �C with a 337 nm laser (60 Hz, �12.7 mW/cm2). Only 2.5%


of the 12-mer primers were extended by KF without irradiation (bar 3).


13.6% and 100% of the 9-mer and 17-mer primers were extended by


KF without irradiation, bars 4 and 5, respectively.
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(Dab) and purified in 70% overall yield. CFO 6 con-
tained a fluorescein reporter and photocleavable dimeth-
ylamino-azobenzenesulfonyl (DABSYL) quencher,
attached at adjacent central cytidines (Fig. 1). The
DABSYL moiety was attached to the oligonucleotide
via a heterobifunctional 1-[5-(aminomethyl)-2-nitro-
phenyl]ethanol linker. This photocleavable spacer pro-
vides a convenient method for attaching diverse
functionality to the oligonucleotide after solid-phase
synthesis.


The 3 0 end of the 12-mer primerwas designed to terminate
at the complementary CFl of template 6. Thus, primer
extension using 6 requiredKF to incorporate dGopposite
the sterically bulky CDab.19 After UV irradiation of the
reaction mixture (337 nm laser, 60 Hz, �12.7 mW/cm2),
the yield of fully extended primer was 50% at 60 min, ver-
sus only 2.5% without irradiation (Fig. 2).


The efficiency of 12-mer primer extension depended
greatly on the type of blocking group(s) and the number
of modified bases on the template. With either the
photocleavable DABSYL group (template 3) or fluores-
cein (template 4) as the only cytidine modification, the
primer was fully extended within 20 min (Fig. 3). By
comparison, with unmodified 1 or amino-linked cytidine
2, the primer was fully extended within 5 min (Fig. 3).
Thus, individually, the DABSYL and fluorescein moie-
ties had very little effect on KF. The ethylamino-linked
cytidine, CH, had no apparent effect on primer extension
at the time resolution of these experiments.

Most interestingly, when both fluorescein and the
photocleavable DABSYL were attached (template 6),
the blocking effect was substantially enhanced, as had
been hypothesized. With the 12-mer primer (Fig. 3), it







Figure 3. Kinetics of 12-mer primer extension by KF at 37 �C using


templates 1–6. The rates for extension of primers 1 and 2 (�) were


indistinguishable by this method. KF primer extension with templates


3 (s), 4 (m), and 5 (·) exhibited similar kinetic behavior. KF primer


extension with template 6 (j) was almost completely blocked even


after 70 min, but upon UV irradiation to generate 6 irr (d), the 12-mer


was extended, although at a slower rate. Primer extension was


quantified by PAGE analysis, where the normalized values on the y-


axis equal the intensity of the 25-mer (fully extended) band divided by


the total intensity of the bands corresponding to the 12-mer and 25-


mer.
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appeared that equilibrium was rapidly established be-
tween polymerase and exonuclease activities. Shorter
(9-mer) and longer (17-mer) primers were tested under
the same conditions, to determine the effective range
of the DABSYL. The 17-mer primer was rapidly extend-
ed to 25 nt (Fig. 2). This result agreed with previous
studies showing that KF has a footprint of ±4 nucleo-
tides.20 Some of the 17-mer was also cut back to 12 nt.
With the shorter 9-mer, the DABSYL group had rela-
tively little effect on KF reactivity until the primer was
extended to 12 nt (Supplementary data). At this
position, KF had to incorporate dG across from the
DABSYL, and the enzyme appeared to stall. Although
the reaction was sluggish with the 9-mer, 13.6% exten-
sion was observed at 60 min (Fig. 2). Thus, with a �run-
ning start� KF extended more efficiently through the
photocleavable DABSYL. This agrees with studies
showing that shorter primers allow DNA polymerases
to bypass a TT dimer in the middle of the template.18


The KF binding affinities for DNA duplexes of tem-
plates with the 12-mer primer were determined by gel-
shift assays.21 The KDÆDNA values were 140 nM for tem-
plate 5 (containing the fluorescein-modified cytosine but
no photocleavable DABSYL) and 150 nM for template
6, compared to 100 nM for the template 1-primer du-
plex.19 Thus, KDÆDNA values cannot account for the
large difference in primer extension rates between tem-
plates 5 and 6. Furthermore, the melting temperatures
(Tm) of duplexes of templates 1–6 and the 12-mer primer
were virtually identical, 51 ± 1 �C. Thus, DABSYL and
fluorescein worked cooperatively to stall KF primer
extension without greatly affecting DNA duplex struc-
ture or initial KF binding.


Photolysis of the DABSYL was concomitant with an in-
crease in fluorescein emission (kmax = 520 nm), which al-
lowed the reaction to be monitored with a fluorometer.
We showed previously that the photocleavable DAB-
SYL can be 99% removed with a Xe lamp (355 nm,

36 mM/cm2) in SCC buffer in 3 min.11 Under the condi-
tions of KF extension, photolysis was 95% complete in
5 min, as determined by fluorescence spectroscopy and
HPLC. With the Xe lamp, the yield of primer extension
was 30–40% and was increased to 50% using a pulsed N2


laser. Adding KF and/or the primer after template irra-
diation made no improvement. Irradiating template 3,
containing only the photocleavable DABSYL and no
fluorescein, in the presence of primer led to 99% exten-
sion after 10 min, which was virtually identical to the
non-irradiated sample (Fig. 3). These studies indicated
that the enzyme and primer were not damaged by low-
level UV exposure. Furthermore, the photochemical
bond cleavage of DABSYL in 3 was not inherently
destructive to the DNA or enzyme. Indeed, the high
yields of DNA uncaging with template 3 in aerobic solu-
tion compared favorably with previous studies using dif-
ferent photocleavable moieties.3,13


In order to understand the sub-optimal KF primer exten-
sion with photoactivated template 6, we turned our atten-
tion to fluorescein. This fluorophore is a well-known
photosensitizer for oxygen. This supports the finding that
deaerating the solution before irradiating with the Xe
lamp roughly doubled the efficiency of primer extension
to 65% (Fig. 2). To resolve the remaining discrepancy in
KF primer extension yields between templates 3 and 6,
we studied the products formed by irradiating 6 (known
as 6 irr). Perplexingly, 6 irr looked virtually identical to
5 by HPLC, giving a single peak with the same retention
time. However, purified 6 irr, unlike 5, was a poor tem-
plate for the KF reaction. This agreed with the kinetic
data for 6 irr generated in situ (Fig. 3). Non-specific oxi-
dative damage to 6 would be expected, in most cases, to
have little effect on KF activity, and a much greater effect
on the HPLC retention time. Further investigations
showed that photoirradiating template 4, which con-
tained fluorescein but no adjacent amino linker, had no
effect on KF primer extension. Thus, the ethylamino
group played a role in blocking KF, but only in the pres-
ence of the nearby photoexcited fluorescein. No changes
in the fluorescein absorption or emission spectral profiles
were observed upon photoactivating templates 4–6.
These data taken together suggest a subtle perturbation
of the DNA structure that is consistent with an intramo-
lecular cross-link between the amino linker and adjacent
fluorescein. The slower rate of primer extension with 6 irr
relative to 5 (Fig. 3) indicated that most of template 6was
modified during UV irradiation. This lowered the con-
centration of competent template, which was particularly
significant since the template concentration was initially
equimolar with the primer.


Despite the apparent crosslinking of 6, it was possible to
photoregulate KF primer extension 20-fold under aero-
bic conditions. Incorporating a less electrophilic fluoro-
phore, or placing the fluorophore farther from the
amino linker, should result in a more robust template
and give even higher yields of DNA synthesis. These
experiments are underway. We conclude that this photo-
chemical strategy is sufficiently flexible to allow many
other biological investigations of protein–DNA
interactions.
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Previous efforts to control gene expression with light
have relied mostly on modifying plasmids or mRNA
strands non-discriminately with multiple benzylated
blocking groups.3,5,7 Matsunaga et al. recently demon-
strated the photoregulation of RNase H using a 20-
mer DNA sense strand decorated with five azobenz-
enes.22 The use of multiple photoactive groups in these
examples delivered modest biological effects and necessi-
tated high UV exposure, due to low quantum efficiencies
and absorption from endogenous chromophores. Our
CFOs and Heckel�s caged ODNs12,13 benefit from the
site-specific incorporation of a single photoactive moie-
ty. CFO 6 was also designed to limit near-UV absorp-
tion from chromophores (i.e., fluorescein) other than
the photoactive linker, in order to maximize the quan-
tum uncaging efficiency.


CFOs address the most critical synthetic and experimen-
tal obstacles to using caged oligonucleotides for biolog-
ical investigations. We showed previously that CFOs
can be photoactivated inside living zebrafish embryos
without developmental consequences.11 Importantly,
the fluorescent reporter identified regions in the embryo
where the CFO had been activated. Herein, we demon-
strated the efficient regulation of KF activity using a sin-
gle photocleavable group working in tandem with a
fluorescent reporter. In these KF assays, the fluorescent
reporter allowed the rapid optimization of the photoc-
leavage conditions, without requiring extensive HPLC
or mass spectrometric analysis. The results from these
studies are guiding the development of other caged fluo-
rescent compounds in the lab. By modulating specific
protein–nucleic acid interactions, CFOs will provide
new avenues for controlling gene expression in vivo.
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Suárez, P. L. 5165
Supuran, C. T. 5136, 5192
Surgenor, A. 5187, 5197
Tam, S. Y. 5288
Tamir, R. 5211
Tan, E. Y. 5266
Tandon, V. K. 5324
Tang, X. 5303
Tata, J.-R. 5311
Taylor, A. J. 5335
Taylor, S. D. 5192
Tehim, A. 5253
Telliez, J. -B. 5288
Temperini, C. 5136
Thieringer, R. 5266
Thomason, J. R. 5288
Thompson, B. D. 5257
Todoroki, Y. 5226


Tolkatchev, D. 5120
Tomaszek, T. 5257
Tomlinson, I. D. 5307
Tran, J. A. 5237
Treanor, J. J. S. 5211
Trevillyan, J. 5340
Trimble, L. A. 5241
Tschopp, T. B. 5344
Tu, N. 5340
Tucci, F. C. 5237
Tuma, M. C. 5154
Turner, M. 5241
Ueno, K. 5226
Urbanski, M. 5202
Valderramos, J.-C.


5247
Vasdev, N. 5270
Vasudevan, A. 5293
Verzal, M. K. 5293
Vinogradova, A. 5120
von Sprecher, A. 5176
Vullo, D. 5192
Waddell, S. T. 5266
Waelchli, R. 5160
Wagaw, S. H. 5293
Wagner, R. 5340
Wang, W. L. 5284
Wang, Y. 5154
Weber, L. 5344
Wells-Knecht, K. 5257
Wessel, H. P. 5344
Weyermann, P. 5176
White, N. S. 5237
Whitworth, J. M. 5335
Wiedeman, P. E. 5340
Wilcox, D. 5340
Williams, S. C. 5335
Wilson, A. A. 5270
Wodka, D. 5293
Wong, W. C. 5154
Workman, P. 5197
Wright, D. L. 5262
Wright, L. 5187, 5197
Xi, N. 5211
Xing, Y. C. 5284
Xu, S. 5211
Yadav, D. B. 5324
Yang, K.-W. 5150
Yang, Y. T. 5124
Yao, D.-Y. 5284
Yoneyama, H. 5226
Young, A. B. 5270
Young, R. N. 5241
Yu, M. 5247
Yu, Y. 5154
Zbinden, K. G. 5344
Zeck, R. E. 5202
Zhang, X. 5202
Zokian, H. J. 5266


II








Bioorganic & Medicinal Chemistry Letters 15 (2005) 5284–5287

Synthesis and biological evaluation of novel
bisheterocycle-containing compounds as potential


anti-influenza virus agents


Wen-Long Wang,a De-Yong Yao,b Min Gu,a Min-Zhi Fan,a Jing-Ya Li,a


Ya-Cheng Xingb and Fa-Jun Nana,*


aChinese National Center for Drug Screening, Shanghai Institute of Materia Medica, Shanghai Institutes of Biological


Sciences, Graduate School of Chinese Academy of Sciences, Chinese Academy of Sciences,


189 Guo Shou Jing Road, Shanghai 201203, China
bCollege of Chemical Engineering, Qingdao University, 308 Ningxia Road, Qingdao, Shandong 266071, China


Received 22 June 2005; revised 8 August 2005; accepted 12 August 2005


Available online 23 September 2005

Abstract—A series of novel 4,2-bisheterocycle tandem derivatives consisting of a methyloxazole and thiazole subunit were synthe-
sized. Many compounds were found to inhibit human influenza A virus. Several analogues exhibited moderate biological activity
and could serve as leads for further optimizations for antivirus research.
� 2005 Elsevier Ltd. All rights reserved.

During the course of a search for bioactive metabolites
from marine microorganisms, a variety of chemically
interesting and biologically significant secondary metab-
olites containing heterocyclic tandem pairs consisting of
oxazole and thiazole subunits were reported.1 These
products display a wide range of biological activities,
such as antifungal, antileukemic, antimitotic, antibacte-
rial, and gene-regulating properties, and inspired strong
interest among many medicinal and synthetic chemists.2


It was also reported that the heterocyclic tandem pair
was possibly responsible for the biological activity,3


such as that seen with the three consecutive oxazoles
in Kabiramide C, which interfere with actin filament
dynamics by binding to subdomains 1 and 3 of G-actin
in an irreversible manner;4 and the antibiotic Bleomycin,
which interacts with DNA by binding of its bithiazole
moiety to the nucleic bases in a mode that is partially
intercalative, allowing penetration of the positively
charged moieties distal to the bithiazole into the major
groove.5 Therefore, heterocyclic tandem pairs may be
useful scaffolds in combinatorial libraries for new lead
discoveries. Leucamide A is a bioactive cyclic heptapep-
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tide from the Australian marine sponge Leucetta micro-
raphis, containing a unique mixed 4,2-bisheterocycle
tandem pair consisting of a methyloxazole and a thia-
zole subunit, and which was found to be moderately
cytotoxic toward several tumor cell lines.6


Although Leucamide A itself does not show any antivi-
ral activity, the unique mixed 4,2-bisheterocycle tandem
pair in Leucamide A provides us with a useful scaffold
for searching for potentially therapeutic compounds,
especially antiviral agents, because the heterocyclic
tandem pair may provide bioactivity through specific
interactions with DNA/RNA. Following our first total
synthesis of Leucamide A,7 we constructed a library of
4,2-bisheterocycle tandem derivatives consisting of a
methyloxazole and a thiazole subunit. Here, we report
on the design and synthesis of a library of novel
compounds containing 4,2-bisheterocycle tandem pairs
and their inhibitory effects on influenza A virus in vitro
and a preliminary study of their structure–activity
relationships (Fig. 1).


Two series of compounds, 2a–2n and 3a–3e, were
designed with various substituents, as shown in
Figure 1. Synthesis of the compounds was as shown in
Scheme 1. Compound 4was synthesized as a key interme-
diate for the combinatorial generation of 2a–2n and
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Scheme 1. Synthesis of 4,2-bisheterocycle tandem derivatives 2a–2n and 3a–3e.


Figure 1. A focused library of 4,2-bisheterocycle tandem derivatives consisting of a methyloxazole and thiazole subunit.
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3a–3e. Therefore, the initial goal was to produce gram
quantities of 4 and 67 suitable for more in-depth in vitro
studies with the flexibility to produce analogues for explo-
ration of structure–activity relationships. Compounds
2a–2n were prepared as outlined in Scheme 1. The N-
Boc-protecting group of 4 was removed using trifluoro-
acetic acid (TFA) and the resulting amine 5 was treated
with acyl chloride to afford 2a–2e and 2l (Method A)8 or
reacted smoothly with the corresponding acid to give
2g–2k (Method B)8 or 2f (Method C).8 Compounds 3a–
3ewere obtained by themethod shown in Scheme 1.Com-
pound 6 was transformed into compound 7 by deprotec-
tion of the N-Boc group with CF3COOH–CH2Cl2,
followed by amidation with acyl chloride to afford 3a–
3c (Method A) or with the corresponding acid to give
3d–3e (Method B). Saponification of 2j and 2l with lithi-
um hydroxide in aqueous methanol gave the correspond-
ing carboxylic acids, 2n and 2m, respectively.


A series of derivatives were evaluated for their ability to
inhibit influenza A virus H3N2 (A3 China/15/90) repli-
cation in Madin–Darby canine kidney (MDCK) cells.9


The results are summarized in Table 1. Several com-
pounds (2i, 2l–2n) showed moderate activity against
influenza A virus, with IC50 values of 29–37 lg/mL.

Acid derivatives (2m, 2n) were about twofold more ac-
tive than corresponding methyl ester derivatives (2f,
2k). These results suggested that the hydrophilic effects
of a carboxyl group might lead to enhancement of
activity, although no definitive explanations for these
observations have yet been obtained. Among com-
pounds 2a–2d bearing various R1 substituents on NH,
the compounds with the large side chain (cyclohexane-
carbonyl group) showed better inhibitory activity than
those with small ones, and these results indicated that
steric factors influence inhibitory activity. Increasing
side-chain size from hydrogen (5) and propionyl (2a) to
cyclobutanecarbonyl (2b) and large groups (2c, 2d) has
a clearly advantageous effect on antiviral activity. A
twofold increase in antiviral activity was observed for
2-methoxy-benzoyl derivatives (2f) compared to 3-fluo-
ro-benzoyl derivatives (2e), underscoring the importance
of having an electron-donating group on the phenyl.


Among compounds 2g–2l, containing unsaturated ali-
phatic carbonyl substituents on the NH, the 4-methyl-
pent-3-enoyl derivative (2g) exhibited low activity
against influenza A virus, with IC50 values of
192.45 lg/mL. With additional methylene spacers be-
tween the double bond and carbonyl group, the activity







Table 1. Anti-influenza virus A activity and cytotoxicity of 4,2-


bisheterocycle tandem derivatives in MDCK cellsa
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O
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Me 144.34 57.78


Table 1 (continued)


Compound R1 R2 CC50
b


(lg/mL)


IC50
c


(lg/mL)


3c
O


F
Me 577.35 77.04


3d
O


Me 577.35 44.48


3e O Me 577.35 111.11


5 H Me 577.35 258.69


Leucamide A NA NA


Ribavirin >2000 3.73


a Abbreviations and strains used: MDCK, Madin–Darby canine


kidney cells, influenza A H3N2 viruses (A3 China/15/90).
b Concentrations that cause microscopically detectable toxicity in


virus-infected cultures.
c Concentrations required to reduce virus-induced CPE in MDCK cells


by 50%.
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of 2i increased approximately sixfold. Deletion of two
terminal methyl groups from 2i, to give the correspond-
ing compound 2h, resulted in an eightfold decrease in
antiviral activity. Restricting the unsaturated alkyl chain
within a ring (2j, 2k) led to a threefold increase of anti-
viral activity when compared with the straight chain
analogue (2g). Compound 2l showed similar potency
when compared to compound 2i.


In the case of the bisheterocycle tandem derivatives
bearing one more oxazole unit (3a–3e), 3b–3d were more
potent than the propionyl derivative (3a). These results
also indicated that introduction of a big hydrophobic
group might lead to enhancement of activity. Com-
pounds 3a–3e showed similar activity to their corre-
sponding analogues 2a, 2d, 2e, 2j, and 2g. These
results suggest that addition of an oxazole ring to the
bisheterocycle tandem pair made no difference to the
potency of the antiviral activity.


The natural product Leucamide A was inactive against
influenza A virus, indicating that the restricted ring of
the 4,2-bisheterocycle tandem pair dramatically reduces
antiviral activity. Conversely, open chain 4,2-bishetero-
cycle tandem derivatives showed biological activities,
which may imply an advantage of a rather flexible side
chain, accommodating favorable conformation(s) for
bioactivity. In addition, all compounds showed no activ-
ity against influenza B virus. Most compounds showed
low cytotoxicity with the exception of 2d and 3b, which
nonetheless still exhibited a reasonable selectivity index
(CC50/IC50).


These compounds containing a 4,2-bisheterocycle
tandem pair were moderately effective against human
influenza A and may give us an opportunity to attain
novel potent anti-influenza agents to overcome drug-
resistant mutants. However, the molecular target of
these 4,2-bisheterocycle tandem derivatives is unknown
at present.
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In conclusion, by a discovery process inspired by a nat-
ural product, we have uncovered a novel and moderate
line of potential antiviral agents. These results suggest
that the 4,2-bisheterocycle tandem pair probably plays
a major role in the potent antiviral activity. These com-
pounds could certainly serve as leads for the develop-
ment of de novo antiviral agents. Further studies on
their structure–activity relationships, optimization of
these compounds, and identification of the molecular
targets of these compounds, as well as exploration for
new bisheterocycle tandem pairs, are actively underway
in our laboratory.
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Abstract—Nonsteroidal anti-inflammatory drugs (NSAIDs) like indomethacin, flufenamic acid, and related compounds have been
recently identified as potent inhibitors of AKR1C3. We report that some other NSAIDs (diclofenac and naproxen) also inhibit
AKR1C3, with the IC50 values in the low micromolar range. In order to obtain more information about the structure–activity rela-
tionship and to identify new leads, a series of compounds designed on the basis of NSAIDs were synthesized and screened on
AKR1C3. The most active compounds were 2-[(2,2-diphenylacetyl)amino]benzoic acid 4 (IC50 = 11 lM) and 3-phenoxybenzoic acid
10 (IC50 = 0.68 lM). These compounds represent promising starting points for the development of new anticancer agents.
� 2005 Elsevier Ltd. All rights reserved.
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Selective control of the biological activity of steroids,
by inhibiting specific enzymes involved in their biosyn-
thesis and metabolism, has been an attractive pharma-
ceutical target over the last two decades. In many
cases, weak precursor hormones are converted into
more potent metabolites by specific enzymes, known
as molecular switches.1,2 The active forms have a high
affinity toward corresponding receptors and the inac-
tive forms have a very low affinity. The enzymes that
interconvert the active and inactive forms, and thus
act as molecular switches are pre-receptor regulatory
enzymes.2–4 Of these, we recently focused our atten-
tion on the human enzyme AKR1C3, a member of
the aldo-keto reductase superfamily.5 AKR1C3 is a
peripheral 17b-hydroxysteroid dehydrogenase (17b-
HSD type 5) that reduces a weak androgen, andro-
stenedione, to the potent androgen testosterone, and
a weak estrogen estrone to the potent estrogen 17b-
estradiol, using NADPH as a coenzyme (Fig. 1).6


AKR1C3 is thus an interesting target for the develop-
ment of agents for treating hormone dependent forms
of cancer like prostate cancer, breast cancer, and
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Figure 1. Reactions catalyzed by AKR1C3 in vivo.

endometrial cancer. As AKR1C3 also catalyzes the
reduction of 3-keto- and 20-ketosteroids and prosta-
glandin D2 (PGD2), it has been known variously as
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3a-hydroxysteroid dehydrogenase type 27 and PGD2


11-ketoreductase.8


Although AKR1C3 is a promising therapeutic target,
only a few inhibitors have been reported so far.9 Devel-
opment of inhibitors that consist of nonsteroid core, and
are thus devoid of residual steroidogenic activity, would
be especially attractive. Dietary phytoestrogens (such as
coumestrol, quercetin, and biochanin) and mycoestro-
gen zearalenon were reported to inhibit the enzyme in
low micromolar concentrations,10 as well as some
other small molecule compounds like benzodiazepines,11


benzofuranes, and phenolphthalein derivatives.12 Indo-
methacin, flufenamic acid, and some related nonsteroi-
dal anti-inflammatory drugs (NSAIDs, Fig. 2) are also
very potent inhibitors, as is the cyclooxygenase
(COX)-2 selective celecoxib8,13,14 However, other NSA-
IDs (e.g., naproxen, diclofenac, salicylates, etc.) have
been evaluated only on rat liver 3a-hydroxysteroid
dehydrogenase (AKR1C9), a model for the human
AKR1C isozymes.15 Starting from mefenamic acid, a
series of very active N-phenylanthranilic acid derivatives
were synthesized (Fig. 2).13 Recently, the X-ray crystal
structures of AKR1C3 complexed with indomethacin,
flufenamic acid, PGD2, and rutin were reported, provid-
ing a structural basis for rational design of new and im-
proved inhibitors.14,16


NSAIDs are drugs used to control inflammatory diseas-
es by inhibiting COX and, in particular, COX-2 activi-
ty. It is generally accepted that NSAIDs also protect
against the progression of gastrointestinal tumors and
also other cancers like prostate carcinoma and leuke-
mia.17 NSAIDs are anti-proliferative against a broad
spectrum of in vivo and in vitro models of human
malignancies.18 Recently, Desmond et al. suggested that
NSAIDs could exert their anti-neoplastic activities via a
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Figure 2. Nonsteroidal anti-inflammatory drugs and related com-


pounds that inhibit AKR1C3.

non-COX-2 pathway.19 They demonstrated that inhibi-
tion of AKR1C3 by indomethacin prevented the prolif-
eration of human myeloid leukemia cells (HL-60).
AKR1C3 converts PGD2 into PGF2a, thereby prevent-
ing its conversion to 15-D12,14-PGJ2, a natural ligand
for the peroxisome proliferator-activated receptor-c
(PPARc). Inhibitors of AKR1C3 are thus potential
anti-neoplastic agents as they can indirectly activate
PPARc receptor by diverting PGD2 catabolism to the
generation of J-series prostanoids. Activation of
PPARc receptor induces differentiation, is anti-prolifer-
ative, and causes apoptosis in many cell types and can-
cers.19,20 Since many of the frequently used NSAIDs
have not been evaluated for inhibition of human
AKR1C3, we have examined the inhibitory potencies
of diclofenac, naproxen, ibuprofen, ketoprofen, acetyl-
salicylic acid, paracetamol, phenacetin, and etodolac
(Table 1).


NSAIDs, like N-phenylanthranilic acid derivatives, are
excellent starting points for the design of new inhibitors
of AKR1C3. We postulated that the structurally related
N-acylanthranilic acids could be potential inhibitors of
this enzyme. In addition, Bauman et al. reported that,
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besides N-phenylanthranilic acids, the benzophenone
derivative 4-benzoylbenzoic acid (Fig. 2) potently
inhibits AKR1C3.13 Benzophenone derivatives and
related compounds are also interesting because it is
known that the replacement of the nitrogen atom be-
tween the two aromatic rings by a carbonyl group al-
most completely abolishes COX inhibition, while
retaining AKR1C3 inhibition.13 Due to serious, adverse
cardiovascular effects of COX-2 inhibitors,21 design of
AKR1C3 inhibitors devoid of COX inhibitory activity
would be an advantage. In order to prepare new inhib-
itors and to obtain more information about their struc-
ture–activity relationship, we synthesized a series of
N-acylanthranilic acids, 2-benzoylbenzoic acids, benz-
ophenones, and one phenoxybenzoic acid (Table 2),
and screened their AKR1C3 inhibitory activities.

Table 2. New inhibitors of human recombinant AKR1C3


Compound Structure IC50 (lM)
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NSAIDs and related compounds synthesized in this
study were tested for their inhibitory activity against hu-
man recombinant AKR1C3. AKR1C3 catalyzed reduc-
tion of 9,10-phenanthrenequinone in the presence of
coenzyme NADPH.15 The reaction was followed spec-
trophotometrically by measuring the change in NADPH
absorbance (ek340 = 6270 M�1 cm�1) in the absence and
presence of inhibitor.22 Initial velocities were calculated
and IC50 values were determined (Tables 1 and 2).23


Of the NSAIDs evaluated, diclofenac (IC50 = 2.6 lM),
naproxen (IC50 = 0.48 lM), and ibuprofen
(IC50 = 33 lM) inhibited human AKR1C3 (Table 1).22


Diclofenac is a 2-(2-anilinophenyl)acetic acid derivative
which is closely related structurally to N-phenylanthra-
nilic acids, the most promising inhibitors of AKR1C3.
The good inhibitory properties of diclofenac imply that
further investigation of a series of functionalized 2-(2-
anilinophenyl)acetic acids could yield new and more po-
tent inhibitors. The naphthalene derivative, naproxen,
which belongs to the aryl-propanoic acid family of
NSAIDs, is an even better inhibitor. The inhibitory
activity of ibuprofen was in the low micromolar range
while, in our hands, ketoprofene was almost inactive.
Many members of the profene family of drugs, like
suprofen, flubiprofen, ibuprofen, and ketoprofen, have
been reported to be good inhibitors of the oxidative
reaction catalyzed by AKR1C3.8 Since AKR1C3 in vivo
catalyzes the reduction of sex hormones, our method
involving the inhibition of the reductive reaction is more
appropriate for anticancer drug design and development
purposes. The 4-aminophenol derivatives paracetamol
and phenacetin were poor inhibitors, while acetylsalicyl-
ic acid and etodolac were devoid of any inhibitory
activity.


The X-ray crystal structure of AKR1C3 reveals a sub-
strate-binding site that consists mainly of hydrophobic
aromatic amino acid side chains (Tyr24, Tyr55, Leu54,
Trp227, and Phe306). The four conserved amino acids
Asp50, Tyr55, Lys84, and His117 have been proposed
to form a catalytic tetrad involved in the oxidation of
alcohol or reduction of ketone functional groups via a
�push-pull� mechanism.25 An oxyanion hole, which is
located at the bottom of the hydrophobic pocket, is
formed by active site tyrosine (Tyr55), histidine
(His117), and the coenzyme�s nicotinamide ring. A po-
tent AKR1C3 inhibitor, flufenamic acid, binds at the ac-
tive site of the enzyme in the vicinity of the nicotinamide
ring, with the carboxylate oxygen occupying the oxyan-
ion hole.14 A similar binding mode, where the carboxyl-
ate group is bound next to the conserved tyrosine and
histidine residues, is found in crystal structures of many
AKR enzymes that have been complexed with carboxyl-
ic acid-containing compounds.13 Another NSAID, indo-
methacin, also contains a carboxylate, but surprisingly,
this does not bind toward the oxyanion hole. Instead,
it H-bonds to the NADP+ diphosphate moiety located
at the opposite side of the active site.14


In order to investigate the possible binding mode, our
best inhibitor, naproxen, was docked into the AKR1C3
active site (pdb code 1S2A), using AutoDock 3.0 with
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the Lamarckian genetic algorithm.26 AutoDock calcu-
lated that naproxen occupies a similar position of ac-
tive site as indomethacin (Fig. 3). It binds to the
bottom of the active site�s hydrophobic pocket and
on top of the coenzyme�s nicotinamide moiety. Also,
naproxen�s carboxylate could form H-bonds with the
oxygen atoms of the NADP+ diphosphate moiety. This
binding mode suggests that potential inhibitors, con-
sisting of two carboxylic acid groups appropriately at-
tached to the opposite sides of a lipophilic aromatic
system, should be designed and synthesized. These
hypothetical inhibitors could utilize the aromatic frag-
ment (e.g., naphthalene ring) to interact with the active
site hydrophobic pocket while the first carboxylate may
occupy the oxyanion hole and the second forms H-
bonds with oxygens of coenzyme�s diphosphate moiety.


Target anthranilamides 1, 2, and 4 were prepared
from anthranilic acid and the appropriate carboxylic
acids by the method of mixed anhydrides. For the
synthesis of compound 3, anthranilic acid was N-
phthaloylated by phthalanhydride. 2-Benzoylbenzoic
acids 5–7 were prepared by Friedel–Crafts acylation
of benzene and its derivatives with phthalanhydride.
Benzophenones 8 and 9 were synthesized by Friedel-
Crafts acylation with benzoyl chloride of anisole and
toluene, respectively. 3-Phenoxybenzoic acid 10 was
obtained by Cr2O3 oxidation of 3-phenoxybenzyl
alcohol.24


Of the anthranilic acid derivatives described in this pa-
per N-benzoylanthranilic acid 1 and N-(2-phenoxyace-
tyl)anthranilic acid 2 were only weak inhibitors of
human AKR1C3, while N-phthaloylanthranilic acid 3
was inactive. However, if the anthranilic acid was acyl-
ated with 2,2-diphenylacetic acid, the amide 4 was ob-
tained and found to be a very promising inhibitor
(IC50 = 11 lM). Compound 4 is thus an interesting lead
compound for developing new inhibitors of human
AKR1C3, since its aromatic rings can be substituted

Figure 3. Superimposition of the computer model of naproxen (in


yellow, carboxylate oxygens in red) on the X-ray structure of


indomethacin (in green, carboxylate oxygens in red) bound to


AKR1C3. The surfaces of the active site�s most important amino acid


residues and the nicotinamide diphosphate part of the coenzyme


NADP+ (NAP, in sticks) are shown.

with a variety of substituents at different positions in or-
der to optimize binding to the enzyme with further
improvement of the inhibitory activity.


N-Phenylanthranilic acids and related compounds are
so far the most thoroughly investigated inhibitors of
AKR1C3 and isozymes. Bauman et al. recently report-
ed that movement of the carboxylic acid from the
ortho to the para position did not decrease the enzyme
inhibition, nor did replacement of the nitrogen atom
between the aromatic rings by a keto group.13 In fact,
4-benzoylbenzoic acid (Fig. 2) was one of the best
AKR1C3 inhibitors in the series. However, benzoyl-
benzoic acids with a carboxylic group at the ortho
position have not yet been evaluated. We found that
2-benzoylbenzoic acids 5–7 were fair inhibitors of
AKR1C3, with IC50 values between 39 and 70 lM.
It appears that 4 0-substitution with electron-donating
substituents slightly improves the inhibitory activity.
In order to investigate the influence of the carboxylic
acid group, benzophenone derivatives 8 and 9, which
lack a 2-carboxylate, were prepared. 4-Methoxybenzo-
phenone 8 is a poor inhibitor (IC50 = 180 lM) and
4-methylbenzophenone is almost devoid of any inhib-
itory activity, so we can conclude that, in this series of
compounds, a carboxylic acid moiety is essential for
good inhibition of AKR1C3.


Another compound structurally related to the N-
phenylanthranilic acid inhibitors of AKR1C3 is
3-phenoxybenzoic acid 10. Here, benzoic acid is substi-
tuted at the meta-position and, in addition, the two
aromatic rings are linked together by an oxygen atom.
These structural modifications resulted in a very active
inhibitor, with IC50 in the submicromolar range.
Docking studies of this new inhibitor revealed a bind-
ing mode which is very similar to that of flufenamic
acid (pdb code 1S2C). Also, compound 10 binds to
the active site of the enzyme in the vicinity of the
coenzyme�s nicotinamide ring, with the aromatic resi-

Figure 4. Superimposition of the computer model of compound 10 (in


yellow, carboxylate oxygens in red) on the X-ray structure of


flufenamic acid (in green, carboxylate oxygens in red) bound to


AKR1C3. The surfaces of the active site�s most important amino acid


residues and the nicotinamide diphosphate part of the coenzyme


NADP+ (NAP, in sticks) are shown.
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dues located in the hydrophobic pocket. The carboxyl-
ate oxygen is located in the oxyanion hole formed by
active site Tyr55, His117, and the nicotinamide ring
(Fig. 4).


We have identified some new, structurally diverse, inhib-
itors of human recombinant AKR1C3. The active com-
pounds presented in this paper are promising lead
compounds for the development of new anticancer
agents. In principle, two different mechanisms of action
are possible for their antitumor activities. Inhibitors of
AKR1C3 are potential agents for treating hormone
dependent forms of cancer, since AKR1C3 catalyzes
the conversion of androstenedione and estrone to their
active metabolites. On the other hand, AKR1C3 inhibi-
tors can also have a cancer chemopreventive role, since
inhibition of AKR1C3 can lead to diversion of prosta-
glandin catabolism toward the generation of J-series
prostanoids and thereby to the activation of PPARc
receptor.
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Abstract—Inhibitors of mammalian ribonucleotide reductase possessing a novel octahydropyranopyrrole scaffold based on a cyclic
heptapeptide inhibitor have been designed, synthesized, and evaluated. Structure–function studies reveal that the bicyclic scaffold is
indeed necessary to maintain inhibitory activity.
� 2005 Elsevier Ltd. All rights reserved.

Figure 1. Top: cyclic-P7 (1); bottom: tetrahydropyran-based inhibitor 2.

Ribonucleotide reductases (RR) constitute well-recog-
nized targets for cancer and antiviral intervention, given
the central role this enzyme plays in regulating DNA
replication.1 In 1990, Cooperman and co-workers
demonstrated that the mammalian ribonucleotide reduc-
tase (mRR), a class Ia RR, can be inhibited via
competitive binding at the R1 subunit by the heptapep-
tide N-AcFTLDADF (linear P7, IC50 = 20 lM), which
corresponds to the C-terminus of the R2 subunit.2 Trans-
fer-NOE NMR studies demonstrated that P7 bound to
mRR assumes a reverse b-turn structure consisting of
the amino acids TLDA.3 By exploiting a lactam bridge
to constrain the turn, we subsequently reported the de-
sign, synthesis, and evaluation of several cyclic oligopep-
tides, of which cyclic peptide 1 (Fig. 1) revealed a higher
binding affinity to mR1 by 2.5 times relative to the linear
peptide P7.4 More recently, we have focused on the
design and synthesis of inhibitors of mRR based on
non-peptidal scaffolds, which hold the promise of both
higher affinity and selectivity, as well as bio-availability
and stability, and hence would hold the promise of great-
er therapeutic potential. To this end, we reported the use
of a tetrahydropyran scaffold to constrain the b-turn.5


The resultant inhibitor 2, however, proved to be signifi-
cantly less potent (20·) than P7. In this letter, we describe
the design, synthesis, and biological evaluation of an
inhibitor of mRR based on cyclic oligopeptide 1,
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employing an octahydropyranopyrrole scaffold to mimic
the b-turn.


At the outset, we reasoned that the low binding affinity
of 2 to mR1 resulted from steric conflicts with either or
both of the 2-O-carboxymethyl and 4-O-isobutyl pen-
dant groups. Structure–function studies on the interac-
tion of the linear P7 peptide suggest that these groups
may not be essential for inhibitory activity; we therefore
redesigned and then constructed two pyran-based
mimetics 3a and 3b, which (1) exclude the Asp4


side-chain mimic and (2) accommodate a more concise
synthetic approach (Scheme 1). The syntheses of 3a
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Scheme 1.


Figure 2. Top: peptidomimetic target 7; bottom: overlay of the MM2


minimized structure of 7 (gray) on the NMR-derived conformation of


cyclic peptide 1 (green).
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and 3b began with a Ferrier glycosidation6 involving tri-
O-acetyl-DD-glucal and isobutanol. Palladium-catalyzed
allylic amination with N-benzyl methyl amine, employ-
ing the Baer and Hanna protocol,7 provided amine (+)-
5 in 75% yield for the two steps. Acetate methanolysis8


followed by sequential TBS protection of the resultant
alcohol and N-debenzylation using the Olofson reagent9


furnished amine (+)-6 in 80% yield for the three-step se-
quence. Installation of the peptidyl side chain followed in
turn by alkylation with BrAc-DD-Asp-DD-Phe bis-benzyl es-
ter, TBS removal, DCC-mediated esterification, and
hydrogenolysis led to prospective inhibitors (�)-3a and
(�)-3b. The extent to which (�)-3a,b bind to mR1 and
thereby inhibit enzyme activity was measured employing
an assay previously developed in our laboratory based
on an FTLDADF-Sepharose affinity column.10 Assay
results revealed that (�)-3a and (�)-3b exhibited little
or no inhibitory activity. We therefore abandoned fur-
ther efforts to exploit the tetrahydropyran as a scaffold
for the development of mRR inhibitors.


Molecular design andmodeling exploiting theMM2 force
field included withMacroModel (v3.1) suggested that the
octahydropyranopyrrole scaffold might be amore appro-
priate platform upon which to attach and thereby display
the appropriate side chains corresponding to the key ami-
no acid residues present in 1. We initially targeted pepti-
domimetic 7 for synthesis; the appendages include a
hydrocinnamate ester, an isobutyloxy group, and a free
hydroxyl to mimic the N-AcPhe1, Leu3, and Asp4 resi-
dues, respectively, and the requisite Asp6-Phe7 moiety
for the C-terminus. Illustrated in Figure 2 is an overlay
of the MM2 minimized structure of 7 (gray) on the
NMR-derived conformation of cyclic peptide 1 (green).


The synthesis of 7 (Scheme 2) again began with the
bismuth (III) trichloride mediated Ferrier glycosyla-

tion6 of commercially available (�)-tri-O-acetyl-DD-glu-
cal with isobutanol. The corresponding glycoside
(7.8:1 a/b ratio) was then subjected to acetate methan-
olysis8 and monosilylation (TIPSOTf, 2,6-lutidine,
�5 �C)11 to furnish allylic alcohol (+)-8 in 83% yield
for the three steps. Swern oxidation,12 followed by
Johnson iodination,13 next led to a-iodoenone (+)-9
(92%, two steps), which upon Luche reduction
(NaBH4, CeCl3Æ7H2O, MeOH)14 produced a separable
mixture (2.3:1) of alcohols, of which the major isomer
was reacted under Mitsunobu conditions15 with the







Figure 3. Active mRR inhibitor (�)-14 and inactive compound (�)-15.


Scheme 2.
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Weinreb amide derived from N-Ts glycine to furnish
aminoglycolate (+)-10 in 38% (two steps). Anionic
cyclization (n-BuLi, THF, �78 �C, 72%),16 followed
by a second Luche reduction (96%) of the resultant
enone, then gave allylic alcohol (+)-11 as a single
isomer. Hydroxyl-directed hydrogenation (30 mol %
Wilkinson�s catalyst),17 protection of the alcohol as
the benzyl ether (92%), and reductive removal of the
tosyl group (Na, naphthalene, 90% yield)18 cleanly
furnished amine (+)-12. Installation of the C-terminal
peptidal side chain was then achieved by sequential
alkylation with ethyl bromoacetate (90% yield), basic
hydrolysis (KOH, THF/H2O), and coupling with DD-
Asp-DD-Phe bis-benzyl ester (pyBOP, HOBt, DIPEA,
CH2Cl2, 70% for two steps). Removal of the triisopro-
pylsilyl-protecting group (HFÆpyridine, 90%),19 acyla-
tion of the resultant alcohol with hydrocinnamoyl
chloride, and global deprotection employing transfer
hydrogenation conditions (8.8% formic acid/MeOH,
10% Pd/C)20 completed the synthesis of (�)-7.
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Pleasingly, mimetic (�)-7 did indeed inhibit mRR,
although 5–6 times less potently than P7. Encouraged
by this result, we prepared two related congeners, (�)-
14 and (�)-15 (Fig. 3), wherein only the N-terminal car-
boxylate moiety was varied. Assay results revealed that
(�)-14 exhibited increased activity relative to (�)-7,
whereas (�)-15 had little or no inhibitory activity. Com-
pound (�)-14, which contains the 3-(9-fluorenyl)propa-
noyl group, proved to be our most potent compound
(IC50 = 40–50 lM), exhibiting an activity roughly half
of P7.


In summary, we have identified octahydropyranopyrrole
as a viable scaffold for the construction of b-turn mimet-
ics. Moreover, we have exploited this structural motif to
access our most potent small molecule nonpeptide pepti-
domimetic inhibitor of mRR to date. Further investiga-
tions to unveil additional structure–activity relationships
of this scaffold, and thereby to maximize inhibition of
mRR, continue in our laboratory and will be reported
in due course.
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Abstract—A series of 3-trifluoromethyl-1,2,3,4-tetrahydroisoquinolines was synthesized and evaluated for their phenylethanolamine
N-methyltransferase (PNMT) inhibitory potency and affinity for the a2-adrenoceptor. Although their PNMT inhibitory potency
decreased compared with corresponding 3-methyl-, 3-hydroxymethyl- or 3-unsubstituted-THIQs, some of them showed good selec-
tivity due to their extremely low a2-adrenoceptor affinity.
� 2005 Elsevier Ltd. All rights reserved.

Phenylethanolamine N-methyltransferase (PNMT; EC
2.1.1.28) catalyzes the last step of epinephrine biosyn-
thesis.2 Inhibitors of PNMT are potential pharmacolog-
ical tools for the study of the function of epinephrine in
the central nervous system (CNS).3–6 Previous studies
have found that 1,2,3,4-tetrahydroisoquinolines (THI-
Qs) are potent inhibitors of PNMT (Table 1).7–13 How-
ever, most of these inhibitors either display significant
affinity for the a2-adrenoceptor (e.g., 1,2),10,14 which
complicates the interpretation of their biological effects,
or those inhibitors that are selective for PNMT are too
polar to pass the blood–brain barrier (BBB) (e.g., 3,
4).8,12,15 In light of these limitations, there remains an
ongoing interest in the development of a PNMT inhibi-
tor that is both sufficiently lipophilic to penetrate the
BBB and is devoid of affinity for the a2-adrenoceptor.


Previously, several 3-trifluoromethyl-THIQs (i.e., 5a, 5d,
5f, 5g, and 5i in Table 2) were studied.16 Although these
compounds displayed decreased inhibitory potency for
PNMT compared to similarly substituted 3-methyl- or
3-hydroxymethyl-THIQs,17 their potentially attractive
features suggested a solution to the common problems
of most PNMT inhibitors. First, this series of inhibitors
showed extremely low affinity for the a2-adrenoceptor
(Ki, 400–3900 lM), possibly due to the low pKa of the
3-trifluoromethyl-THIQ amine (e.g., for 5a, pKa = 4.86;
it would be largely unprotonated at physiological pH,

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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whereas the endogenous ligands at the a2-adrenoceptor
would be largely protonated) or the steric hindrance of
the trifluoromethyl moiety.16 Since THIQswith lipophilic
7-substituents usually show good PNMT inhibitory
potency but also good a2-adrenoceptor affinity,10 com-
pounds 5b, 5c, and 5ewere proposed to explore the possi-
bility of increasing selectivity while maintaining the
PNMT inhibitory potency of these THIQs. Second, the
trifluoromethyl moiety would also increase the lipophilic-
ity of these compounds thereby increasing the possibility
of these THIQs to cross the BBB. Compounds 5h and 5j
were proposed to take advantage of this feature as THIQs
with 7-aminosulfonyl substituents generally possess good
PNMT inhibitory potency and poor a2-adrenoceptor
affinity, but are usually too polar for BBB penetration.8,12


To further enhance their PNMT inhibitory potency, the
enantiomers of several of the most potent 3-trifluorom-
ethyl-THIQs in this study were also prepared and
evaluated.18


Compounds 5b and 5c were synthesized from amine 6
(Scheme 1). Lactam 8 had been synthesized previously,16


but the yield of the cyclization of 7 was improved from
53% (with polyphosphoric acid at 140 �C) to 86% (with
POCl3/SnCl4 at 110 �C). Hydrogenation of 9 gave
aniline 10, which was converted to iodo-lactam 11
via a Sandmeyer iodination.15 Reduction of 11 with
BH3ÆTHF gave 5b. Treatment of 11 with FSO2CF2-


CO2CH3 and CuI in DMF gave the trifluoromethyl ana-
logue (12), which was reduced to 5c.


THIQs 5e, 5h, and 5j were synthesized from aniline 10
(Scheme 2), which was converted to chloro-lactam 13,
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Table 1. In vitro human PNMT (hPNMT) and a2-adrenoceptor affinities of some PNMT inhibitors


Compound Ki (lM± SEM) Selectivity a2/hPNMT ClogPb


hPNMT a2
a


1c 0.0031 ± 0.0006d 0.021 ± 0.005 7 2.90


2e 0.093 ± 0.007 0.22 ± 0.04 2.4 2.72


3f 0.28 ± 0.02c 100 ± 10 360 �0.29


4g 0.052 ± 0.004h 1400 ± 200 27,000 �0.93


a In vitro activities for the inhibition of [3H]clonidine binding to the a2-adrenoceptor.
b Calculated logP values (ClogP function in SYBYL 6.9; Ref. 28).
c Ref. 7.
d Ref. 11.
e Ref. 10, previous data were for bovine PNMT.
f Ref. 8.
g Ref. 12.
h Ref. 13.


Table 2. In vitro activities of 3-trifluoromethyl-THIQs


Compound R Ki (lM ± SEM) Selectivity a2/hPNMT ClogPb


hPNMT a2
a


5a(±)c H 23 ± 2 400 ± 40 17 2.87


5b(±) I 1.9 ± 0.1 >1000 >530 4.00


R-(+) 0.94 ± 0.06 d


S-(�) 4.2 ± 0.2 d


5c(±) CF3 0.98 ± 0.11 >1000 >1000 3.76


R-(+) 0.50 ± 0.03 d


S-(�) 1.9 ± 0.1 d


5d(±)c Br 3.2 ± 0.3 >1000 >310 3.74


5e(±) Cl 0.99 ± 0.08 >1000 >1000 3.59


R-(+) 0.46 ± 0.02 d


S-(�) 1.9 ± 0.2 d


5f(±)c NO2 2.3 ± 0.1 1400 ± 200 610 2.62


R-(+) 1.2 ± 0.1 d


S-(�) 4.4 ± 0.3 d


5g(±)c CN 21 ± 2 2900 ± 300 140 2.31


5h(±) SO2NHEt 60 ± 6 >1000 >17 2.19


5i(±)c SO2CH3 41 ± 2 3900 ± 500 95 1.23


5j(±) SO2NH2 8.0 ± 0.7 >1000 >125 1.04


a In vitro activities reported for the inhibition of binding of [3H]clonidine at the a2-adrenoceptor.
b Calculated logP values (ClogP function in SYBYL 6.9; Ref. 28).
c Ref. 16, previous data were for bovine PNMT.
d These values were not determined because of the extremely low a2-adrenoceptor affinity or the solubility of the corresponding racemates.
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followed by reduction with BH3ÆTHF to afford 5e.
Treatment of lactam 8 with chlorosulfonic acid (neat)
gave 14, which was reacted with ethylamine or ammoni-
um hydroxide to give 15a or 15b, followed by reduction
with BH3ÆTHF to give 5h or 5j.15

The enantiomers of 5b, 5c, 5e, and 5f were separated by
chiral HPLC.19 The absolute configurations of 5c and 5e
were established by the X-ray structure analysis of (R)-
5cÆHCl and (R)-5eÆHCl.20 To establish the absolute con-
figurations of 5b and 5f, (R)-5b and (R)-5f were prepared







Scheme 2. Reagents: (a) HCl, NaNO2; (b) CuCl, KCl, 76% from 10;


(c) HSO3Cl, 77%; (d) EtNH2ÆHCl, EtOAc/Na2CO3, 87% for 15a; (e)


NH4OH, CH3CN, 71% for 15b; (f) BH3ÆTHF, THF, 85% for 5e, 94%


for 5h, 63% for 5j.


Figure 1. This figure shows the amino acids (carbon is white, nitrogen


is blue, oxygen is red, sulfur is yellow, and bromine and fluorine are


green) interacting with 7-iodo-THIQ (2; stick model, carbon is


magenta) within the active site of hPNMT. Asn39 and Val269 are


not shown. A Connolly (solvent accessible) surface shows lipophilic


areas in brown, hydrophilic areas in blue, and neutral areas in green.


The docking results of R-5b (stick model, carbon is white) and R-18a


(stick model, carbon is yellow) are also shown. Hydrogens are not


shown for clarity.


Scheme 1. Reagents: (a) ClCO2Me, pyridine, CHCl3, 92%; (b) POCl3,


SnCl4, 86%; (c) H2SO4, KNO3, 90%; (d) H2, PtO2, MeOH, 99%;


(e) HCl, NaNO2; (f) CuI, KI, 61% from 10; (g) BH3ÆTHF, THF, 78%;


(h) FSO2CF2CO2Me, CuI , DMF, 27%.
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from amine (R)-6 (97% ee), which was synthesized
according to literature procedures.21


Radiochemical assays described previously were used to
determine human PNMT (hPNMT) inhibition con-
stants11,22 and a2-adrenoceptor binding affinities.23,24


In general, the 3-trifluoromethyl-THIQs (Table 2)
showed decreased hPNMT inhibitory potency as com-
pared to the similarly 7-substituted 3-methyl-,25 3-hy-
droxymethyl-12,13 or 3-unsubstituted-THIQs.11 For
example, compared with THIQs 2 (Ki = 0.093 lM)
and 3 (Ki = 0.28 lM), both 3-trifluoromethyl-THIQ
analogues show decreased potency at hPNMT (5b,
Ki = 1.9 lM; 5j, Ki = 8.0 lM). For the hPNMT inhibito-
ry potency of different 3-trifluoromethyl-THIQs, com-
pounds bearing a lipophilic 7-substituent (e.g., 5b, 5c,
and 5e) showed higher potency than compounds bearing
a hydrophilic 7-substituent (e.g., 5g, 5i, and 5j).

The crystal structure of hPNMT complexed with 2 and
S-adenosyl-LL-homocysteine (AdoHcy) has recently been
published.26 To help explain the reduced hPNMT inhib-
itory potency of the 3-trifluoromethyl-THIQs, molecu-
lar docking calculations were conducted using
AutoDock 3.027 and Sybyl 6.9.28 Compound 5b was
docked into the hPNMT active site based on the
X-ray crystal structure of hPNMT-2-AdoHcy (Fig. 1).
The docking study indicated that the binding orienta-
tion of 5b is similar to that of 2 in the active site of
PNMT, except that the THIQ ring of 5b is shifted about
1 Å away from Glu219 and Tyr222 as compared with 2.


Previous studies have shown that substitution of a meth-
yl or hydroxymethyl group at the 3-position of THIQs
increased the potency of THIQs for PNMT.17 However,
these studies also indicated that the active site of PNMT
has a limited amount of steric bulk tolerance for 3-sub-
stituents of THIQs.17 The comparisons of 5d and 5f with
the corresponding 3-methyl, 3-ethyl, and 3-isopropyl
substituted THIQs25 are shown in Table 3. A values
(conformational energies of cyclohexanes, �DG0) of
these 3-substituents are also included as indicators of
group sizes.29 As the size of the 3-substituent increases
from methyl to isopropyl (A value increases from 1.70
to 2.15 kcal/mole), the hPNMT inhibitory potency of
these compounds decreases. Although a fluorine (van
der Waals radius 1.47 Å) is a close isosteric substitution
for a hydrogen (van der Waals radius 1.20 Å),30 a triflu-
oromethyl group is considerably larger than a methyl
group. Studies have shown that the trifluoromethyl moi-
ety is close to the size of an isopropyl group.31 Interest-
ingly, when comparing their affinities for hPNMT,
3-trifluoromethyl-THIQs (i.e., 5d, 5f) displayed Ki val-
ues close to those of corresponding 3-isopropyl-THIQs
(i.e., 18a, 18b). Furthermore, a docking study of 18a
(Fig. 1) also showed a similar shift of the molecule in
the active site of PNMT as observed in the study of
5b. In the crystal structure of the hPNMT–2–AdoHcy







Table 3. In vitro activities of (±)-3-alkyl-7-nitro and -7-bromo-THIQs


Compound R3 R7 A value (R3)a Ki (lM ± SEM)


hPNMT a2 Ki (lM ± SEM)b


16a(±) c CH3 Br 1.70 0.017 ± 0.005 1.1 ± 0.1


17a(±)c C2H5 Br 1.75 0.48 ± 0.02 1.2 ± 0.1


18a(±)c CH(CH3)2 Br 2.15 4.4 ± 0.3 3.9 ± 0.3


5d(±)d CF3 Br 2.10 3.2 ± 0.3 >1000


16b(±)c,e CH3 NO2 1.70 0.072 ± 0.005 31 ± 1


17b(±)c C2H5 NO2 1.75 0.49 ± 0.03 28 ± 0.3


18b(±)c CH(CH3)2 NO2 2.15 4.6 ± 0.3 36 ± 0.3


5f(±)d CF3 NO2 2.10 2.3 ± 0.1 1400 ± 200


aA value: conformational energy (kcal/mol) (Ref. 29).
b In vitro activities reported for the inhibition of binding of [3H]clonidine at the a2-adrenoceptor.
c Ref. 25.
d Ref. 16, previous data were for bovine PNMT.
e Ref. 12.
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complex, the aliphatic amine of 2 forms a hydrogen
bond to the carboxylate of Glu219.26 In addition, the
aromatic ring of 2 is sandwiched between Phe182 and
Asn39,26 suggesting the presence of an aromatic p–p
stacking interaction between the aromatic ring of 2
and Phe182. The shift of the THIQ ring of 5b as predict-
ed by docking studies (Fig. 1), possibly induced by the
unfavorable steric interaction of the 3-trifluoromethyl
moiety, could disrupt both the H-bond interaction with
Glu219 and the p–p stacking interaction with Phe182.


None of this series of 3-trifluoromethyl-THIQs dis-
played significant affinity toward the a2-adrenoceptor,
although the limited solubility of some compounds pre-
cluded determination of exact Ki values. Previous com-
parative molecular field analysis (CoMFA) studies
on a series of THIQs indicated an area of steric bulk
intolerance at the 3-position of THIQs for the a2-adre-
noceptor.32 Interestingly, when comparing the a2-adren-
oceptor affinities of THIQs in Table 3, no significant
changes are observed from the 3-methyl-THIQs (i.e.,
16a, 16b) to the 3-isopropyl-THIQs (i.e., 18a, 18b).
However, dramatic decreases in a2-adrenoceptor affini-
ties are noticed between 3-isopropyl-THIQs and 3-triflu-
oromethyl-THIQs (i.e., 5d, 5f) even though the
trifluoromethyl moiety is close in size to the isopropyl
group. This comparison reinforces the hypothesis that
the significant reduction of the a2-adrenoceptor affinities
of the 3-trifluoromethyl-THIQs is due mainly to the de-
crease in pKa of the THIQ amine rather than due to
unfavorable steric interactions.16


Comparison of the hPNMT inhibitory activities of the
enantiomers of the most potent racemates in Table 2
(i.e., 5b, 5c, 5e, and 5f) shows that the R-enantiomers
are approximately 4-fold as potent as their correspond-
ing S-enantiomers. This result is consistent with the
observations of other 3-substituted THIQs.18,33


In conclusion, as a strong electron-withdrawing group
at the 3-position of THIQ, the trifluoromethyl moiety

can greatly decrease the affinity of THIQ for the a2-
adrenoceptor. On the other hand, the steric hindrance
of the trifluoromethyl group is likely to be the major rea-
son for the reduced PNMT inhibitory potency of these
compounds. THIQs 5c and 5e are two highly selective
sub-micromolar inhibitors of PNMT with high lipophil-
icity (ClogP values greater than that of 1) that should
enable them to cross the BBB.
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Abstract—The synthesis and biological evaluation of novel 3-amino indazole melanin concentrating hormone receptor-1 antagonists
are reported, several of which demonstrated functional activity of less than 100 nM. Compounds 19 and 28, two of the more potent
compounds identified in this study, were characterized by high exposure in the brain and demonstrated robust efficacy when dosed in
diet-induced obese mice.
� 2005 Published by Elsevier Ltd.

Melanin concentrating hormone (MCH) is an orexigenic
neuropeptide, that is produced predominantly by neu-
rons in the lateral hypothalamus and zona incerta.1 Cen-
tral MCH administration stimulates food intake while
fasting results in an increase in MCH expression.2 Mice
lacking the MCH encoding gene are lean, hypophagic,
and maintain elevated metabolic rates,3 whereas mice
over-expressing the MCH gene are susceptible to obesity
and insulin resistance.4 The prospect of MCHr1 as an
attractive target for anti-obesity therapy has been re-
viewed extensively.5


We have previously reported the identification of
MCHr1 antagonists based on a benzamide scaffold, 1.6


Subsequent optimization led to the identification of
ortho amino benzamides 2.7 In this Letter, we describe
our continuing efforts aimed at exploring multiple chem-
otypes for potential MCHr1 inhibition, wherein the
ortho amino benzamide scaffold is replaced by an inda-
zole moiety to afford compounds such as 3.
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The synthesis of the target compounds was accom-
plished as described in Scheme 1 or 2. Refluxing a solu-
tion of the suitably substituted ortho fluoro benzonitrile
4 with hydrazine hydrate in butanol afforded the 3-ami-
no indazole nucleus 5 in moderate to excellent yields,
depending on the nature of the R-group. Reductive ami-
nation with 4-oxo-piperidine-1-carboxylic acid tert-bu-
tyl ester, followed by deprotection and reductive
amination with a variety of monocyclic and bicyclic
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Table 1. MCHr1-binding affinity (IC50) and functional activity (IC50)


of indazole analogs
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Scheme 1. Reagents and conditions: (a) NH2NH2ÆH2O, n-BuOH,


reflux, 4 h; (b) 1. 4-Oxo-piperidine-1-carboxylic acid tert-butyl ester,


NaCNBH3, AcOH, 50 �C, 12 h; 2. 4 N HCl/dioxane; 3. ArCHO,


NaCNBH3, CH3OH, AcOH (cat.); (c) R2COOH, PS-DCC, HOBt,


N,N-DMF or NaH, R2Br, N,N-DMF.
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Scheme 2. Reagents and conditions: (a) 1. NaNO2, AcOH; 2. Et3N. (b)


1. KOH, NBS; 2. (Boc)2O, THF. (c) 1. Functionalized 4-amino


piperidine, Pd2dba3, Xantphos, Cs2CO3, dioxane; 2. HCl/iPrOH.
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aldehydes and ketones, afforded the target compounds.
An alternate synthesis shown in Scheme 2 was devised
to access target compounds, where R was an electron-
donating group, such as a methoxy moiety. Diazotiza-
tion and cyclization of 4-methoxy-2-methyl aniline affor-
ded 5-methoxy indazole 9, which was brominated using
N-bromosuccinimide. Palladium coupling of the boc-
protected intermediate 10 with a suitably functionalized
aminopiperidine using Xantphos8 as the ligand afforded
the desired target compounds.


All the compounds synthesized in this study were evalu-
ated for their MCHr1 inhibition in a competitive radio-
metric-binding assay using receptor obtained from
human neuronal IMR-32 cells.9 Further characteriza-
tion was performed in an assay designed to measure
functional antagonism of MCH-mediated Ca2+ release
using a fluorometric imaging plate reader (FLIPRTM).9


A cursory analysis of the binding data shown in Table
1 indicates that in general, compounds with bicyclic sub-
stituents (as R1) afforded more potent MCHr1 inhibi-
tion compared to those with monocyclic substituents.
Comparison of the activities of compound 12 with 13–
16 indicates that the addition of hydrophobic subtitu-
ents to 12 improved MCHr1 inhibition as well as func-
tional potency. Replacement of the phenyl substituent
in 12 with a 2-naphthyl moiety (17) resulted in a 20-fold

improvement in MCHr1 inhibition. Introduction of
bicyclic heterocycles such as the 1,4-benzodioxan-6-yl
(18), piperonyl (19), and benzothiadiazolyl (21) resulted
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in a 12-, 42-, and 17-fold improvement in MCHr1 inhi-
bition, respectively, compared to 12. Of these three het-
erocycles, incorporation of the piperonyl substituent
(19) afforded the best combination of MCHr1 inhibition
and functional potency, though substituents on the phen-
yl ring resulted (20) in a diminution of both parameters.
The substituent at the 5-position of the indazole was also
found to be a crucial determinant of activity. Removal of
the 5-chloro moiety (22) resulted in a 22-fold loss in
MCHr1-binding affinity, whereas the 5-trifluoromethyl
(23) and methyl (24) substituted analogs were inactive
and 5-fold less active than 19, respectively. The 5-nitro
substitution resulted in a very potent MCHr1 antagonist
(25) with an IC50 of 6 nM and functional activity of
70 nM. Replacement of the piperonal moiety in 25 with
a benzodioxan-6-yl substituent (26) resulted in a 5-fold
loss in MCHr1 inhibition and a 7-fold loss in functional
potency. The 5-cyano substituted compound 27 was a
moderately potent MCHr1 antagonist, though the func-
tional potency was compromised significantly.10 A meth-
oxy substituent at the 5-position (28) afforded
comparable MCHr1 inhibition and functional activity
as the 5-nitro group (8 and 60 nM, respectively). Other
bicyclic heterocycles such as the indazolemoietywere also

Table 2. MCHr1-binding affinity (IC50, lM) and functional activity (IC50, l
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investigated, though the MCHr1 inhibition was compro-
mised to some extent.Moving the methoxy substituent to
the 4-position resulted in a significant drop in MCHr1
inhibition and functional potency.


Prior studies on the ortho amino benzamide scaffold (2)7


had indicated that substitution off the ortho amino
group was well tolerated by the MCH1 receptor and
provided a suitable handle for modulation of pharmaco-
kinetic parameters. Alkylation and acylation of the
indazole nitrogen was performed as shown in Scheme
1, by using the requisite alkyl bromide or carboxylic
acid, respectively, and selected data are shown in Table
2. In general, a wide range of substituents and linkers on
the N-1 nitrogen were well tolerated by the MCH1
receptor, though the functional potency of these analogs
was compromised. Introduction of a methyl group
resulted in a 4-fold decrease in MCHr1 inhibition
(28 ! 31), whereas introduction of a phenyl group
resulted in a 2-fold decrease in MCHr1 inhibition
(19 ! 32). The benzyl substituted analogs 33 and 34
were comparable in potency to the parent analogs (25
and 19, respectively), whereas introduction of a pyr-
idylmethyl substituent resulted in a two to 6-fold
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Table 3. Plasma and brain exposure of 19, 25, 28, 37, 41, and 42 in DIO mice after 10 mg/kg oral dose
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improvement in MCHr1 inhibition, depending on the
pyridine regioisomer. Acylation of the N-1 nitrogen of
19 with various hydrophobic, heterocyclic, and basic
moieties resulted in retention of MCHr1 inhibition
though the functional potency was compromised.


The pharmacokinetic parameters of selected analogs
were evaluated in a DIO mouse model using methods
described before,6 and the data are shown in Table 3.
Several interesting trends were observed with these com-
pounds. Compounds 19, 25, and 28 demonstrated high
exposure in the brain with peak concentrations of
12140, 3076, and 6035 ng/g, respectively. These com-
pounds preferentially partitioned into the brain, a desir-
able feature since the largest concentration of MCHr1 is
in the lateral hypothalamus. Alkylation of the N-1 nitro-
gen (37) resulted in compounds with moderate brain
exposure. However, the preferential partitioning in the
brain observed with the non-alkylated analogs was com-
promised. A drastic change in the brain exposure and
half-lives was observed when the N-1 nitrogen was

acylated. Compound 41, and to a lesser extent 42, was
rapidly cleared from the plasma, with concentrations
declining below the limits of quantitation within four
hours after oral dosing. Further, brain concentrations
were not detected in any of the time points.


Due to their superior activity in the MCH functional as-
say and favorable pharmacokinetic profile, compounds
19 and 2811 were evaluated in an efficacy study measur-
ing food intake and body weight in DIO mice.6 Com-
pound 19 was dosed at 3, 10, and 30 mg/kg, p.o., q.d,
whereas 28 was dosed at 10 and 30 mpk, p.o. q.d. with
body weights and food intake measured at regular inter-
vals. At the 10 and 30 mg/kg dose, 19 caused significant
weight loss starting on day 4 (Fig. 1), whereas no signif-
icant weight loss was seen with the 3 mpk dose. Com-
pound 28 caused a decrease in body weight with the
10 and 30 (Fig. 2) mpk dose. Further, there was no sig-
nificant loss of lean body mass seen with any of the
treatment groups, indicating that the observed weight
loss was due to loss of fat mass.
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Figure 1. Effect of compound 19 (dosed at 3, 10, and 30 mg/kg, q.d.,


p.o., in 1% Tween 80 in water) on the body weight of DIO mice.


-6


-5


-4


-3


-2


-1


0


1


2


1 3 5 7 9 11 13 15


28 @ 10 mpk 28 @ 30 mpk


Dex @ 10 mpk Vehicle


C
h


an
g


e 
in


 b
o


d
y 


w
ei


g
h


t 
(g


)


Days on Study
** p<.01, * p<.05
 by Dunnett's test


*


**
**


****


**


**
**


**


**


*
-3.6%


-9.6%
-9.9%


Figure 2. Effect of compound 28 (dosed at 10 and 30 mg/kg, q.d., p.o.,


in 1% Tween 80 in water) on the body weight of DIO mice.
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In conclusion, several indazole containing MCHr1
antagonists have been identified. The pharmacokinetic
parameters of this class of MCHr1 antagonists could
be modulated depending on substitution at the N-1
nitrogen. Compounds demonstrating the most potent
MCHr1 inhibition and functional potency demonstrated
robust efficacy in a DIO mouse model.
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Abstract—Cyclic peptides offer the possibility of varying both scaffold geometry and R-group functionality. For example, para-
meters such as ring size and the placement of DD-amino acid and proline residues can have a dramatic effect on the conformations
of cyclic peptides, allowing access to structurally diverse species based on simple modifications in their linear sequences. We synthe-
sized a cyclic peptide library in which ring size, a-carbon stereochemistry, and proline placement were varied. Analysis of the prod-
ucts showed that heptapeptides in general cyclized more readily than hexapeptides, and within these groups the scaffolds with a
greater number of pralines cyclized with markedly lower yields than scaffolds with fewer pralines. Split-pool libraries based on a
sample set of these scaffolds showed that, in general, scaffold geometry outweighed side chains variation in determining cyclization
efficiency. These concepts were applied to the synthesis of cyclodimeric variants of an inhibitor of actin assembly in Xenopus egg
extracts, yielding side chain variants with improved potency over the original scaffold.
� 2005 Elsevier Ltd. All rights reserved.

1. cyclo[D,L Lys - D,L Phe - D,L Phe - D,L Phe - D,L Pro - L Gln] 
2. cyclo[D,L Lys - D,L Phe - D,L Phe - D,L Pro - D,L Pro - L Gln] 
3. cyclo[D,L Lys - D,L Phe - D,L Pro - D,L Phe - D,L Pro - L Gln] 
4. cyclo[D,L Lys - D,L Pro - D,L Phe - D,L Phe - D,L Pro - L Gln] 
 
5. cyclo[D,L Lys - D,L Phe - D,L Phe - D,L Phe - D,L Pro - D,L Pro - L Gln] 
6. cyclo[D,L Lys - D,L Phe - D,L Phe - D,L Pro - D,L Phe - D,L Pro - L Gln] 
7. cyclo[D,L Lys - D,L Phe - D,L Pro - D,L Phe - D,L Phe - D,L Pro - L Gln] 
8. cyclo[D,L Lys - D,L Pro - D,L Phe - D,L Pro - D,L Phe - D,L Pro - L Gln] 

Most combinatorial libraries consist of varied R-groups
appended to a common core scaffold.1 R-groups are typ-
ically chosen to maximize diversity, but their relative
spatial orientations are usually fixed by the geometric
constraints of the scaffold. Cyclic peptides offer the pos-
sibility of conveniently varying both scaffold geometry
and R-group functionality. For example, parameters
such as ring size and the placement of DD-amino acid2,3


and proline4 residues can have a dramatic effect on the
conformations of cyclic peptides, allowing access to
structurally diverse species based on simple modifica-
tions in their linear sequences.


We have been interested in cyclic peptide scaffolds, in-
spired by natural products such as the phakellistatins5


and yunnanins,6 as sources of chemical diversity for in-
put into phenotype-based assays. Previously we reported
the synthesis of a 384-member cyclic peptide library in
which ring size, proline position, and a-carbon stereo-
chemistry were permuted. One of the compounds from
this library inhibited lipid-induced actin assembly in
Xenopus egg extract (IC50 = 2 lM), an activity that cor-
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related with its ability to stabilize an auto-inhibited form
of the protein N-WASP.7 Interestingly, the active spe-
cies in this assay was a 14-residue cyclodimeric side
product resulting from inefficient cyclization of a hepta-
peptide precursor. In light of this study, we have
attempted to assess the relative contributions of geomet-
ric and functional group variation in determining cycli-
zation efficiency and biological activity, and the degree
to which these two sources of variation can be separat-
ed. This report presents an exploration of some determi-
nants of cyclization efficiency in scaffolds composed of

Figure 1. 384-member scaffold library of cyclic hexa- (rows 1–4) and


heptapeptides (rows 5–8), categorized by ring size and number and


position of proline residues. Within each sublibrary all diastereomers


were included.
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LL- and DD-amino acids with variable placement of proline
residues, as well as an approach for exploiting cyclodi-
mer formation toward the identification of a more po-
tent inhibitor of actin assembly.


The scaffold library was designed as a set of eight hexa-
and heptapeptide sublibraries categorized by ring size
and proline position (Fig. 1). The side chain of phenyl-
alanine was used as the generic R-group, and a lysine
residue was incorporated into each sequence to facilitate
analysis by HPLC and electrospray mass spectrometry
(LC/MS). Within each sublibrary all possible diastereo-
mers were included, yielding 384 unique sequences. The
compounds were synthesized in parallel using standard
Fmoc chemistry, with anchorage to the solid phase via
a Rink linker through the glutamine side chain. The
C-terminal Gln residue was protected as the allyl ester

Figure 2. (A) Cyclization efficiency data for scaffold sublibraries. Plots in


algorithm for grouping cyclic peptides having backbones identical up to rota


as a binary number, where L = 1 and D = 0. (2) The highest and lowest


Backbones which are similar up to rotation will yield the same pairs of num


Enantiomeric cyclic peptides will yield the same pairs. (4) The greater of the p


of stereoindex.

during chain elongation. Upon completion of the linear
synthesis, the C- and N-termini were deprotected and
the cyclization step was performed using PyBop/HOAT.
After deprotection and cleavage from the solid phase,
products were analyzed individually by LC/MS.


The relative yields of monomeric cyclic peptides (based
on integration of the chromatogram traces) varied con-
siderably among the different samples, ranging from 0 to
>99%. Among the by-products were significant amounts
of cyclo-oligomers, mostly cyclodimer,8 in addition to
linear oligomers. A random sample of 30 peptides was
analyzed after the linear synthesis was complete but be-
fore cyclization. By LC/MS each sample was >90% pure
with a mass corresponding to the expected linear pep-
tide, indicating that differences in purity among the final
products were mainly determined in the cyclization step.

dicate one standard deviation about the mean. (B) The stereoindex


tion and reflection: (1) The linear backbone stereochemistry is encoded


numbers were obtained from all circular permutations of the digits.


bers. (3) The binary complement of the lesser number was determined.


air is defined as the stereoindex. (C) Cyclization efficiency as a function
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Marfey�s test9 was performed on 40 of the samples taken
from both high- and low-yielding scaffolds, and there
was little (av 8.8 ± 3.8%) racemization at the C-terminal
Gln residue. For those samples that gave low yields of
cyclomonomer, the extent of racemization was not sig-
nificantly higher than for high-yielding scaffolds.10 This
suggests that even for those scaffolds with sluggish cycli-
zation rates due to unfavorable backbone geometry,
oligomerization on the resin is faster than C-terminal
racemization.


We examined the dependence of cyclization efficiency on
backbone geometry in more detail. Eighty-one out of
the 384 sequences cyclized with greater than 80% effi-
ciency to give the monomeric cyclic product, while a to-
tal of 183 sequences cyclized with greater than 60%
efficiency. We set out to evaluate the dependence of
cyclization efficiency on backbone geometry, beginning
by testing the simple hypothesis that the variation of
proline count and position might have a significant effect
on cyclization efficiency within our hexapeptide and
heptapeptide sublibraries. Heptapeptides in general cyc-
lized more readily than hexapeptides, and within these
groups the scaffolds with a greater number of prolines
cyclized with markedly lower yields than scaffolds with
fewer prolines (Fig. 2A). In both the hexapeptide and
heptapeptide libraries, the scaffolds with two prolines
can be further subdivided according to proline position;
the differences in cyclization efficiency between these
groups could not be proven statistically significant by
one-way analysis of variance (ANOVA).


In order to test the hypothesis that the absolute pattern
of stereocenters around the peptide backbone is predic-
tive of cyclization efficiency, we developed an algorithm
for partitioning the library into sets of cyclic peptides
whose backbones are circular permutations or enantio-
mers of each other11 (Fig. 2B). This parameter, which
we term the �stereoindex�, proved to have a strong influ-
ence on cyclization efficiency among the hexapeptides
(Fig. 2C; P = <0.001). Although still statistically signif-
icant (P = 0.006), the dependence is less pronounced
for heptapeptides (Fig. 2C), presumably reflecting the
generally greater ease of cyclization of the larger ring.


Each high-yielding sequence potentially represents a un-
ique scaffold from which a combinatorial library could
be constructed. To test the dependence of cyclization
efficiency on side-chain variation, individual split-pool
libraries were synthesized based on nine scaffolds with
a range of cyclization efficiencies chosen from the origi-
nal 384-member library (Fig. 3A). Eight side chains with
varied functionality and steric bulk were chosen (Ala,
Leu, Arg, Met, Trp, Thr, Phe, and Asn). The nine
libraries were synthesized simultaneously in a 96-well
polypropylene filter block (Robbins Scientific) on
450 l-diameter polystyrene beads using the diketopiper-
azine linker of Lebl et al.12 (Fig. 3B). The efficiency of
cyclization was analyzed for 30 beads from each library
by LC/MS using essentially the same methodology as
for the scaffold library. The mass of each identified cyc-
lomonomer was verified to correspond to an expected
library product.

The resulting distributions suggest that scaffold geome-
try can outweigh the effect of side-chain variation in
determining the efficiency of formation of monomeric
cyclic peptides, although the effect is not as pronounced
as one might expect (Fig. 4). The relative percentages of
cyclic monomer13 were clustered according to scaffold,
with cyclization efficiencies for each scaffold varying
from 10 to 30 percentage points about the mean. For
scaffolds 6–9, cyclization efficiencies were >50% for all
but two side-chain combinations, suggesting that syn-
thetically robust libraries can be generated from these
scaffolds. Among scaffolds 2–5, yields were generally
lower, although the majority of side-chain combinations
had yields in excess of 40%. The proportion of cyclomo-
nomer product was markedly lower for many scaffolds
than observed in the original all-phenylalanine library
(Fig. 4, circles), suggesting that yield in the all-Phe li-
brary was not an ideal predictor of cyclization efficiency
in its corresponding split-pool library. For scaffolds 2, 4,
5, and 6, the transition state of the cyclization step may
be less tolerant of subtle differences in backbone confor-
mation induced by certain combinations of side chains.
On the other hand, in scaffolds 7, 8, and 9, the cycliza-
tion step may be more tolerant of side-chain differences,
thus giving high cyclomonomer ratios for multiple resi-
due combinations. The poor performance of scaffold 1
in the original library, in contrast, did predict the low
yields observed in the corresponding split-pool library.
This study suggests that while backbone features may
not be the sole determinants of yield, a significant subset
of the high-yielding sequences from the original scaffold
library can be expected to cyclize efficiently upon side-
chain variation.


The above studies identified a set of scaffolds that provid-
ed high yields of cylcomonomer; however, in some cases
the cyclodimer (or cyclo-oligomer) may be the desired
product. For example, we screened the 384-member scaf-
fold library in an assay that models actin assembly in
Xenopus egg extract7 and identified the cyclodimeric by-
product corresponding to the sequence cyclo[LL-Lys-DD-
Phe-DD-Pro-DD-Phe-LL-Phe-DD-Pro-LL-Gln]2 as the active
inhibitor (IC50 = 2 lM). The corresponding cyclomono-
mer had no inhibitory activity up to 100 lM. We there-
fore set out to identify inhibitors with improved potency
based on this cyclodimeric scaffold by generating a 512-
member library in which the Phe residues were varied,
keeping the stereochemistry, ring size, and proline resi-
dues constant. Since our previous results indicated that
scaffold geometry generally outweighs side-chain identity
in determining cyclomonomer/cyclo-oligomer ratios, we
took advantage of the relatively inefficient cyclomonomer
formation of this scaffold to create a split-pool library of
cyclodimers (Fig. 3). After cyclization, the beads were
treated with a standard TFA cleavage cocktail to remove
protecting groups and set up the linker for auto-cleavage.
The beadswere arrayed into three 384-well plates. DMSO
containing 0.1 M N-methylmorpholine and 0.1 M acetic
acid was added to each well to induce compound cleav-
age, generating 1152 separate stock solutions. Using a
plastic pin array, stock solutions were diluted approxi-
mately 1/100 into assay plates containing Xenopus egg
extract and pyrene-labeled actin. We calculated a final
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Figure 3. (A) Scaffolds selected for combinatorial expansion in which Phe residues were replaced with variable side chains X (X = Ala, Leu, Arg,


Met, Trp, Thr, Phe, and Asn). (B) Synthetic scheme for split-pool synthesis of side-chain variants. Reagents: (a) DCC, HOBT, HO(CH2)2N(H)Me;


(b) BocN(Me)Gly-OH, EDC, DMAP; (c) TFA; (d) N-Boc-iminodiacetic anhydride; (e) HBTU, DIPEA, amino-PS beads, 450 l; (f) SPPS by Fmoc


method; (g) Pd(Ph3P)4, N-methylmorpholine, HOAc followed by PyBOP/HOAT; (h) TFA, 5% tri-isopropylsilane, 2.5% phenol; (i) beads arrayed


into 384-well plates and DMSO (15 lL) containing 0.1 M NMM/0.1 M HOAc was added to each well.
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Figure 4. Cyclization efficiency of scaffolds after functional variation by split-pool synthesis. Plot indicates one standard deviation unit about the


mean. indicates cyclization efficiency of corresponding scaffold in original 384-member scaffold library (X = Phe). Scaffold numbering is the same


as in Figure 3A.
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Figure 5. Structure of scaffold used in exploration of side chain


influence on inhibitory potency in Xenopus actin polymerization assay.


Table 1. IC50 values of sequence variants identified as being active in


the Xenopus actin polymerization assay


Index of


active well


Mass of crude


product


Residue


combination


(X1–3)


Actin polymerization


inhibition IC50 (lM)


D01 955.1 Trp, Phe, Leu 1–10 (±2)


N23 1037.6 Trp, Trp, Arg 0.5–20 (±2)


K02 1067.7 Trp, Trp, Trp 0.3 (±0.1)
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compound concentration of approximately 1 lM, based
on the resin loading and the estimated yield of cyclodimer
from the original scaffold synthesis.


Three wells from the split-pool library were identified
that significantly inhibited actin assembly in the Xenopus
actin assay. LC/MS analysis of each of the crude prod-
ucts gave a unique mass, corresponding to the residue
combinations shown in Table 1 (also see Fig. 5 for scaf-
fold structure). The 16 possible sequence permutations
corresponding to the three mass-decoded combinations
(R1–3 = Trp3; R1–3 = Trp2Arg; X1–3 = Phe, Leu,
Trp) were resynthesized via an alternate route: linear
14-mers were generated on low-loading resin, followed
by cyclization to yield the cyclic 14-mer as the major
product. IC50 values for each sequence permutation
were determined in the Xenopus actin polymerization as-
say (Table 1). The most potent permutation was the

compound in which the three Phe residues were replaced
by Trp, with an IC50 of 0.3 lM, which represents a 7-
fold improvement in potency over the original scaffold.


We have thus developed an iterative strategy in which a
bioactive scaffold is identified from a small, geometrical-
ly diverse library, and then elaborated in a second step
by varying side-chain functionality. There is certain to
be a non-linear component to the relationship between
side-chain functionality and scaffold geometry, a
hypothesis supported by the fact that cyclization effi-
ciencies among the split-pool libraries did not correlate
perfectly with those of their corresponding all-Phe scaf-
folds. Our results indicate, however, that a stepwise ap-
proach to screening can lead to rapid improvement in
potency when the screening of large libraries is
prohibitive.


This study opens up a number of questions. First,
what is the structural basis of the differences in cycli-
zation efficiency that we observe? Can cyclization effi-
ciency be predicted based on the rigidity and/or
stability of the cyclic product, or are the effects of
structure on the cyclization reaction only observable
by conformational analysis of the linear precursors
(i.e., to what extent is the cyclization transition state-
or product-like)? We have demonstrated a statistical
method for categorizing scaffolds and correlating vari-
ous parameters with respect to cyclization efficiency,
and have shown that conformational parameters and
side-chain functionality can both influence cyclization
efficiency. Future studies will be directed toward devel-
oping a structural hypothesis of cyclization efficiency,
using our cyclization data in conjunction with model-
ing studies and solution state NMR. The discovery of
a bioactive compound in an �undesired� product, that
is, the cyclodimer, suggests that this side-reaction can
be exploited to further increase the diversity of geo-
metrically defined scaffold libraries. Since cyclodimer
can, in most cases, be chromatographically separated
from cyclomonomer, screening mixtures derived from
this side-reaction poses little problem with respect to
deconvolution.
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Abstract—Two novel side chains which had previously been found to enhance antagonist activity in the dihydrobenzoxathiin SERM
series were applied to three existing platforms. The novel side chains did not improve the antagonist activity of the existing
platforms.
� 2005 Elsevier Ltd. All rights reserved.

The importance of the selective estrogen receptor modu-
lators (SERMs) is well documented.1 The discovery of a
second ER subtype2 generated interest in the develop-
ment of subtype-selective SERMS.3 Previous publica-
tions from this laboratory have reported the discovery
of dihydrobenzoxathiins (e.g., 1) as a novel class of selec-
tive estrogen receptor alpha modulators (SERAMs).4a–e
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N
1


We have also reported extensive studies on the side
chain SAR of this class.4d–g These studies resulted in


the discovery of two significantly improved antagonist
side chains, A and B,4f which were combined to afford
an optimized antagonist side chain C.4g


N
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Since side chains A–C conferred such excellent antago-
nist properties on the dihydrobenzoxathiin platform,
we wondered if a similar effect would be observed with
other platforms or if A–C were platform-specific. Molec-
ular modeling of 1 versus raloxifene (2), bazedoxifene
(3), and lasofoxifene (4) in the hER-a binding site
showed considerable overlap of the side chains, suggest-
ing that side chains A–C might be of interest in these
other platforms (Fig. 1).5 While there have been a few
studies on side chain SAR of other platforms,6 we are
unaware of any systematic studies on the portability of
side chain SAR between platforms.


We therefore targeted analogs 2a,b, 3a,b, and 4a,b for
synthesis (Schemes 1–3 and Table 1). We chose the par-
tially optimized side chains A and B for these studies,
rather than the fully optimized side chain C, to afford
maximum insight into the applicability of our SAR to
other platforms. If substantial improvement was seen
in any platform with side chains A and B, then we would
prepare the corresponding analog with side chain C.


The raloxifene analogs 2a (R = A) and 2b (R = B) were
easily synthesized from fluoride 57 and the appropriate
side-chain alcohol4e using a modification of the Lilly
group�s raloxifene analog synthesis (Scheme 1).7,8


The bazedoxifene analogs 3a (R = A) and 3b (R = B)
were prepared from intermediate 6 and the appropriate
side-chain alcohol 74e using a modification of the Wyeth
group�s bazedoxifene synthesis (Scheme 2).9
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Figure 1. Molecular modeling of compound 1 (green) against models of (A) crystallographically determined raloxifene 2 (white); (B) bazedoxifene 3


(purple); and (C) lasofoxifene 4 (cyan) in the context of hER-a (pdb entry 1ERR).
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Lasofoxifene analogs 4a (R = A) and 4b (R = B) were
prepared from commercial 10 and the appropriate
side-chain alcohol 74e using a modification of the Pfizer
group�s lasofoxifene synthesis (Scheme 3).10


Biodata for the novel analogs and SERAMs 1–1c are
summarized in Table 1. All compounds were evaluated
in an in vitro estrogen receptor (ER) binding assay.11


As we had observed in our previous studies with 1–1c,
substitution of the novel side chains A and B for the
side-chain of the parent compound did not have a signif-
icant effect on ER binding with any platform.


The compounds were also tested in an MCF-7 assay.12


In the dihydrobenzoxathiin series, the modified side
chains resulted in a modest potency enhancement in this
assay. However, a similar enhancement was not ob-
served with any of the other platforms. The raloxifene,

bazedoxifene, and lasofoxifene analogs all retained
potency comparable to or, at most, slightly better than
that of the corresponding parent.


Finally, the novel compounds were evaluated in an
immature rat uterine weight assay.13 This was the assay
where the largest impact was observed in the dihydro-
benzoxathiin series (compare 1a–c with 1). In the
raloxifene series, substitution of side chains A and B
for piperidine had no effect on the uterine activity of
2. In the bazedoxifene series, substitution of side chain
A for homopiperidine of 3 resulted in a slight increase
in uterine antagonism but substitution of side chain B
resulted in a decrease in antagonist activity. In the laso-
foxifene series, there was a slight increase in uterine
antagonism with a corresponding decrease in agonism
upon substitution of side chains A and B for pyrrolidine
in 4 but the effect is clearly not as dramatic as in the di-
hydrobenzoxathiin series.


The lack of a dramatic effect on the uterine profile upon
incorporation of side chains A and B clearly indicates
that the side chain SAR of the dihydrobenzoxathiin







Table 1. ER ligand binding data, rat uterine growth data, and MCF-7 data
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Compound R Human ER binding (IC50, nM)11 MCF-712 (IC50, nM) Rat uterine activity13


hER-a hER-b b/a % Ant. % Ag.


1
N


2.6 64 25 3.3 72 34


1a N 3.0 161 54 0.9 106 �19


1b N 1.3 45 35 0.3 101 0


1c N 1.3 52 40 0.2 123 �29


2
N


1.8 12 7 0.8 81 24


2a N 0.6 3.1 5 1.0 79 24


2b N 0.211b 2.611b 13 0.2 82 31


3
N


0.6 3.8 6 0.4 67 15


3a N 0.5 2.4 5 0.3 78 �2


3b N 0.4 2.3 6 0.1 61 20


4 N 1.4 1.8 1 0.1 74 26


4a N 0.5 0.6 1 0.08 89 10


4b N 0.6 0.9 1 0.07 81 18
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SERAMs is not transferable to other platforms. Since
substantial improvement in the uterine profile was not
seen upon introduction of the improved antagonist side

chains A and B in the established platforms, we elected
not to prepare the corresponding analogs with the fully
optimized dihydrobenzoxathiin antagonist side chain C.
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In conclusion, we have demonstrated that the side chain
SAR of the dihydrobenzoxathiin SERAMs is not appli-
cable to existing platforms. Clearly, it will be necessary
to conduct SAR studies for each platform to determine
its optimum side chain. This concludes our study of the
dihydrobenzoxathiin side chain SAR.
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Abstract—Two new classes of diphenylether inhibitors of p38aMAP kinase are described. Both chemical classes are based on a com-
mon diphenylether core that is identified by simulated fragment annealing as one of the most favored chemotypes within a prominent
hydrophobic pocket of the p38a ATP-binding site. In the fully elaborated molecules, the diphenylether moiety acts as an anchor
occupying the deep pocket, while polar extensions make specific interactions with either the adenine binding site or the phosphate
binding site of ATP. The synthesis, crystallographic analysis, and biological activity of these p38a inhibitors are discussed.
� 2005 Elsevier Ltd. All rights reserved.

p38a Mitogen-activated protein (MAP) kinase is an
intracellular serine-threonine kinase that plays a critical
role in the regulation of pro-inflammatory cytokine
pathways. Once activated by phosphorylation, p38a
sequentially phosphorylates and activates a wide variety
of downstream substrates including other protein ki-
nases and transcriptional factors. This ultimately results
in significant transcriptional up-regulation of the pro-
inflammatory cytokines such as tumor necrosis factor
a (TNFa).1,2 Consequently, the p38a protein kinase
has been implicated as a major regulator of inflammato-
ry responses and has therefore been a target of extensive
research efforts focusing on development of small mole-
cule inhibitors for the treatment of inflammatory and
autoimmune diseases, including rheumatoid arthritis,
inflammatory bowel disease, and osteoporosis.


There have been a large number of reports for different
classes of p38 inhibitors that are active in vitro and in vi-
vo assays (reviewed in Refs. 2–5). Several inhibitors
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have progressed into development and clinical trials
due to their potential as anti-inflammatory therapeu-
tics.6 Extensive crystallographic and biochemical studies
have provided considerable understanding of the details
of binding of several classes of small molecule inhibitors
to the p38 ATP-binding site. In one of the first such
studies, structures of a series of selective p38 inhibitors
based on pyridinylimidazole and pyrimidinylimidazole
moieties that were soaked into p38 crystals were de-
scribed.7 Of these, inhibitor SB-203580 serves as the pro-
totype for comparing different inhibitor subclasses. A
common characteristic of all these inhibitors is that they
contain a planar ring system that occupies a position
similar to that of the adenine ring of ATP and recapitu-
lates several H-bonds of the adenine ring with the pro-
tein. The inhibitors also contain additional groups,
interacting with nearby protein regions that have been
incorporated in order to improve potency, selectivity,
and pharmacokinetics.


Here, we report two new classes of p38a inhibitors based
on a key diphenylether moiety and describe their chem-
ical synthesis and biological activity.8,9 Series 1 is com-
posed of the diphenylether moiety at one end of the
molecule attached to an aryl substituent at the opposite
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end of the molecule via an amide linker (Fig. 1). Series 2
is composed of a diphenylether moiety at one end of the
molecule but is attached via a sulfamide substructure to a
4-amino-piperidine (Fig. 2). Series 2 is further extended
to include an aryl substituent attached to the 4-amino
group of the piperidine. The diphenylether scaffold was
identified by a fragment-based computational methodol-
ogy and incorporated into a chemical strategy focused on
the discovery of new chemical classes of inhibitors.10–12


Compounds 1a–1h (Fig. 1) were prepared from commer-
cially available amines and substituted 4-phenoxybenzo-
ic acids by standard coupling chemistry using EDCI and
HOBt in CH2Cl2. The amine portion of compounds 1b
and 1h was prepared from 3-hydroxyphenylacetic acid
using the Claisen rearrangement as the key step to intro-
duce the quaternary center. The amine functionality was
achieved using a Curtius-type rearrangement using
diphenylphosphoryl azide. TIPS and Boc removal was
followed by standard amide coupling conditions and

O
R


Compound R Ar


SB-203580 - -


1a  H 2-pyridyl


1b H 3-hydroxy-4-(1-hy


1c H p-tolyl 


1d H 4-trifluoromethylp


1e H 5-indanyl


1f H 3-trifluoromethox


1g H 3-trifluoromethylp


1h 4-Cl 3-hydroxy-4-(1-hy


Figure 1. Structure–activity relationship of diphenylether Series 1 inhibitors
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SB-203580 - -


2a  4-F N


2b 2,4-diF N


2c H N 


2d 2-Cl N


2e 3-CF3  N


2f H N 


2g  H  N 


2h H C


Figure 2. Structure–activity relationship of diphenylether Series 2 inhibitors.


at a concentration of 10 lM.

subsequent exposure to BF3ÆEt2O to give the desired
product (see Supporting information).


Compounds 2a–2h (Fig. 2) were prepared from 4-amin-
opiperidine employing N,N 0-sulfuryldiimidazoles as key
intermediates (Scheme 1).15 Treatment of 4-N-Boc-
aminopiperidine with triflate 3 provided Boc-protected
imidazo piperidine 4 which after treatment with methyl
trifluorosulfonate followed by the corresponding phe-
noxyaniline and Boc removal afforded sulfamide 6 with
moderate yields. Targeted compounds 2 were easily
prepared by reductive amination of 6 and the
corresponding benzaldehyde (Scheme 1 and Supporting
information).


Both chemical classes inhibit the measured enzymatic
activity of p38a.9 A limited structure–activity profile
was generated for each of the two diphenylether-based
inhibitor classes. In compounds of Series 1, modification
of the diphenylether group of compound 1b to include a
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Figure 3. Crystallographically observed binding interactions with p38a
for compounds 1a (a) and 2a (b). Compound C atoms are colored gray


and protein C atoms are colored green. Dotted lines indicate hydrogen


bonds and their lengths.


N
S


N
O O


N


N
H


O


ON
S


N
O O


N N
+


N
S


N
O O


N


N
H


O


O
+


N
S


N
H


O O


H2N


N
S


N
H


O O


N
H


Ar


N
S


N
O O


N N


OO


F3CSO3
-


F3CSO3
-


R R


a


c,d e


a b


3 4


5 6 2


Scheme 1. Preparation of compounds of series 2.
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4-chloro substituent, compound 1h, increases potency
by 3- to 4-fold. Modification of the aryl group opposite
the diphenylether of compounds, such as 1a or 1b, to a
more hydrophobic moiety, particularly a 3-substituent
group such as in 1f and 1g, increases potency 2- to 3-
fold.


In compounds of Series 2, addition of a 4-fluoro group
(compound 2a) (Fig. 2) to the diphenylether results in
a 2- to 3-fold increase in potency, while substituents in
the 2 and 3 positions appear to be unfavorable. Removal
of the phenol hydroxyl of compound 2c results in a sig-
nificant loss in activity (compound 2f), suggesting that
this substituent plays an important role in binding.
Modification of the sulfamide linker of compound 2c
to a sulfonamide linker (compound 2h) results in a com-
plete loss of measurable activity.


In order to facilitate an understanding of these struc-
ture–activity relationships, four p38a inhibitor complex-
es (with representative compounds 1a, 1h, 2a, and 2c,
respectively) were crystallized and the X-ray crystal
structures were determined to 2.0–2.5 Å resolution (see
Supporting information, Table 1).13 Inhibitors from
both Series 1 and Series 2 are observed to bind in the
general vicinity of the ATP-binding site of the kinase
molecule, which is consistent with the observation that
both series of inhibitors are ATP-competitive (Figs. 3
and 4). The diphenylether moiety of both series is ob-
served to adopt a common binding mode. It is buried
in a predominantly hydrophobic pocket (referred to as
pocket I) formed by residues Ala51, Lys53, Leu75,
Ile84, Leu104, Thr106, and Leu167. Extensive van der
Waals and hydrophobic contacts characterize the inter-
actions between the inhibitors and the protein residues
forming this pocket. The positions of the two aromatic
rings that comprise the diphenylether moiety are very
similar to those of two aromatic rings of SB-203580
(PDB entry 1A9U).7 The proximal ring of the dipheny-
lether occupies a position similar to that of the adenine
ring of ATP. A C–H� � �O bond may also be present be-
tween this ring of the diphenylether and the main chain
carbonyl of His107.14 The distal ring of the diphenyl-
ether, occupying hydrophobic pocket I, is sandwiched
between the side-chain atoms of Thr106 and Lys53.

Beyond the diphenylether group, the two series diverge in
how they interact with the p38a protein. In Series 1, the
amide linker and the distal aryl group (Ar in Fig. 1) of
1a and 1h form mainly polar interactions with backbone
atoms of the so-called �hinge� region of p38a (His107-
Ala111) similar to those formed by the adenine region
of ATP. Specifically the main chain amide NH of







Lys51Thr106


Figure 4. Comparison of compound binding modes after least-squares


superimposition of corresponding protein structures. Representative


compounds 1a (yellow) and 2c (magenta) are compared with each


other and with computational predictions for the binding of the


diphenylether fragment (thin lines in orange).
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Met109 acts as a hydrogen bond donor to the carbonyl
oxygen of the inhibitors (Fig. 3). In addition, the amide
NH of Gly110 forms a hydrogen bond with the pyridine
nitrogen of 1a.


The portion of the Series 2 compounds distal to the
diphenylether forms no interactions with the hinge and
occupies a position similar to that occupied by the ribose
group and triphosphate chain of ATP (Figs. 3 and 4).
The phenol hydroxyl group forms hydrogen bonds with
the side chains of Asn158 and Asp168 of the DFG motif
as well as hydrophobic contacts with the N-terminal end
of the activation loop (Fig. 3). In addition, a hydrogen
bond between the Od1 of Asn155 and an amine group
of the inhibitor is evident. Several water molecules also
participate in the formation of a network of hydrogen
bonds.


The structure–activity relationships described above are
consistent with the interactions observed in the crystal
structures of the complexes. Significant variations in
the aryl group of Series 1 appear to have a limited effect
on enzymatic activity, apparently due to extensive expo-
sure of the group to the solvent and the lack of produc-
tive interactions. In contrast, small variations of the
diphenylether group appear to have considerable effects.
As seen in the crystal structure of 1h, the Cl atom of the
distal diphenylether ring optimizes the van der waals
contacts in hydrophobic pocket I and may therefore
be responsible for the 4-fold improvement in affinity
(IC50 = 0.4 lM) with respect to compound 1b for which
the Cl atom is absent (IC50 = 1.6 lM). Similarly, the
fluorine atom on the diphenylether of 2a improves the
space filling in hydrophobic pocket I with respect to
compound 2c. Examination of the crystal structure indi-
cates that even larger groups than the Cl can be accom-
modated in that region of the pocket. Due to the
tightness of the pocket, the possibilities for additional
enhancement of the van der waals contacts by attaching
groups in other than the 4-position of the distal diphen-
ylether ring are limited. Indeed, a limited set of com-
pounds that contain attached hydrophobic groups to
the diphenylether (2b, 2d, and 2e) show little change in
inhibitory activity.

The observed binding mode of the diphenylether moiety
is consistent with the most favored diphenylether frag-
ment distribution identified by analysis of the grand
canonical simulated annealing simulation (Fig. 4a).10,11


The simulation predicts a promiscuity of the pocket for
aromatic groups, with the observed diphenylether bind-
ing mode being prominent among the predictions. In
addition, the computational prediction does not seem to
be affected by small conformational differences in the
pocket due to the use of the p38 structure coordinates
from a different crystal form (PDB entry 1p38). This anal-
ysis, together with the observation of the significant effect
of small variations to the diphenylether of Series 2 in
inhibitory activity, suggests that the diphenylether is an
important contributor to inhibitor binding. The extent
of hydrophobic contacts between the diphenylether and
the surrounding residues of hydrophobic pocket I, allows
this moiety to serve as an anchor in the pocket. Thus, the
diphenylether is a keypharmacophore element for the two
inhibitor series reported here.


Series 2 inhibitors adopt a binding mode that resembles
the shape of the letter �L� with an approximate 99� angle
between the distal diphenyl ring, the sulfonamide, and
the piperidine rings (Figs. 3 and 4). This shape is deter-
mined in part by the conformational preference of the
aryl-sulfamide substructure. Conformational energy
computations for compound 2c using the Dihedral Driv-
ing module in Maestro software (Schrodinger, LLC)
indicate that the angles observed for the N–S–N bonds
in the crystal structure are close to their torsional mini-
ma. This is supported by the observed structure–activity
relationship suggesting that changing the aniline nitro-
gen of the aryl-sulfamide (2c) to carbon (2h) results in
complete loss of measurable activity. The crystal struc-
tures of Series 2 compounds indicate that neither the
aniline-nitrogen nor the sulfonamide moiety in com-
pounds, such as 2a is directly interacting with the pro-
tein. The importance of the sulfamide moiety to the
p38 inhibitory activity of this series is likely due to the
favorable conformation it imposes between the diphen-
ylether and the piperidine rings which redirects the
remainder of the molecule toward the activation loop.
Another contributor to the unusual conformation of
Series 2 inhibitors may be polar interactions of the distal
phenol group. The observed loss in activity due to
removal of the phenol hydroxyl group for compound
2f (vs. 2c) can be explained by the apparent loss of the
two H-bonds between the OH group with the side chains
of Asn158 and Asp168 (Fig. 3).


In the co-crystal structures of both 2a and 2c, the gly-
cine-rich loop (residues # 30–37) has well-defined elec-
tron density and has been modeled. It is known that
this loop acts as a flexible clamp stabilizing the phos-
phate groups of ATP. Its apparent stabilization in the
complexes with Series 2 inhibitors as opposed to Series
1 may be a result of van der Waals and hydrophobic
contacts between the inhibitors and residue Tyr35. In
series 2, the side chain of Tyr35 lies under the Gly loop
and is stacked against the inhibitor. An internal H-bond
is observed between the hydroxyl of Tyr35 and the main
chain amide of Ser32 which may also contribute to the
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stability. It is also possible that the inhibitor reduces the
extent of the disorder by blocking a region of the avail-
able space into which the loop would have been free to
move. In addition, there is an extensive network of
hydrogen bonds facilitated by water molecules which
could play a role in binding and stabilization of the
glycine-rich loop. In particular, a water molecule
simultaneously interacts with Lys53, Glu71, and the
diphenylether oxygen of the Series 2 inhibitors (Fig. 3).


In conclusion, we have identified two new and distinct
classes of p38a inhibitors and characterized their binding
modeby using crystallographic, biochemical, and compu-
tational analysis. The similarities in the binding modes of
these two inhibitor classes, the structure–activity relation-
ships as well as the computational simulations indicate
that the diphenylether motif may be an important phar-
macophore element within the p38a ATP-binding site.
The remaining portions of the two inhibitor classes
reported here have mixed character and adopt confor-
mations that are determined by the intramolecular
conformational preference aswell as intermolecular inter-
actions. Although the two chemical classes presented here
share several characteristics with those of previously
reported inhibitors, they also provide new scaffolds for
development of new p38a inhibitor classes.
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Abstract—The concept of bivalent polypeptides with controllable flexible linkers is demonstrated through the design of a new gen-
eration of �antidote�-reversible inhibitors of thrombin. These molecules contain two binding moieties, each of which in isolation has
only a moderate affinity of binding, which are linked together by a flexible peptide bridge. We show that activities of the potent
bivalent inhibitors of thrombin can be reversed by the specific, but much weaker, binding of the linker moiety to protein �antidotes�.
� 2005 Elsevier Ltd. All rights reserved.

Multivalency is one extremely effective device nature has
adopted to confer specific binding between biological
molecules and molecular assemblies.1 Multivalent
molecular constructs can achieve high-affinity binding
by linking together monovalent constituents that have
only weak affinities when acting alone.2,3 One other
attractive feature of multivalent binding is that both
the affinity and binding kinetics may be manipulated
at will by the presence of constituent monovalent mole-
cules.2,4 As such, the multivalency concept has emerged
as an increasingly successful strategy for the design of
high-affinity ligands of enzymes.5,6 and protein assem-
blies,7–9 cell-surface receptors,5,10–13 protein interaction
surfaces,3,9,14–17 and nano-patterned molecular ar-
rays.18,19 In most of the current applications, the linking
bridges need to be optimized to achieve maximal bind-
ing affinity for the bivalent or polyvalent mole-
cules.7,10,14 We are interested in bivalent molecular
designs that can couple binding affinity to an on/
off-switch, in particular those that contain individual
low-affinity and transient binding moieties. To achieve
control of binding, a change (normally, decrease) in flex-
ibility of the linker can be induced by an external trigger
to disrupt the molecule�s ability to bind in a bivalent
high-affinity mode. Vice versa, removal of constraints
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imposed on the linker would restore the high-affinity
binding of the freed bivalent ligand.


To demonstrate the feasibility of this approach, we have
chosen human thrombin, an important target for phar-
maceutical design, as a receptor for retractable bivalent
inhibitors. The thrombin-inhibitory ligands were con-
structed using the same design scheme that led to biva-
lent antithrombotic polypeptides.20–25 Moieties binding
to the fibrinogen-binding exosite I (E) and the active site
(A) of thrombin were formed by peptides Hir55–65 and
Bbs-Arg-(DD-Pip), respectively,20,25 where Hir55–65 =
Asp-Phe-Glu-Glu-Ile-Pro-Glu-Glu-Tyr-Leu-Gln, Bbs =4-
tert-butyl-benzenesulfonyl, and DD-Pip = DD-pipecolic acid
(Fig. 1). The E- and A-monovalent �heads� have com-
pared affinities for thrombin, both in the vicinity of
0.5 lM20,25 and therefore potentially produce bivalent
inhibitors with an optimal difference between monova-
lent and bivalent modes of binding.


The binding heads were first connected by flexible poly-
peptide repeats26 of varying lengths with a general for-
mula of Gly-Ser-(Gly-Ser)n-Gly (inhibitors TI0–TI6).27


We found that the affinities28 of the inhibitors TI1–TI6
fall in the low- to sub-nanomolar range (Table 1), typi-
cal of clinically successful inhibitors from this fami-
ly.23,29–31 The poly Gly-Ser linkers were then replaced
by two bioactive peptides, one of which binds specifical-
ly to an SH2 protein32 and the second recognizes an
antibody.33 Linked molecules TI7–TI9 still retained
strong bivalent inhibitory activities toward thrombin
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Figure 2. �Retraction� of bivalent inhibitors by linker-specific protein


antidotes in a fibrinogen clotting assay. Clotting curves were recorded


(A) in the presence of 1 nM TI7 (,,.), or 4 nM TI8 (h,j), or absence


of inhibitors (s,d). Addition of 3 lM SH2 protein domain had little


effect on the clotting time in the absence of inhibitors (s) and the


potency of TI7 (,), but significantly reduced the potency of TI8 (h),


(B) in the presence (h,j) or absence (s,d) of 150 nM TI9. Addition


of �1.2 lM anti-c-myc antibody 9E10 (Sigma) only slightly slowed


clotting of free thrombin (s), but reversed the inhibitory effect of TI9


(h).


Figure 1. Chemical structure of a bivalent thrombin inhibitor22,25 used


to create retractable inhibitors of thrombin. The Bbs-Arg-(DD-Pip)


moiety resembles argatroban, a specific inhibitor of the thrombin


active site in clinical uses as an anticoagulant.29,30 The peptide moiety


is derived from hirudin, a natural anticoagulant specific for binding to


thrombin.20,21


Table 1. Inhibition constants Ki of thrombin inhibitors with a general


formula of Bbs-Arg-(DD-Pip)-Gly-(linker)-Gly-Hir55–65 (Fig. 1)a


Linker Name Ki (nM)


S-(GS)1 TI0 36 ± 6.5


S-(GS)3 TI1 0.5 ± 0.2


S-(GS)5 TI2 0.6 ± 0.1


S-(GS)7 TI3 1.3 ± 0.3


S-(GS)9 TI4 2.0 ± 0.3


S-(GS)11 TI5 4.6 ± 0.8


S-(GS)13 TI6 6.7 ± 1.9


SPHYEKVS TI7 1.0 ± 0.2


SPH(pY)EKVS TI8 1.5 ± 0.4


EQKLISEEDL TI9 66 ± 13


a The table lists amino acid sequences in one letter code. Bbs, DD-Pip,


pY, and Hir55–65 stand for 4-tert-butyl-benzenesulfonyl, DD-pipecolic


acid, O-phosphorylated tyrosine, and Asp-Phe-Glu-Glu-Ile-Pro-Glu-


Glu-Tyr-Leu-Gln, respectively.
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(Table 1). We show that these potent thrombin inhibi-
tors are responsive to and can be neutralized by the
respective protein �antidotes.� Specifically, we demon-
strate that the binding properties of two thrombin inhib-
itors, TI8 and TI9, can be controlled by the linkers
binding to the SH2 protein domain (Kd � 0.25 lM)
and the antibody (Kd � 0.5 lM), respectively.32,33


Table 1 lists the inhibition constants Ki for the bivalent
inhibitors measured in an amidolytic assay with the
chromogenic substrate S-2238.28 The Ki of the inhibitors
TI1–TI6 steadily grows with the increase of the linker
length, as expected for bivalent ligands with flexible
and non-interacting linker segments.10,12 The inhibitor
TI0 has an elevated Ki, presumably because the short
linker can span the geometric spacing between the two
binding sites only in an extended conformation. In addi-
tion, the fully extended conformation of the Gly-Ser-
Gly-Ser-Gly moiety may create unfavorable interactions
with the thrombin surface. The potency of the inhibitor
TI8 is comparable with that of the peptides including
Gly-Ser repeats and that of TI7. Inhibitor TI7 has the
same amino acid sequence as TI8, except that the tyro-
sine residue in the linker of TI7 is not O-phosphory-
lated. The presence of the phosphorylated tyrosine is

needed for the ability of the TI8 linker to bind the
SH2 protein,32 but the phosphorylation itself has little
effect on the inhibitory potency (Table 1). In all, it ap-
pears that the nature of the longer linkers contributes lit-
tle to the inhibitory potency of TI1–TI8 against
thrombin. The bivalent inhibitor TI9 is somewhat less
potent than others, possibly due to a high abundance
of negatively charged amino acid residues (Glu and
Asp) in the linker, leading to electrostatic repulsions.26


The �retraction� of thrombin inhibitors by linker-specific
protein antidotes is demonstrated (Fig. 2) in the
presence and absence of inhibitors TI7–TI9 and corre-
sponding linker-binding proteins.34 Micromolar concen-
trations (several Kd values) of antidotes markedly
reduced the potency of the inhibitors. In a control exper-
iment, delay of clotting caused by the non-phosphory-
lated TI7 (for presentation purposes, it was used with
the clotting assay at a lower concentration than TI8,
see legend of Fig. 2) is not altered by the SH2 protein







Figure 4. A proposed thermodynamic cycle for linker-mediated


control of bivalent ligands. Upon binding of a linker-specific well-


structured protein (labeled by �N�), the flexible linker generally adopts


a well-defined conformation required for the interaction, which


prevents the ligand from acting in a bivalent fashion.
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domain, consistent with the loss of SH2 binding in the
absence of phosphorylation.


The dose-dependency of the inhibitor �retraction� by
SH2 is in agreement with the expected affinity of SH2
to the linker moiety of TI8 (Fig. 3). Various concentra-
tions of the SH2 protein were added to the clotting as-
says while the concentration of TI8 was maintained
constant at 4 nM. Clotting times determined from the
resulting family of clotting curves were fitted to a model
of competitive binding of thrombin and SH2 with the
TI8 molecule.34 Using Ki = 1.5 ± 0.4 nM (Table 1), we
obtained KSH2


d ¼ 0:5� 0:1lM, which is reasonably close
to the dissociation constant of 0.23 ± 0.05 lM deter-
mined previously for the binding of the isolated linker
peptide with SH2.32 As such, linker-mediated control
of TI8 can be represented by a simple thermodynamic
cycle shown in Figure 4. In an ideal situation, SH2 bind-
ing may rigidify the linker moiety preventing the TI8
molecule from having bivalent interactions with throm-
bin. Further details of the underlying molecular events
will be resolved by future structural and binding studies.

Figure 3. Dose-dependent SH2-induced activation of inhibited throm-


bin by the inhibitor TI8. (A) Clotting curves were recorded in the


presence (j,�,n,�,,,h) or absence (s,d) of 4 nM TI8, and in the


presence of various concentrations of SH2 protein domain [0 lM SH2


(j,d); 0.12 lM SH2 (�); 0.24 lM SH2 (n); 0.48 lM SH2 (�);


0.95 lM SH2 (,); and 2.86 lM SH2 (h,s)]; other conditions were as


in Figure 2, (B) measured clotting times are plotted against the


concentrations of added SH2; solid line represents the best fit of the


model of competitive interaction of TI8 with thrombin and with SH2


to the experimental points.

Retractable or tweezer-like artificial receptors have
recently been designed in the area of host–guest chemis-
try.35 To control specific complexation of some of these
receptors, their shapes are changed by means of ion-
binding induced rotation around a limited number of
chemical bonds.35c In our design, control of binding is
realized through interactions of a flexible polypeptide
linker to a linker-specific well-structured protein. Since
the structural specifics of the flexible linker appear less
crucial for the bivalent and bridged mode of association,
the linkers and the pairs of binding �heads� are in princi-
ple interchangeable independently of one another, thus
allowing for potentially numerous ways to control the
inhibitory activities. In the current study, we translated
SH2–peptide and antibody–peptide interactions into
the activation of inhibited thrombin. As such, retract-
able inhibitors can be envisioned for other enzymes in
biological pathways such as within the blood-clotting
cascades and cell-signaling networks. The ability to con-
trol molecular binding and inhibitory action may have a
number of applications in biotechnology and medicine.
For example, retractable ligands can be developed into
affinity purification systems complete with agents to re-
lease the targeted proteins or enzymes. The new genera-
tion of retractable thrombin inhibitors may also
represent an approach to antidote-reversible anticoagu-
lant therapy, complementary to arising nucleotide apt-
amer-based therapeutics.36
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Abstract—The synthesis and biological activity of a novel series of 7-methoxy-6-oxazol-5-yl-2,3-dihydro-1H-quinazolin-4-ones are
described. Some of these compounds were found to be potent inhibitors of inosine 5 0-monophosphate dehydrogenase type II
(IMPDH II).
� 2005 Elsevier Ltd. All rights reserved.

Inosine 5 0-monophosphate dehydrogenase (IMPDH) is
an enzyme that catalyses the NAD dependent oxidation
of inosine 5 0-monophosphate (IMP) to xanthosine 5 0-
monophosphate (XMP). This is a key step in the de
novo synthesis pathway of guanine nucleotides, which
is heavily utilized by proliferating cells.1–4 Two isoforms
of the enzyme have been identified and designated type I
and type II.5 Of these it is IMPDH type II that is upreg-
ulated in actively proliferating cell type such as cancers
and activated peripheral blood lymphocytes.6,7 Thus,
inhibition of IMPDH II will result in inhibition of guan-
ine production and hence inhibition of cell proliferation
in the immune system. IMPDH II has therefore become
an interesting target for the treatment of autoimmune
diseases such as psoriasis, systemic lupus erythematosus
and rheumatoid arthritis as well as for transplant
rejection.


An IMPDH inhibitor on the market for transplant rejec-
tion is Cellcept� (mycophenolate mofetil, MMF), an es-
ter pro-drug of the active component mycophenolic acid
(MPA). MPA is a very potent, uncompetitive, reversible
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inhibitor of both IMPDH I and II8 showing an IC50 of
15 nM in our IMPDH II enzyme assay.9 The reported
gastrointestinal toxicity of this compound has resulted
in a search for alternative IMPDH inhibitors with im-
proved therapeutic window.10 The forerunner of these
was the urea VX-497 (in our assay, IC50 21 nM) that
reached Phase II clinical trials (Fig. 1).11


In an earlier publication, we reported the discovery of a
novel series of 7-methoxy-6-oxazol-5-yI-1H-quinazo-
line-2,4-diones exemplified by compound 1 as IMPDH
II inhibitors.12 Here, we describe how that template
was modified in order to improve its poor physical

Figure 1. Structures of MPA, MMF and VX-497.
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properties resulting in a series of novel 7-methoxy-6-
oxazol-5-yl-2,3-dihydro-1H-quinazolin-4-ones that were
also potent IMPDH II inhibitors.


Although only modest potency against IMPDH II was
achieved with the 7-methoxy-6-oxazol-5-yl-1H-quinazo-
line-2,4-diones, the major flaw with the series was its
poor solubility, which was postulated to result from
the overall flatness of the structure (compound 1, pH
6.5: 3 lg/ml). In order to improve this, the 2-oxo moiety
was replaced with a gem-dimethyl group resulting in
compound 2a. Pleasingly, this compound also showed
moderate IMPDH II potency in addition to the predict-
ed improvements in solubility (pH 6.5: 77 lg/ml). Our
objective with this series, therefore, was to improve the

Table 1. SAR of early 7-methoxy-6-oxazol-5-yl-2,3-dihydro-1H-quinazolin-4


Compound


1


2a


2b


2c


2d


2e


2f


2g

IMPDH potency and attain favourable DMPK
properties.


Replacing the 3-methyl group in compound 2a with a
pyridyl-ethyl substituent (2b) gave no increase in activ-
ity against IMPDH II, much in the same way that vary-
ing this substituent in the quinazoline-2,4-dione series
had no dramatic effect on IMPDH II activity. A more
fruitful approach was to vary the 2-substituents of the
7-methoxy-6-oxazol-5-yl-2,3-dihydro-1H-quinazolin-4-
ones. Thus, replacing one of the 2-methyl groups with a
styrene moiety gave compound 2c and an improvement
in potency. However, it was found for this acyclic series
that both enzyme and cellular activities reached a pla-
teau not acceptable for our programme. It was our

-ones


IMPDH II9 IC50 (nM) PBMC15 (lM)


104 4.0


192 21


300 37


49 3.0


328 8.5


526 11.6


96 1.9


104 0.97







Figure 2. Docking studies on tert-butyl 7 0-methoxy-60-(1,3-oxazol-5-


yl)-4 0-oxo-3 0,4 0-dihydro-1H,1 0H-spiro[pyrrolidine-3,2 0-quinazolinc]-1-


carboxylate.
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other strategy of cyclising the 2-gem-dimethyl substitu-
ents to give a spiro compound that proved to be of
greater long-term value. Towards this end, a number
of analogues were prepared starting with the cyclopen-
tyl derivative (2d), progressing through the tetrahydro-
pyranyl derivative (2e) and the thiophene-fused
cyclopentyl (2f), and culminating in the tert-butoxycar-
bonyl-pyrrolidine compound (2g). As can be seen, this
compound has enzyme potency similar to dione 1 but
with improved activity in our peripheral blood mono-
nuclear cells (PMBCs) proliferation assay (Table 1).15


In addition, this compound shows the favourable solu-
bility (pH 6.5: 101 lg/ml) seen by early examples in this
series.


Synthesis of these compounds was readily achieved from
known amino-acid 3. An EDC coupling with the appro-
priate amine (generally methylamine) gave amino-amide
4, which on condensation with a ketone using para-tol-
uenesulfonic acid in refluxing dichloroethane afforded
the desired quinazolinone 2 (Scheme 1).13,14


Clearly, in forming the spiro-centre, in many cases a
chiral centre is also generated. Compound 2g was of
sufficient interest for the enantiomers to be separated
using chiral HPLC. Encouragingly, most of the activity
was found to reside in one of the enantiomers (Enan-
tiomer 1 56 nM, Enantiomer 2 4255 nM) Unfortunately
all attempts to determine the absolute stereochemistry
of this centre using X-ray crystallography failed. How-
ever using the docking programme, GOLD,16 the cen-
tre was tentatively assigned an S configuration: for
this enantiomer the tert-butyloxy group fits snugly into
a lipophilic pocket in the enzyme active site. X-ray
crystal studies of VX-4973 predict that the oxazole
and methoxy groups make key interactions in the ac-
tive site orientating inhibitors in the manner shown
(Fig. 2).


Spiro-pyrrolidine 2g was also a useful compound from
which to start further explorations of the SAR of this
series. Removal of the tert-butyloxy group proceeds
smoothly using hydrogen chloride in diethyl ether to
afford the free amine, which was further reacted with
a variety of electrophiles. The ethyl carbamate (5a)

Scheme 1. Preparation of 7-methoxy-6-oxazol-5-yl-2,3-dihydro-1H-


quinazolin-4-ones.

showed enzyme and cellular activities similar to those
of its tert-butyl analogue (2g), as did the tert-butyl
amide (5b). The ethyl urea (5c), despite maintaining
enzyme activity, was disappointing in the cellular as-
say. Similarly, a reduction in enzyme and cellular
activities was observed for the phenyl urea (5d). How-
ever, formation of the tetra-substituted urea 5e not
only improved potency against IMPDH II but also
more importantly restored cellular activity to that seen
for 2g. Unfortunately, this compound showed a higher
human microsomal turnover compared to 2g. To ad-
dress this issue, potentially metabolisable sites on the
phenyl ring were blocked with fluoro substituents
and this, as shown by compound 5f, was partially suc-
cessful without impairing potency. Aliphatic cyclic and
acyclic ureas, as exemplified by 5g, 5h and 5i, exhibit-
ed similar profiles to 5e. Formation of the oxy-urea
(5j) reduced microsomal clearance to a level similar
to that of 2g without seriously compromising enzyme
and cellular activities. All members of this series
showed an improvement in solubility over dione 1
(e.g., 5g, pH 6.5: 813 l/ml). Several of these com-
pounds were made chirally pure and, as for example
2g, most of the activity was associated with one enan-
tiomer (Table 2).


As has been seen repeatedly for this series, high micro-
somal turnover is a major issue. In an attempt to under-
stand this, in vivo PK experiments were performed on
compound 2g in which the metabolites were identified.
It was found that a major site of metabolism was the
pyrrolidine core of the molecule. One way of preventing
this oxidation was to block the labile site with a
substituent and towards this end a series of proline-de-
rived compounds was synthesized. The required enan-
tiomerically pure ketones were readily prepared in a
three-step synthesis from commercially available start-
ing materials.


Condensation with amino-amide 4 in the manner de-
scribed above produced the desired quinazolinones as
pairs of diastereomers (6a–d) that could be separated
by IIPLC. Some chiral induction was observed with an
approximately 4:1 ratio of diastereomers.







Table 2. SAR of 7 0-methoxy-3 0-methyl-6 0-(1,3-oxazol-5-yl)-1 0H-spiro[pyrrolidine-3,20-quinazolin]-4 0(3 0H)-ones


Compound R IMPDH II9 IC50 (lM) PBMC15 (nM) Clint15 (lL/min/mg)


2g Ot-Bu 104 0.97 42


5a OEt 80 1.2 24


5b t-Bu 94 0.54 46


5c NHEt 119 7.2 11


5d NHPh 393 16 19


5c NMePh 64 0.86 144


5f 51 1.2 97


5g NEt2 45 0.54 92


5h 68 1.8 152


5i NiPr2 71 0.07 612


5j N(Me)OMe 79 1.9 38


Note. All compounds shown are racemic.


Figure 3. NOE experiments on proline-derived quinazolinones.
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Using the known stereochemistry within the molecule,
persistence with elegant NMR experiments looking at
long-range NOE effects between the a-proton on the
pyrrolidine ring and the 3 0N-methyl protons resulted
in determination of the absolute stereochemistry of the
spiro-centre (Fig. 3). Testing these compounds in our
enzyme assay also produced some interesting results.
As can be seen only one of the four diastereomers (the

Table 3. SAR of proline-derived 7 0-methoxy-30-methyl-6 0-(1,3-oxazol-5-yl)-1


Compound Stereochemistry (spiro-centre, a-centre) IMPDH


6a R,S 948


6b S,S 369


6c R,R 26% at


6d S,R 35


n.t., not tested.

major product from the condensation with the ketone
derived from DD-proline) shows the desired levels of activ-
ity against IMPDH II and hence was the only one tested
in our cellular assay. Compound 6d was deduced to have
S stereochemistry at the spiro-centre and showed an
improvement in enzyme potency as well as the predicted
improvement in metabolic stability over its unsubstitut-
ed analogue (2g) (Table 3). In view of its increased
enzyme potency over compound 2g, the activity in the
cell proliferation assay was a little disappointing
although still acceptable. However, as can be seen in Ta-
ble 2, compounds with similar enzyme potencies can
give rise to quite different cellular activities (e.g., 5i
and 5j).


In summary, we have identified a series of novel 7-meth-
oxy-6-oxazol-5-yl-2,3-dihydro-1H-quinazolin-4-ones as

H-spiro[pyrrolidine-3,2 0-quinazolin]-4 0 (3 0H)-ones


II15 IC50 (nM) PBMC15 (lM) Clint17 (lL/min/mg)


n.t. n.t.


n.t. n.t.


10 lM n.t. n.t.


1.5 18
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potent IMPDH II inhibitors that also have physical
properties superior to those of our earlier series. The
in vivo PK profiles and pharmacological results of some
of these compounds will be reported elsewhere.
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Abstract—A thiazole derivative, 2-(2,6-dichlorobenzyl)-N-(4-isopropylphenyl) thiazole-4-carboxamide (1), was identified as a
TRPV1 antagonist. We synthesized various thiazole analogs and evaluated them for their ability to block capsaicin- or acid-induced
calcium influx in TRPV1-expressing CHO cells. The IC50 values of the most potent antagonists were ca. 0.050 lM in these assays.
� 2005 Elsevier Ltd. All rights reserved.

NH


O


N


S Cl


Cl


left aryl central right

The vanilloid receptor 1 (VR1 or TRPV1), a non-selec-
tive cation channel within the transient receptor poten-
tial (TRP) family, is highly expressed in sensory
neurons located primarily in the dorsal root ganglia.1


TRPV1 is activated by a variety of stimuli such as heat
and acid, and exogenous chemical stimuli such as capsa-
icin (the pungent component found in chili peppers).
Activation of TRPV1 induces the initial excitation of
primary sensory neurons that often leads to a burning
sensation. Prolonged stimulation with TRPV1 agonists
can desensitize sensory nerves, making them less sensi-
tive to subsequent painful stimuli. However, TRPV1
agonists are neurotoxic and cause initial excitatory ef-
fects on sensory neurons, making their use as analgesics
limited.2 TRPV1 receptor antagonists, on the other
hand, inhibit the activation of the primary sensory
neurons, so they should be devoid of the neurotoxicity
associated with activation and desensitization of the
nerve cell. Therefore, TRPV1 antagonists may serve as
better analgesic agents than TRPV1 agonists.3


In ourwork toward the discovery of new analgesic agents,
we identified a series of thiazole carboxamides as TRPV1
antagonists.4 The initial lead compound, 2-(2,6-dichlo-
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robenzyl)-N-(4-isopropylphenyl) thiazole-4-carboxam-
ide (1), was discovered by high-throughput screening
measuring Ca2+ influx in Chinese hamster ovary (CHO)
cells.5 For the purpose of our structure–activity relation-
ship (SAR) study, wemeasured the inhibition of capsaicin
(CAP) and acid (pH 5) induced influx of 45Ca2+ intoCHO
cells that express rat–human chimera TRPV1.6 Our goal
was to improve the potency over compound 1 as well as
to gain a better understanding of the pharmacophores re-
quired for activity at the TRPV1 receptor. Toward this
end, we first optimized the left-side aryl amide portion fol-
lowed by the central core and then the right-side aryl por-
tion of compound 1 (Fig. 1).


We began our initial SAR studies by examining the
effect of varying the left phenyl ring and prepared a

amide core aryl


1 


Figure 1. 2-(2,6-Dichlorobenzyl)-N-(4-isopropylphenyl) thiazole-4-


carboxamide (1) identified as a TRPV1 antagonist through high-


throughput screening.
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Scheme 1. Reagents and conditions: (a) HATU, DMF, 0–23 �C, 70–95% yield.
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series of substituted aryl amides. As illustrated in
Scheme 1, compounds 4a–n were synthesized by the
condensation of substituted anilines 2a–n with commer-
cially available 2-(2,6-dichlorobenzyl) thiazole-4-car-
boxylic acid (3) in the presence of HATU.7 The assay
results for these aryl amides are reported in Table 1.


We found that the potency at TRPV1 was sensitive
to the substitution on the aryl amides. For example,
the larger tert-butyl homolog (4a) and the truncated
4-ethyl analog (4b) were 1.5- to 2-fold less potent
than 1 in the CAP-mediated assay. The decrease in
activity for the unsubstituted phenyl analog (4c)
was greater than 10-fold. Compounds possessing a
strongly electron-donating para-substituent, such as
p-NMe2 (4d) and p-OMe (4e), also showed signifi-
cantly lower potencies (IC50 values >4 lM in both
CAP- and acid-mediated assays). In contrast, elec-
tron-withdrawing para-substituents improved activity
at the TRPV1 receptor. For example, the p-Br analog
(4f) had an IC50 = 0.40 lM in the CAP-mediated as-
say, making it >10-fold more potent than the p-
OMe analog (4e) and 1.5-fold more potent than the
p-Et analog (4b). These results suggest that it is the
electronic effects of bromide that cause the activity
enhancement, since bromide has similar size to those
of OMe and Et groups, as measured by molecular
refractivity, MR.8

Table 1. Structures and assay results of thiazole analogs with variations at


N


O


NH
XY


om


p


R


Compound R X Y


1 p-Pri CH CH


4a p-But CH CH


4b p-Et CH CH


4c H CH CH


4d p-NMe2 CH CH


4e p-OMe CH CH


4f p-Br CH CH


4g p-CN CH CH


4h p-CF3 CH CH


4i p-CF2CF3 CH CH


4j p-CF3 CH N


4k p-OMe CH N


4l p-Br N CH


4m o-Br CH CH


4n m-Br CH CH


a The activation assays were carried out in a rat–human chimera of the TRPV1


independent experiments with three replicates at each concentration.

Accordingly, we prepared more electronegative aryl
amide analogs, 4g–j. The p-CN substituted phenyl amide
(4g) was comparable in potency to both compound 1 and
the p-Br analog (4f). The most potent analog was the p-
CF3 analog 4h with IC50 values of 0.14 and 0.09 lM in
the CAP- and acid-mediated assays, respectively. The
larger homolog (p-CF2CF3, 4i), however, was slightly less
potent in these assays (IC50 = 0.29 in the CAP assay and
0.35 lM in the acid assay). The trends in potencies ob-
served for the substituted 3-pyridyl analogs (4j,k) were
similar to their phenyl counterparts (4h,e). For example,
the p-CF3-pyridyl (4j) was as potent as the p-CF3-phenyl
analog (4h), whereas the p-OMe-pyridyl (4k) had IC50


values >4 lM in both assays, as was also observed for
the corresponding p-OMe-phenyl (4e). In contrast, shift-
ing the pyridyl nitrogen from the 3- to the 2-position
caused a reduction in potency (i.e., 4l vs f).


Finally, the position of the substituent was important
for TRPV1 activity. For example, moving the bromine
substituent from the para-position (4f) to the ortho- or
meta-positions (4m,n) resulted in a decrease in potency
to >4 lM.


In the next phase of our investigation, we kept the most
potent left aryl amide (p-CF3-phenyl, 4h) and modified
the central core (Table 2, compounds 25a–i). A thiazole
regioisomer and a substituted thiazole analog were

the left phenyl amide portion


S
Cl


Cl


CAPa IC50 ± SEM (lM) Acida IC50 ± SEM (lM)


0.37 ± 0.19 0.52 ± 0.30


0.57 ± 0.24 0.30 ± 0.05


0.81 ± 0.13 1.45 ± 0.86


>4 >4


>4 1.27 ± 0.49


>4 >4


0.40 ± 0.09 0.46 ± 0.11


0.45 ± 0.06 0.72 ± 0.20


0.14 ± 0.03 0.088 ± 0.019


0.29 ± 0.03 0.35 ± 0.16


0.11 ± 0.04 0.13 ± 0.01


>4 >4


>4 >4


>4 >4


>4 >4


channel expressed in CHO cells. Results are the average of at least two







Table 2. Structures and assay results of TRPV1 antagonists with different central cores


F3C NH


O


Z


Cl


Cl


Ar


Compound Ar Z CAPa IC50 ± SEM (lM) Acida IC50 ± SEM (lM)


4h
S


N
CH2 0.14 ± 0.03 0.088 ± 0.019


25a
N


S
CH2 0.79 ± 0.025 1.78 ± 0.55


25b
O


N
CH2 0.062 ± 0.014 0.200 ± 0.008


25c
NH


N
CH2 0.23 ± 0.12 0.23 ± 0.11


25d N


S


CH2 3.42 ± 1.49 >4


25e
N


N
CH2 1.01 ± 0.50 1.02 ± 0.32


25f
S


N
Bond >4 >4


25g
S


N
CH2CH2 >4 >4


25h
S


N
O 0.87b 1.28 ± 0.86


25i
S


N
NH 0.051 ± 0.023 0.048 ± 0.009


a The activation assays were carried out in a rat–human chimera of the TRPV1 channel expressed in CHO cells. Results are the average of at least two


independent experiments with three replicates at each concentration.
b Single experimental determination.
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prepared and tested. In addition, the central core was re-
placed with two other five-membered heterocycles: oxa-
zole and imidazole rings. As part of the central core
modifications, the linker between the thiazole group
and dichlorophenyl ring was also altered (e.g., CH2,
CH2CH2, O, and NH, or removed). The syntheses of
these core analogs are shown in Schemes 2–6.


Schemes 2 and 3 illustrate the synthesis of the key inter-
mediates containing the different core structures (i.e.,
compounds 8, 9, 15, and 16). Thiazole 5-carboxylic acids
8 and 9 were obtained in good yields by the condensa-
tion of a-chloro-b-ketoesters 5 and 6 with 2-(2,6-dichlor-
ophenyl) ethanethioamide 7 in EtOH,9 followed by a
basic hydrolysis of the resulting esters. Oxazole acid
1510 and imidazole acid 1611 (Scheme 3) were prepared
through the oxidation of the corresponding dihydro
intermediates 13 and 14. Cyclization of serine methyl es-
ter 10 with acetimidate 12 afforded 4,5-dihydrooxazole
13. Oxidation of 13 with CuBr2 under basic conditions

followed by ester hydrolysis with 1 N NaOH provided
oxazole acid 15 in 15% overall yield. Similarly, 4,5-dihy-
dro-1H-imidazole-4-ester 14 was obtained in 63%
yield via the cyclization of 12 with 2,3-diamino propa-
noic ester 11. Oxidation of 14 with MnO2 in CH2Cl2
proceeded smoothly to yield the corresponding imidaz-
ole ester, which was hydrolyzed to give acid 16 in
excellent yield.


Compounds with different linking groups between the
thiazole and the dichlorophenyl (Scheme 4, compounds
19a–c) were constructed through the condensation of
thioamides 18a,b and thiourea 18c with ethyl bromo-
pyruvate 17.12 Thioamide 18a and thiourea 18c were
purchased from commercial sources, while 3-(2,6-
dichlorophenyl) propanethioamide 18b was prepared
from 3-(2,6-dichlorophenyl) propanenitrile according
to the method of Klimesova, et al.13 Oxygen-linked thi-
azole analog 24 was synthesized using a copper-cata-
lyzed procedure, as shown in Scheme 5.14 Coupling of
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2-chlorothiazole 20 with 2,6-dichlorophenol 21 with
microwave heating in the presence of CuI afforded alco-
hol 22. Oxidation of alcohol 22 with MnO2 gave alde-
hyde 23, which was then converted to acid 24 in
excellent yield by oxidation with SeO2/H2O2.

The final steps to prepare amides 25a–i required the
coupling of acids 8, 9, 15, 16, 19a–c, and 24 with
p-trifluoromethyl aniline, as illustrated in Scheme 6.
Compound 25e was obtained by N-methylation of
the imidazole ring of 25c with MeI under basic
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conditions, and the position of the methyl group was
unambiguously confirmed by NMR spectroscopic
methods.15
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independent experiments with three replicates at each concentration.

Changes to the central core significantly influenced
potency, as demonstrated by the assay data summa-
rized in Table 2. For example, shifting the carboxamide
group from the 4-position (e.g., 4h) to the 5-position
(e.g., 25a) resulted in a 5-fold decrease in potency in
the CAP-mediated assay and 20-fold decrease in poten-
cy in the acid-mediated assay. The effects of replacing
the sulfur atom in thiazole 4h with either oxygen or
nitrogen are illustrated by oxazole 25b or imidazole
25c. Oxazole 25b showed an IC50 = 0.062 lM in the
CAP-mediated assay, which was about 2-fold more po-
tent than 4h. In the acid-mediated assay, however, 25b
was 2-fold less potent than 4h. Imidazole 25c displayed
IC50 values of 0.23 lM in both the CAP- and acid-
mediated assays. Introducing a methyl group to the
central core was poorly tolerated, as shown by 4-meth-
yl 5-carboxamide 25d (IC50 > 3 lM in both the CAP-
and acid-mediated assays). Similarly, the methylated
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imidazole 25e was >15-fold less potent than imidazole
25c.


Altering the linker between the thiazole and the right
dichlorophenyl moiety afforded compounds 25f–i. Com-
pounds with either shorter (no spacer, 25f) or longer
linker (–CH2CH2–, 25g) were less potent in both the
CAP- and acid-mediated assays (IC50s > 4 lM). Chang-
ing the –CH2– linker to an oxygen atom did not improve
activity (e.g., 25h). In contrast, the NH-linked derivative
25i had significantly improved TRPV1 potency
(IC50 = 0.051 lM in the CAP assay and 0.048 lM in
the acid assay), which was about 2-fold more potent
than compound 4h.


Finally, we investigated the substituent effect of the
right-side aromatic ring based on modifications to com-
pound 25i. Scheme 7 shows the synthesis of compounds
28a–e (Table 3). The thioureas 27a–e were obtained by
one-pot reactions involving the condensation of anilines
26a–e with benzoyl isothiocyanate followed by a basic
hydrolysis to remove the benzoyl group.16 The resulting
thioureas were condensed with bromopyruvate followed
by the hydrolysis of ester and coupling with p-trifluo-
romethyl aniline to provide the target compounds
28a–e.


Small structural changes in this area had a signifi-
cant impact on potency. For example, changing
one of the chlorine atoms on the phenyl moiety to
a CF3 group (e.g., 28a) resulted in a reduction in
potency (IC50s > 4 lM in both the CAP- and acid-
mediated assays). Deletion of one chlorine atom also
caused a reduction in activity, as observed with
compound 28b (IC50s > 1 lM in both assays). Substi-
tution on the para-position was also unfavourable.
For example, para-sulfonamide analog 28c had IC50


values of �1.7 lM in both the CAP- and acid-med-
iated assays.


Pyridyl analog 28d was much less potent than the corre-
sponding phenyl counterpart 28i, with an
IC50 = 0.36 lM in the CAP assay, and 0.88 lM in the
acid assay. Changing both chloride atoms to –CH3


groups furnished a potent TRPV1 antagonist 28e with
IC50 values of �0.09 lM in both assays.


In conclusion, through SAR studies based on com-
pound 1, we designed several novel thiazole analogs
that are potent TRPV1 receptor antagonists. In addi-
tion, we found that compounds with a strong elec-
tron-withdrawing para-substituent on the left phenyl
amide portion were more potent than the analogs
with electron-donating para-substituents (e.g., 4h,i vs
4d,e). Excellent antagonistic potencies were also ob-
served for the oxazole analog 25b. The NH-linked
analog 25i was the most potent TRPV1 receptor
antagonist in this series with IC50 values of
0.050 lM for both the CAP- and acid-mediated as-
says. Finally, we found that variations at the right
phenyl ring were less tolerated, and most changes
in this region led to a drop in potency at TRPV1
receptor.
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Abstract—Jadomycin B is a secondary metabolite produced, in response to stress, by Streptomyces venezuelae ISP5230 grown in
nutrient-deprived media. We present definitive electrospray ionization mass spectrometry data identifying a series of novel jadomyc-
ins with non-proteogenic amino acids incorporated into the oxazolone ring of the secondary metabolite, and strengthening evidence
for the existence of an aldimine intermediate in the biosynthetic pathway. We also demonstrate that the size of the oxazolone ring
can be expanded by incorporating b-amino acids.
� 2005 Elsevier Ltd. All rights reserved.

The structural diversity of natural products is a source
of both chemical inspiration and medicinal potential.
The jadomycins (Scheme 1A) are a series of glycosylated
secondary metabolites containing an oxazolone ring
fused onto an angucycline polyketide skeleton.1


Sequencing the gene cluster responsible for jadomycin
B production has rationalized many important steps in
the biosynthetic pathway and identified several unique
genes with unknown functionality.2,3 However, to date,
no candidate genes have been identified that appear to
catalyze oxazolone ring synthesis. Therefore, our studies
have led us to investigate the scope of the unusual trans-
formation required to form the oxazolone ring during
the biosynthesis of the glycosylated natural product.
Recently, formation of this ring has been postulated to
proceed chemically through condensation of a polyke-
tide-derived intermediate with a reactive aldehyde func-
tionality and an amino acid.4 The resulting aldimine
intermediate may be subsequently cyclized and trans-
formed into the glycosylated jadomycin derivative
(Scheme 1A).


Our recent results support this chemical mechanism by
identifying jadomycin derivatives formed not only from
naturally occurring LL-amino acids, but also from DD-Val,
DD-Ile and two synthetic amino acids, threonine-O-meth-
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yl ether and threonine-O-methoxymethylene ether.5 The
derived jadomycins were identified through the analysis
of electrospray ionization mass spectrometry (ESI-MS)
enhanced product ion (EPI) scan data of culture ex-
tracts. The ESI-MS/MS data clearly showed an ion cor-
responding to the jadomycin derivative (1), which was
first fragmented byMS/MS to the deglycosylated jadomy-
cin congener (2), and subsequently, by cleaving the oxazo-
lone ring, to form the phenanthroviridin (3) (Scheme 1B).
Herein, we provide evidence for the formation of other
novel jadomycin derivatives based on non-proteogenic
amino acids and the first report of jadomycin derivatives
containing an oxazinanone (6-membered) ring.


Cultures containing DLDL-4-fluorophenylalanine, 2-amino-
isobutyric acid, (R)- and (S)-phenylglycine, b-alanine,
DLDL-3-aminoisobutyric acid and isoleucine (as control)
were grown in shake flasks as described previously.1,6


After 24 h, the characteristic orange colour correspond-
ing with jadomycin B production developed in the iso-
leucine cultures; however, an additional 24 h growth
was required for significant colour development with
the other nitrogen sources, potentially indicating slower
uptake processes. Thin layer chromatographic analysis
(data not shown) of the reversed-phase column eluates
indicated the presence of a major coloured component
in each sample. The extracts were then analyzed by
ESI-MS EPI (Fig. 1 and Table 1).


The molecular ion corresponding to the postulated
parent molecule was identified in each case, and an
EPI scan confirmed the breakdown of the proposed
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Figure 1. Representative ESI-MS EPI scan data for the MS/MS breakdown of jadomycin derivatives formed from incorporating (A), DLDL-4-


fluorophenylalanine; (B), 2-aminoisobutyric acid; (C), DLDL-3-aminoisobutyric acid and (D), (R)-phenylglycine.
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ion spectrum. Under these MS/MS conditions the jadomycin B ion (1) fragments first into its aglycone ion (2) and subsequently into the


phenanthroviridin ion (3) (m/z 306.1).5


D. L. Jakeman et al. / Bioorg. Med. Chem. Lett. 15 (2005) 5280–5283 5281

parent ion directly within the mass spectrometer to the
aglycone ion, and subsequently to the phenanthroviri-
din ion, providing unequivocal evidence for the struc-
tures of the parent jadomycins. All jadomycin

derivatives showed this fragmentation pattern, includ-
ing those produced when VS1099 was grown on b-al-
anine or DLDL-3-aminoisobutyric acid. The proposed b-
alanine and DLDL-3-aminoisobutyric acid derived prod-







Table 1. ESI-MS EPI data observed for culture extracts of Streptomyces venezuelae ISP5230 grown on specific nitrogen sources


Nitrogen source used in growth EPI-MS/MS data of novel jadomycins


Parent ion Aglycone ion Proposed structure X =


DLDL-4-Fluorophenylalanine 602.5 472.1
F


2-Aminoisobutyric acid 522.5 392.0
H3C CH3


(R)-Phenylglycine 570.0 440.0


(S)-Phenylglycine 570.0 440.0


b-Alanine 508.2 378.1


DLDL-3-Aminoisobutyric acid 522.6 392.2


CH3


DD-Val and LL-Asna 536.4 406.1
H3C


CH3


551.4 421.1


H2N


O


LL-Valine methyl ester 596.4


O


O


HO


N


HO
CO2MeOOR


466.3 (4) R = LL-digitoxosyl, (5) R = H


aWhen both amino acids were fed simultaneously peaks observed from incorporation of DD-Val and LL-Asn were of similar intensity.
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ucts are the first examples of jadomycin derivatives
containing a six-membered oxazinanone ring. This
parallel to jadomycins containing five-membered rings,
provides strong spectrometric evidence for jadomycin
derivatives containing six-membered rings.


If a chemical insertion process, rather than an enzymatic
one, is involved in jadomycin biosynthesis, then cultures
grown inmedia containingmixtures of amino acidsmight
be expected to produce comparable quantities of each
jadomycin derivative. Analysis of the mass spectrometric
data from an extract of Streptomyces venezuelae cultures
grown with equimolar DD-valine and LL-asparagine present
in the medium clearly indicates the presence of both jado-
mycin derivatives in the methanol extracts, as shown in
Table 1, corroborating this mechanistic hypothesis.

To assess whether the aldimine intermediate proposed as
a prerequisite to oxazolone ring formation during jado-
mycin biosynthesis could be observed (Scheme 1A), we
have conducted experiments using LL-valine methyl ester
as the sole nitrogen source. Due to the presence of the
methyl ester functionality, the proposed aldimine inter-
mediate should be unable to cyclize and could potential-
ly be isolated or detected. Mass spectrometric analysis of
the partially purified culture extracts from growth on
LL-valine methyl ester clearly identified two relevant
peaks, the first corresponding to the anticipated molec-
ular ion for the aldimine intermediate, formed by
condensation of LL-valine methyl ester with a polyke-
tide-derived aldehyde, and the second corresponding
to the glycosylated aldimine intermediate. Neither of
these peaks broke down under increasingly vigorous
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MS/MS conditions, indicating that neither parent ion
contained an oxazolone ring. These two peaks provide
direct evidence for the formation of the aldimine inter-
mediate and also indicate that the glycosyltransferase,
JadS, does not require an oxazolone ring in its aglycone
substrate.


The incorporation of DLDL-4-fluorophenylalanine, 2-ami-
noisobutyric acid, and both (R)- and (S)-phenylglycine
into jadomycin derivatives provides evidence for a
non-enzymatic route to the oxazolone ring. A similar
non-enzymatic process has been proposed during beta-
xanthin biosynthesis.7 In the case of the jadomycins, this
non-enzymatic route is now substantiated by direct mass
spectrometric observation of the aldimine intermediate
using cultures grown on LL-valine methyl ester. Identifi-
cation of predictable products, arising from incorpora-
tion of b-alanine and DLDL-3-aminoisobutyric acid,
demonstrates an unexpected reactivity of the jadomyc-
ins� biosynthetic machinery and discovery of a new class
of jadomycins with an oxazinanone ring. Further inves-
tigations are in progress to structurally characterize and
assess the bioactivity of these novel metabolites.
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Abstract—Two novel chemical classes of kappa opioid receptor agonists, chroman-2-carboxamide derivatives and 2,3-
dihydrobenzofuran-2-carboxamide derivatives, were synthesized. These agents exhibited high and selective affinity for the kappa
opioid receptor.
� 2005 Elsevier Ltd. All rights reserved.

Opioid analgesics mediate their effects through three
opioid receptor types, l, j, and d.1 Most of the opioid
analgesics at present, for example, morphine, act by
binding to the l-opioid receptor, and their analgesic
potency is associated with a spectrum of undesirable side
effects, such as physical dependence, respiratory depres-
sion, and constipation. In recent years, considerable
attention has been focused on the development of recep-
tor selective j-agonists as potent and efficacious analge-
sics devoid of the undesirable side effects of the l
analgesics.2 The most important selective j-agonists
developed so far are the arylacetamide derivatives. Since
the discovery of the one of the first selective arylaceta-
mide j-agonists, U-50,488 in the early 1970s, which dis-
played analgesic effects in vivo and did not produce
respiratory depression, constipation, or tolerance,3 a
number of related, but chemically diverse, arylacetamide
j-agonists have been reported. Among these is ICI
199441, which is 146-fold more potent than U-50,488
in vitro.4 However, these centrally acting j-agonists pro-
duced their own set of CNS side effects such as dyspho-
ria and diuresis, which prevented their further
development as analgesic therapeutics.2,5,6 To avoid
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the side effects associated with the CNS, peripherally
acting j-agonists are at present the focus of interest.2,5,6


Previously, we reported the design and synthesis of a
novel series of azepinones as constrained analogs of
ICI 199441, exemplified by compound 1, which showed
high and selective j binding affinity.6 During a screening
of a combinatorial library, aryloxyacetamides (e.g., 2
and 3) were identified as highly potent j-agonists.7 Here,
we describe the synthesis and biological evaluation of
two novel series of constrained aryloxyacetamides with
the general structure I: chroman-2-carboxamides
(n = 1) and 2,3-dihydrobenzofuran-2-carboxamides
(n = 0) with various substitution groups on the phenyl
ring, especially polar substituents including acetylamino,
sulfonylamino, and carbamoyl groups. The inclusion of
such polar substituents was by design to yield com-
pounds, which may limit CNS penetration and display
peripheral selectivity in vivo. This is expected to be ben-
eficial to decrease or avoid the CNS side effects of the
centrally active kappa opioid receptor ligands while
retaining antihyperalgesic activity.2 The in vitro receptor
binding assay showed that many of these new com-
pounds possess high and selective j binding affinity.
Two representative compounds from these two novel
series of constrained aryloxyacetamides were evaluated
in the in vivo nociceptive assays and demonstrated
potent analgesic effects.
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The synthesis of the chroman-2-carboxamide and 2,3-
dihydrobenzofuran-2-carboxamide constrained analogs
11–26 is summarized in Scheme 1. The synthesis began
with the preparation of various substituted racemic
and enantiomerically pure (R)- and (S)-chroman-2-car-
boxylic acids and 2,3-dihydro-benzofuran-2-carboxylic
acids, compounds 6–10. Racemic chroman-2-carboxylic
acid (6: n = 0) was prepared based on a literature proce-
dure using 2 0-hydroxyacetophenone (4) as starting mate-
rial.8 Racemic 2,3-dihydro-benzofuran-2-carboxylic acid
(6: n = 1) was easily prepared by hydrogenation of the
commercially available benzofuran-2-carboxylic acid 5
at 60–70 psi. The corresponding enantiomerically pure
acids were obtained via chiral separation of the racemic
acids.9 The absolute stereochemistry was assigned based
on the comparison of the optical rotation data with
those reported in the literature.10,11


Derivatization of the chroman-2-carboxylic acid and
2,3-dihydrobenzofuran-2-carboxylic acid was carried
out on either racemic or chiral material. Treatment of
chroman-2-carboxylic acid with nitric acid gave the 6-ni-
tro-chroman-2-carboxylic acid as a single isomer, which
was converted to the ester under standard conditions.
Reduction of the nitro group by hydrogenation followed
by reaction of the resulting aniline with acetyl chloride,
methyl chloroformate, methanesulfonyl chloride, and
propanesulfonyl chloride afforded amide, carbamate,
and sulfonamides, respectively, which were hydrolyzed
with lithium hydroxide to yield the acids 7 (n = 1). In
contrast to chroman-2-carboxylic acid, nitration of
2,3-dihydro-benzofuran-2-carboxylic acid under the
same reaction conditions yielded two regioisomers:
5-nitro-2,3-dihydrobenzofuran-2-carboxylic acid as the
major isomer and 7-nitro-2,3-dihydrobenzofuran-2-car-
boxylic acid as the minor isomer (4:1 ratio). Without
further purification, the crude mixture of acids was
esterified and the two esters readily separated by silica
gel chromatography. The structural assignment of these
two isomers was based on the coupling pattern of the

aromatic protons in 1H NMR spectra.12 Both regio-
isomers were subjected to the same derivatization and
hydrolysis sequence as described above for the synthesis
of substituted chroman-2-carboxylic acids 7 (n = 1),
to furnish the corresponding substituted 2,3-dihydro-
benzofuran-2-carboxylic acids 7 (n = 0) and 8.


The acids 9 with reversed sulfonylamino substituents at
the 6- (n = 1) or 5-position (n = 0) were synthesized via a
four-step reaction sequence from chroman-2-carboxylic
acid and 2,3-dihydro-benzofuran-2-carboxylic acid:
methyl ester formation, chlorosulfonylation with sulfur
trioxide–DMF complex/oxalyl chloride, or chlorosulf-
onic acid, reaction of the resulting sulfonyl chloride with
ammonia or methylamine, and then saponification. The
synthesis of the acids 10, or methylene analogs of the
acids 7, required six reaction steps. Iodination of
chroman-2-carboxylic acid and 2,3-dihydro-benzofu-
ran-2-carboxylic acid with benzyltrimethylammonium
dichloroiodate gave the iodides in which iodine regio-
specifically substituted at the para position to the ring
oxygen.8 Esterification of the iodoacids, followed by
treatment with copper(I) cyanide, yielded the benzonitri-
le derivatives. These intermediates were in turn subject-
ed to hydrogenation (nitrile to benzylamine) and
capping with methyl chloroformate, methanesulfonyl
chloride, and propanesulfonyl chloride to afford carba-
mates and sulfonamides, respectively, which were
hydrolyzed with lithium hydroxide to yield the acids 10.


With the requisite acid set 6–10 on hand, the synthesis of
the target compounds 11–26 was conducted by coupling
the acids with 1-(2-methylamino-(S)-2-phenyl-ethyl)-
pyrrolidin-(S)-3-ol13 using either Mukaiyama reagent14


or O-(benzotriazol-1-yl)-N,N,N 0,N 0-tetramethyluronium
tetrafluoroborate (TBTU) as coupling reagent. In both
series, the target compounds with the (R)-configuration
at the 2-position had consistently HPLC retention times
shorter than those of the target compounds with the (S)-
configuration.
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Scheme 1. Synthesis of chroman-2-carboxylic acids and 2,3-dihydrobenzofurn-2-carboxylic acids and coupling to yield j opioid receptor agonists.


Reagents: (i) H2, 60–70 psi, 10% Pd/C, EtOAc; (ii) chiral separation; (iii) HNO3; (iv) MeOH, HCl; (v) H2, 10% Pd/C; (vi) CH3COCl or EtOCOCl or
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(xi) CuCN; (xii) (S)-1-((S)-2-(methylamino)-2-phenylethyl)pyrrolidin-3-ol, TBTU or Mukaiyama reagent, DCM.
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The in vitro opioid receptor binding results of chrom-
anes 11–19 and 2,3-dihydrobenzofurans 20–26 are sum-
marized in Tables 1 and 2.15 In the chromane series
(Table 1), compound 11-R, the unsubstituted con-
strained analog of phenoxyacetamide 2, exhibited com-
parable high j binding affinity (Ki = 1.6 nM) but with
much greater overall selectivity versus the l and d recep-
tors (>3000-fold). In contrast, diastereomer 11-S was ca.
20-fold less active at j relative to 11-R, indicating that
the configuration at the 2-position (chromane ring) is
important for optimal j binding. This stereochemical
preference held true for all compounds in the series,
for example, 17-R > 17-S, 18-R > 18-S, and 19-R > 19-
S. The substituents at the 6-position of the phenyl ring
affected j binding. Among the different substitution
groups, the sulfonylamino groups (compounds 13, 17-
R, and 18-R) are most preferred for j affinity. Com-
pound 19-R with a carbamoylmethylene substituent also
displayed good j binding affinity and selectivity. In the
case of the reversed sulfonamide analogs, compound
15 displayed comparable affinity to 13, but increasing
the bulk on the sulfonamide nitrogen atom as in 16
led to decreased j receptor affinity versus 17-R.

In the 2,3-dihydrobenzofuran series (Table 2), com-
pounds 20-R and 20-S, the unsubstituted constrained
analogs of phenoxyacetamide 2, also possessed high and
selective j affinity. This activity is similar to that of com-
pound 11-R in the chromane series. However, in contrast
to the chromane series, the configuration at the 2-position
did not significantly influence j affinity, and inmost cases,
the j binding affinity of the two diastereomeric pairs was
within a factor of 2.16 Analogous to the chromane series,
sulfonylamino groups are the most preferred substituents
for j affinity, as all the compounds having the sulfonyla-
minomoiety in themolecules including compounds 23-R,
-S, 24-R, -S, and 26-R, -S had low nanomolar j binding
affinity. The carbamoyl group (22-R, -S) was alsowell tol-
erated by the j receptor. The regioisomers with metha-
nesulfonylamino substituent at the 5- and 7-position,
23-R versus 24-R and 23-S versus 24-S, had comparable
j binding affinity. Similar to that observed in the chro-
mane series, the reversed sulfonamide 25 was 20-fold less
potent than sulfonamide 23-S.


In both the chromane series and 2,3-dihydrobenzofuran
series, polar substituents were generally well tolerated by







Table 1. SAR of the chromane series
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the j receptor. Such substituents also confer low
CYP2D6 inhibitory activity with IC50 values in the
micromolar range (Tables 1 and 2). In contrast, the kap-

pa agonists of the arylacetamide class have been shown
to bind tightly to CYP2D6, for example, ICI 199441 has
an IC50 = 26 nM against this cytochrome P450 en-







Table 2. SAR of the 2,3-dihydrobenzofuran series
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zyme.17 Cytochrome P450 enzymes serve an important
detoxification role in the body.18 Inhibition of the en-
zymes, in particular CYP2D6, may interfere with the

body�s ability to metabolize xenobiotics. From a drug
development perspective, it is desirable to identify
agents that are not potent CYP2D6 inhibitors.
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Two representative compounds from these two novel ser-
ies of constrained aryloxyacetamides, chroman-2-carbox-
amide 19-R and 2,3-dihydrobenzofuran-2-carboxamide
23-S, the two diastereomerically pure compounds both
showing high and selective j binding affinity (Ki = 2.6
and 1.2 nM) and low CYP2D6 inhibitory activity
(IC50 = 4.2 and4.5 lM)were evaluated for activity in vivo
nociceptive assays. Compounds 19-R and 23-S displayed
potent analgesic effects, producing 95% and 88% antino-
ciception at 300 lg given intrapaw (sc injection in dorsal
surface of paw), respectively, in the late phase formalin-
induced flinching assay.19Compounds 19-R and 23-S also
inhibited acetic acid-induced writhing19 when adminis-
tered sc and p.o. with sc ED50 values of 0.53 and
0.75 mg/kg, respectively, and p.o. ED50 values of 1 and
3.9 mg/kg, respectively. The peripheral selectivity of these
compounds will be investigated at a latter time.


In summary, two novel chemical classes of kappa opioid
receptor agonists, chroman- and 2,3-dihydrobenzofu-
ran-based constrained analogs of the aryloxyacetamides,
were synthesized and found to be potent j receptor li-
gands. Among these, eight compounds had single digit
nanomolar j binding affinity and >100-fold selectivity
over l and d. Chroman-2-carboxamide 19-R and 2,3-
dihydrobenzofuran-2-carboxamide 23-S both demon-
strated analgesic effects in the in vivo formalin-induced
nociception and acetic acid-induced writhing assays.
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Abstract—Starting from 10-deacetylbaccatin III (7), the 2-debenzoyl-2-m-methoxybenzoyl analogs of the newer generation taxoids
IDN5109 (3) and IDN5390 (4) were synthesized. The biological evaluation of these compounds (5 and 6, respectively) showed a
general increase of cytotoxicity, as observed in first-generation anticancer taxanes.
� 2005 Elsevier Ltd. All rights reserved.

Paclitaxel (1), a natural product first isolated from the
bark of Taxus brevifolia, and its semi-synthetic deriva-
tive docetaxel (2), are currently used in the treatment
of a large number of human tumors such as ovarian can-
cer, breast cancer, melanoma, and nonsmall cell lung
cancer. Their mechanism of action involves stabilization
of microtubules and inhibition of tubulin depolymeriza-
tion.1 Paclitaxel and docetaxel suffer from a series of dis-
advantages, including a poor water solubility and the
quick development of resistance,2 that have fuelled the
search of analogs endowed with a better clinical profile.3

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.


doi:10.1016/j.bmcl.2005.08.066


Keywords: Paclitaxel; IDN5109; IDN5390; Methoxylated; Newer


generation taxoids.
* Correspondig author. Tel.: +390737402240; fax: +390737637345;


e-mail: luciano.barboni@unicam.it

The norstatin esters IDN5109 (3)3 and IDN5390 (4)4


have recently emerged as interesting clinical candidates
to overcome resistance to paclitaxel and to allow oral
administration. When assayed against paclitaxel-respon-
sive tumors, the activity of 3 and 4 was basically in the
range of the first-generation taxoids.5 Since the intro-
duction of an azido- or a methoxy meta-substituent on
the 2-benzoate has been reported to magnify the cyto-
toxicity of taxoids,6 we have investigated this effect in
the newer generation taxoids 3 and 4, hoping to improve
their cytotoxic potency while substantially retaining the
assets of the lead structures in terms of solubility and
spectrum of activity.


Synthesis of the IDN5109 analog 5 started from the
enone 8, in turn available from 10-deacetylbaccatin III
(7) in five steps (Scheme 1).7
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Scheme 1.
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For the preparation of compound 10 we capitalized on
the recently reported diastereoselective 14b-hydroxyl-
ation of 13-oxotaxoids.8 Thus, treatment of 8 with
2-benzenesulfonyl-3-(3-nitrophenyl)oxaziridine, in the
presence of tBuOK, followed by in situ carbonyl-
ation with carbonyldiimidazole gave compound 9
(Scheme 2).9

Scheme 2. Reagents and conditions: (a) i—tBuOK, 2-benzenesulfonyl-


3-(3-nitrophenyl)oxaziridine, THF, DMPU, �65 �C to �55 �C, 1.5 h;
ii—carbonyldiimidazole, imidazole, DCM, 40 �C, 1.5 h, 30%; (b)


Et4N(BH4), MeOH, �40 �C to 0 �C, 2.5 h, 60%; (c) i—N-Boc


(4S,5R)-2-(2,4-dimethoxyphenyl)-4-phenyl-5-oxazolidine carboxylic


acid, DMAP, EDC, DCM, rt, 1.5 h; ii—HF, pyridine, CH3CN, 0 �C
to rt, 2 h; iii—HCl 0.6 N (MeOH), DCM, 0 �C, 5 h, 55%.


Scheme 3. Reagents and conditions: (a) TBDMSCl, DMAP, DCM, rt,


Cu(OAc)2ÆH2O, MeOH, rt, overnight; (d) L-Selectride, THF, �5 �C, instanta

Reduction of the 13-keto group of 9 with Et4N(BH4)
8


(Scheme 2) gave a mixture the a- and b-epimers (10a
and 10b, respectively), that could be isolated by column
chromatography.10 The configuration of C13 and C14
of compounds 10a and 10b was assigned on the basis
of the NOESY1D spectra. Compound 10a showed an
enhancement of the H-17 signal upon selective satura-
tion of H-13, whereas irradiation of H-14 showed a
NOE correlation with H-3. Selective saturation of H-
14 in 10b showed an enhancement of the H-13 and H-
3 signals, which indicates that both H-14 and H-13 lie
on the a-face of the molecule. With 10a in hand, the
completion of the synthesis was easily accomplished by
coupling with N-Boc (4S,5R)-2-(2,4-dimethoxyphenyl)-
4-phenyl-5-oxazolidine carboxylic acid4 and global
deprotection of the crude esterification product (Scheme
2).11


IDN5390 (4) is a ring C-seco taxoid, and the synthesis of
its methoxylated analog was carried out according to a
general retro-aldol entry for this type of compound.12


Thus, compound 5 was first protected at C2 0 with
TBDMSCl13 to afford 11,14 next converted to the C-seco
derivative 6 in four steps (Scheme 3)15 that could be car-
ried out without purification of any intermediate. Thus,
11 was deacetylated at C10 with hydrazine, and the ketol
function obtained was oxidized with Cu(OAc)2.


12


Reductive trapping of the ring C-seco tautomer was ob-
tained by treatment with L-Selectride.12 Final deprotec-
tion with TBAF gave 6 in a 48% overall yield.


The cytotoxicity of 5 and 6 was investigated on MCF7
and MCF7/R cell lines (Table 1).16 As expected, the
meta-methoxy group had a general boosting effect on
cytotoxicity, both on MCF7 and MCF7/R cell lines,
showing that the �meta-effect� (enhanced interaction be-
tween the C-2 ring and asp224 in the b-tubulin binding
pocket)17 has broad generality in anticancer taxoids.


In conclusion, we have demonstrated that the insertion
of a meta methoxy group on the C-2 benzoate leads to

overnight, 90%; (b) N2H4ÆH2O, EtOH 96%, �15 �C, 45 min; (c)


neous; (e) TBAF, THF, 0 �C, 20 min; overall yield (b + c + d + e) 48%.







Table 1. Cytotoxic potency of 5 and 6 in comparison with 1, 3, and 4


IC50a


Compound 72 h cell drug exposure ± SE (SRB test)b


MCF7c MCF7/Rc RId


1 0.6 ± 0.08 585 ± 62 975


3 1.6 ± 0.1 32 ± 2.4 20


4 11.2 ± 0.81 1044 ± 93 93


5 0.24 ± 0.04 4 ± 0.8 17


6 0.5 ± 0.05 120 ± 30 240


a IC50: concentration inhibiting the 50% of cellular growth compared


to untreated cells in nanomoles.
b Cells were exposed for 72 h to the drugs and the IC50 was determined


by SRB metabolic test. Values of IC50 (means of at least three


independent experiments) are reported ± standard error.
c Cell lines: MCF7 human mammary carcinoma; MCF7/R: subline


with acquired resistance to doxorubicin (DX).
d RI, resistance index; IC50 resistant line/IC50 sensitive line.
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a general increase of cytotoxicity also in newer genera-
tion taxoids, including those of the ring C-seco type that
differ substantially from taxanes in terms of topology
and conformational properties. While having minimal
effect on water solubility, the introduction of a methoxyl
can in principle have dramatic effects on drug metabo-
lism, and pharmacokinetics data are clearly needed to
assess the overall effect of this maneuver on the clinical
profile of newer generation taxoids.
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4.80 (d, J = 7.8 Hz, 1H), 4.90 (br d, J = 8.8 Hz, 1H), 6.10
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1H), 7.37 (t, J = 7.8 Hz, 1H), 7.53 (br s, 1H), 7.58 (d,
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67.7, 68.7, 71.8, 74.8, 75.0, 76.0, 80.9, 83.9, 92.3, 114.8,
120.3, 122.0, 129.3, 129.9, 138.7, 139.9, 152.7, 159.8, 164.5,
169.0, 170.1, 200.5; MS (ESI) m/z 795 (M+Na+).


11. Synthetic procedure for 5: to a solution of N-Boc (4S,5R)-
2-(2,4-dimethoxyphenyl)-4-phenyl-5-oxazolidine carbox-
ylic acid (obtained by acidification of 0.75 g of its
corresponding sodium salt, 1.75 mmol) in dry DCM
(5 mL), a solution of 10a (386 mg, 0.5 mmol) in dry
DCM, EDCI (288 mg, 1.5 mmol), and DMAP (183 mg,
1.5 mmol) was added. After stirring at rt for 1.5 h, the
reaction was worked up by dilution with EtOAc and then
addition of sat. NaHCO3. The organic phase was washed
with brine, dried, and evaporated. The residue was
dissolved in CH3CN/pyridine, (5:4, 5 mL), cooled to
0 �C, and HF (70% pyridine solution, 3.5 mL) was added.
After stirring at rt for 2 h, the solution was diluted with
EtOAc and washed with KHSO4 (10%), NaHCO3 5%,
water, and brine. The organic phase was evaporated, the
residue was dissolved in dry DCM (8 mL), cooled to 0 �C,
and treated with 0.25 mL of methanolic HCl (obtained
from the reaction of 9 lL AcCl in 0.25 mL MeOH). After
stirring overnight at room temperature, the reaction was
worked up by dilution with DCM and washing with sat.
NaHCO3. The organic phase was washed with water and
brine, dried, and evaporated. The residue was purified by
gravity column chromatography (SiO2, hexane/EtOAc,
1:1) to afford 5 (248 mg, 55%). Amorphous solid;
½a�20D � 39:6� (c 1.0, CHCl3);


1H NMR (CDCl3,
300 MHz): d 0.94 (d, J = 6.7 Hz, 3H), 0.97 (d,
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3H), 1.34 (s, 9H), 1.69 (m, 2H), 1.70 (s, 3H), 1.87 (m, 1H),
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(d, J = 7.9 Hz, 1H); 13C NMR (CDCl3, 100 MHz): d 9.7,
15.0, 20.8, 22.1, 22.5, 23.1, 23.2, 24.8, 26.0, 28.2, 35.4, 40.5,
41.8, 45.0, 51.6, 55.4, 58.7, 69.5, 71.7, 73.9, 74.6, 74.8, 76.0,
79.6, 80.4, 80.5, 84.2, 88.1, 114.0, 121.0, 122.3, 129.1,
130.0, 133.5, 139.8, 151.8, 156.2, 159.8, 164.7, 170.6, 170.9,
173.0, 202.2; MS (ESI) m/z 924 (M+Na+); HRMS m/z
calcd for C45H59NO18Na+ 924.3630, found 924.3636.
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1.30-1.34 (m, 1H), 1.36 (s, 9H), 1.45 (s, 3H), 1.66 (m, 2H),
1.71 (s, 3H), 1.90 (m, 1H), 1.91 (s, 3H), 2.25 (s, 3H), 2.50
(s, 3H), 2.56 (m, 1H), 3.71 (d, J = 7.5 Hz, 1H), 3.88 (s,
3H), 4.16 (m, 1H), 4.23 (d, J = 8.4 Hz, 1H), 4.33 (m, 2H),
4.40 (m, 1H), 4.52 (d, J = 9.9 Hz, 1H), 4.85 (d, J = 6.9 Hz,
1H), 4.95 (br d, J = 7.2 Hz, 1H), 6.10 (d, J = 7.5 Hz, 1H),
6.27 (s, 1H), 6.38 (br d, J = 6.9 Hz, 1H), 7.15 (dd, J = 8.4,
2.7 Hz, 1H), 7.37 (t, J = 8.4 Hz, 1H), 7.55 (br s, 1H), 7.61
(d, J = 8.4 Hz, 1H); 13C NMR (CDCl3, 100 MHz): d �5.1,
�4.6, 9.9, 15.4, 21.0, 22.2, 23.0, 23.6, 23.7, 24.9, 25.9, 26.1,
28.4, 35.7, 41.7, 42.0, 45.3, 51.8, 55.6, 58.8, 69.7, 71.8, 74.5,
75.0, 75.3, 76.1, 79.6, 79.9, 80.7, 84.5, 88.3, 114.3, 121.2,
122.4, 129.3, 130.2, 133.6, 140.1, 152.0, 155.4, 160.0, 164.9,
170.8, 171.1, 171.9, 202.4; MS (ESI) m/z 1038 (M+Na+).


15. Synthetic procedure for 6: To a solution of 11 (100 mg,
0.1 mmol) in EtOH (10 mL), hydrazine monohydrate

(25 mg, 0.5 mmol) was added at �15 �C. After stirring
for 45 min, the reaction mixture was worked up by
dilution with EtOAC, washing with saturated NH4Cl
and brine, and concentration under reduced pressure to
give crude 12a, which was used for the next step. Thus, 12a
was dissolved in MeOH (3 mL), Cu(OAc)2ÆH2O (974 mg)
was added, and the suspension was magnetically stirred
for 24 h. The reaction mixture was worked up by
concentration under reduced pressure, filtration through
Celite, and washing of the cake with EtOAc. The organic
phase was washed with 2% NH3 and brine, and dried,
giving the epimeric mixture 12b that was directly employed
for the reductive fragmentation step. 12b was then
dissolved in dry THF (ca. 2 mL), cooled to �15 �C, and
a solution of L-selectride (1.0 M, 0.2 mL, and 0.2 mmol)
was added dropwise. At the end of the addition, the yellow
solution was diluted with EtOAc and washed with 2 N
H2SO4 and brine. After evaporation of the solvent, the
residue was dissolved in dry THF (2 mL), cooled to 0 �C,
and treated with tetrabutylammonium fluoride (TBAF,
1 M in THF, 0.2 mL, and 0.2 mmol). After stirring for
20 min, the reaction mixture was diluted with EtOAC,
washed with 2N H2SO4 and brine, dried, and evaporated.
The residue was purified by chromatography (SiO2,
hexane/EtOAc, 1:1) to give 6 (40 mg, 48%). Amorphous
solid; ½a�20D � 20:5� (c 1.1, CHCl3);


1H NMR (CDCl3,
300 MHz, 50 �C): d 0.98 (d,J = 6.0 Hz, 6H), 1.27 (s, 3H),
1.34 (s, 9H), 1.37 (s, 3H), 1.49 (m, 1H), 1.58 (m, 1H), 1.70
(m, 1H), 1.91 (s, 3H), 1.94 (m, 1H), 1.99 (br s, 6H), 2.37
(m, 1H), 3.71 (m, 1H), 3.85 (s, 3H), 3.87 (m, 1H), 4.20 (m,
2H), 4.29 (d, J = 8.1 Hz, 1H), 4.33 (d, J = 3.6 Hz, 1H),
4.78 (d, J = 9.9 Hz, 1H), 5.14 (m, 1H), 5.24 (br d,
J = 10.8 Hz, 1H), 5.42 (br s, 1H), 6.05 (d, J = 9.3 Hz,
1H), 6.49 (br d, J = 3.3 Hz, 1H), 7.15 (dd, J = 8.1, 2.4 Hz,
1H), 7.39 (t, J = 8.1 Hz, 1H), 7.48 (br s, 1H), 7.57 (d,
J = 8.1 Hz, 1H); MS (ESI) m/z 882 (M + Na+). HRMS
m/z calcd for C43H57NO17Na+ 882.3524, found 882.3531.


16. Human tumor cell lines: the MCF7-S and MCF7-R
(multidrug resistant) human mammary carcinoma cell
lines were purchased from the American Type Culture
Collection (ATCC), and the MDA435/LCC6-WT and
MDR1 cell lines were provided by Dr. R. Clarke,
Lombardi Cancer Center, Georgetown University School
of Medicine. Cell lines are propagated as monolayers in
RPMI-1640 containing 5% FCS, 5% NuSerum IV, 20 mM
Hepes, and 2 mM LL-glutamine at 37 �C in a 5% CO2


humidified atmosphere. The doubling times for the cell
lines ranged between 20 and 30 h. Growth inhibition assay
in 96-well microtiter plates. Assessment of cell growth
inhibition was determined according to the methods of
Skehan.et al. (Skehan, P.; Streng, R.; Scudierok, D.;
Monks, A.; McMahon, J.; Vistica, D.; Warren, J. T.;
Bokesch, H.; Kenney, S.; Boyd, M. R. J. Natl. Cancer Inst.
1990, 82, 1107). Briefly, cells were plated between 800 and
1500 cells/well in 96-well plates and incubated at 37 �C 15–
18 h prior to drug addition to allow cell attachment.
Compounds to be tested were solubilized in 100% DMSO
and further diluted in RPMI-1640 containing 10 mM
Hepes. Each cell line was treated with 10 concentrations of
compound (5 log range). After a 72 h incubation, 100 lL
of ice-cold 50% TCA was added to each well and
incubated for 1 h at 4 �C. Plates were then washed five
times with tap water to remove TCA, low-molecular-
weight metabolites, and serum proteins. Then, 50 lL of
0.4% sulforhodamine B (SRB), an anionic protein stain,
was added to each well. At cell densities ranging from very
sparse to supraconfluent, SRB staining changed linearly
with increases or decreases in the number of cells and
protein concentrations. These staining characteristics
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provided an accurate assessment of cell growth.18 Follow-
ing a 5-min incubation at room temperature, plates were
rinsed five times with 0.1% acetic acid and air-dried.
Bound dye was solubilized with 10 mM Tris Base (pH
10.5) for 5 min on a gyratory shaker. Optical density was
measured at 570 nm. Data analysis: data were fit with the
Sigmoid-Emax concentration-effect model (Holford, N.H.
G; Scheiner, L. B. Clin. Pharmocokin. 1981, 6, 429) with
nonlinear regression and weighted by the reciprocal of the
square of the predicted response. The fitting software was
developed at RPCI with MicroSoft FORTRAN and uses
the Marquardt algorithm (Marquardt, D. W. J. Soc. Ind.

Appl. Math. 1976, 11, 431) as adapted by Nash (Nash, J.
C. Compact numerical method for computers: Linear
algebra and function minimization; John Wiley & Sons:
New York, 1979) for the nonlinear regression. The
concentration of drug which resulted in 50% growth
inhibition (IC50) was calculated.


17. (a) Ganesh, T.; Guza, R. C.; Bane, S.; Ravinfra, R.;
Shanker, N.; Lakdawala, A. S.; Snyder, J. P.; Kingston, D.
G. I.PNAS 2004, 101, 10006; (b) Snyder, J. P.;Nettles, J.H.;
Cornett, B.; Downing, K. H.; Nogales, E. PNAS 2001, 98,
5312; (c) He, L.; Jagtap, P. G.; Kingston, D. G. I.; Shen, H.-
J.; Orr, G. A.; Horwitz, S. B. Biochemistry 2000, 39, 3972.
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Abstract—The discovery and SAR of a new series of substituted 8-arylquinoline PDE4 inhibitors are herein described. This work
has led to the identification of several compounds with excellent in vitro and in vivo profiles, including a good therapeutic window of
emesis to efficacy in several animal models. Typical optimized compounds from this series are potent inhibitors of PDE4
(IC50 < 1 nM) and also of LPS-induced TNF-a release in human whole blood (IC50 < 0.5 lM). The same compounds are potent
inhibitors of ovalbumin-induced bronchoconstriction in conscious guinea pigs (EC50 < 0.1 mg/kg ip) but require a dose of about
10 mg/kg po in the squirrel monkey to produce an emetic response. From this series of compounds, 23a (L-454,560) was identified
as an optimized compound.
� 2005 Elsevier Ltd. All rights reserved.

Type 4 phosphodiesterases, encoded by 4 genes (A to
D), are a family of cAMP-specific hydrolases responsi-
ble for the degradation of cAMP in many cell types.1


Inhibition of this enzyme can significantly increase the
intracellular c-AMP concentration, leading to various
signaling events including the inhibition of various cyto-
kines.1c For example, LPS-stimulated TNF-a release in
human blood mononuclear cells can be blocked with
PDE4 inhibitors.2 Antigen-induced bronchospasm is
another pharmacological event that can be attenuated
using PDE4 inhibitors.3 Because airway inflammation
and bronchoconstriction are major hallmarks of asthma
and COPD, PDE4 is a promising therapeutic target for
these common and serious diseases. One of the major is-
sues with the development of PDE4 inhibitors has been
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the side effect of emesis observed for several prototypical
compounds.4 However, it has become clear that some
PDE4 inhibitors are less emetic than others, while pos-
sessing the same potency.4,5 That is, some PDE4 inhib-
itors have a larger therapeutic window than others.
For several years, efforts to improve the therapeutic win-
dow of PDE4 inhibitors have involved the identification
of compounds that appeared to be more potent for
inhibiting the enzyme activity and less potent on the
high affinity rolipram-binding site of the enzyme.1 More
recently, however, it has been shown that the high affin-
ity rolipram-binding site of the enzyme is simply the
cofactor (e.g., Mg2+) bound active site on the holoen-
zyme (active form of the enzyme). The conformational
difference between the PDE4 apoenzyme and the holo-
enzyme is responsible for the differential binding of
inhibitors.5d,e Other efforts have been directed toward
the identification of isozyme-selective compounds.1a


Finally, another approach which we have used was to
identify a highly emetic and efficacious photoaffinity
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probe aimed at identifying the molecular targets of eme-
sis and efficacy for PDE4 inhibitors.8


Our medicinal chemistry objective was to identify a new
structural class of PDE4 inhibitors with a lower poten-
tial to induce emesis at a dose well above that required
for efficacy in animal models. Examples of compounds
that meet these criteria are the clinical candidates ari-
flo,5c CDP-840 1,5a,b and roflumilast.5g These com-
pounds are structural analogs of the prototypical
compound rolipram 2, which induces emesis at roughly
the same dose that is required for efficacy.4 In the pro-
cess of our work toward identifying an emetic probe,8


we discovered that introduction of a large substituent
at the 3 0-position of an 8-arylquinoline derivative led
to compounds with an improved emetic threshold
in the ferret, while maintaining similar potency. For
example, 36 and 48,9 (Fig. 1 and Tables 1 and 3) have
similar HWBA IC50s (8.3 and 7.8 lM, respectively).
The emetic threshold for 3 in the ferret is 1.0 mpk po
(Cmax = 0.2 lM), while 4 is non-emetic up to 10 mpk
po (Cmax = 2.0 lM).


These observations led us to create a new structural class
by incorporating the structural features from CDP-840,

Table 1. Enzyme and human whole blood assay potency


Compound


PDE4A PDE4B


CDP 840 1 2.1 ± 0.8 1.4 ± 0.8


L-869,298 0.4 ± 0.2 0.4 ± 0.2


3 1.5 ± 0.4 2.3 ± 0.2


4 5.6 ± 3.2 3.0 ± 1.0


5 11.8 ± 6.9 6.4 ± 3.0


6 52 ± 45 19 ± 17


12 3.4 ± 1.5 1.8 ± 0.9


15 0.5 ± 0.1 0.3 ± 0.1


16 0.47 ± 0.01 0.3 ± 0.2


17 0.2 ± 0.1 0.2 ± 0.1


18 0.4 ± 0.1 0.3 ± 0.2


19 0.16 ± 0.04 0.07 ± 0.01


20 0.3 ± 0.1 0.3 ± 0.1


21 0.3 ± 0.3 0.3 ± 0.4


22a 0.8 ± 0.4 0.3 ± 0.1


22b 1.0 ± 0.5 0.4 ± 0.1


23a 1.4 ± 1.2 0.5 ± 0.3


23b 4.8 ± 7.8 1.1 ± 1.4


24 0.9 ± 0.3 0.5 ± 0.1


25 1.7 ± 1.8 1.1 ± 1.1


a Values are means of at least two experiments, ±standard error.

which are different from those of rolipram, into the 3 0-
position of the 8-arylquinoline (dashed boxes in
Fig. 1). The resulting hybrid compounds 5 and 6
(Fig. 2) were found to be potent PDE4 inhibitors (Table
1). Herein, we describe our medicinal chemistry efforts
on the new structural class which led to compounds with
higher potency and improved pharmacokinetics. The
optimized compounds allowed us to show that the new
structural class has a therapeutic window similar to that
of other PDE4 inhibitors that are considered to have a
low emetic potential.


The 8-bromoquinoline core 7 was prepared by condensing
either a 4-isopropyl or a methyl-substituted-2-bromoan-
iline with glycerol (Scheme 1).6 The 6-methyl-8-bromo-
quinoline 7a was further functionalized on the methyl
group by radical bromination followed by displacement
with either cyanide or methanesulfinate to give 8a and b.
Methyl groups were then introduced by activation of the

IC50 (nM)a


PDE4C PDE4D HWBA


4.5 ± 3.3 2.1 ± 0.9 14 ± 8


1.0 ± 3.3 0.4 ± 0.1 0.09 ± 0.02


3.3 ± 3.0 2.5 ± 4.0 8.3 ± 1.0


11.9 ± 5.8 2.0 ± 1.0 7.8 ± 3.0


22 ± 23 38 ± 35 31 ± 25


68 ± 68 45 ± 32 11 ± 3


106 ± 153 4.4 ± 4.2 12 ± 6


5.7 ± 0.3 0.6 ± 0.1 1.2 ± 0.3


0.7 ± 0.1 0.19 ± 0.02 0.12 ± 0.06


0.4 ± 0.1 0.2 ± 0.1 0.12 ± 0.05


0.5 ± 0.2 0.5 ± 0.1 0.61 ± 0.27


1.2 ± 0.2 0.2 ± 0.1 0.26 ± 0.07


3.8 ± 0.7 0.5 ± 0.1 1.6 ± 0.7


2.9 ± 3.5 0.6 ± 0.9 0.14 ± 0.06


6.8 ± 4.6 0.7 ± 0.3 0.07 ± 0.07


11.4 ± 1.4 0.5 ± 0.1 0.21 ± 0.12


9.1 ± 2.2 1.2 ± 0.6 0.16 ± 0.14


14 ± 17 1.9 ± 1.7 0.20 ± 0.14


14 ± 7 2.3 ± 1.7 0.93 ± 0.42


11 ± 7 2.0 ± 1.0 0.21 ± 0.08
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methylene with potassium t-butoxide followed by alkyl-
ation with iodomethane to give 9a–c (Scheme 2). The 8-
aryl substituent was introduced by the Pd-catalyzed
cross-coupling of either a commercially available aryl
boronic acid (Scheme 3), followed by further functional-
ization, or a boronate pinacol ester of a functionalized
aryl (Scheme 10).


The saturated compounds 5 and 6 were prepared from
aldehyde10a (Scheme 4). Addition of 4-chlorophenyl
magnesium bromide was followed by conversion of the
resulting alcohol to the corresponding benzyl chloride
11 using thionyl chloride. Coupling with ethyl pyridin-
4-yl-acetate anion was followed by hydrolysis and decar-
boxylation to give the pyridine 5. Oxidation of the pyr-
idine with mCPBA afforded the pyridine-N-oxide 6.


Compound 12 was prepared as in Scheme 5. Coupling of
3-bromobenzyl bromide with ethyl pyridin-4-yl acetate
13 anion was followed by conversion to the boronate
pinacol ester 14. Pd-catalyzed coupling of 14 with the
8-bromoquinoline 7b followed by conversion of the ester
to the tertiary alcohol with methylmagnesium bromide
afforded compound 12.

N
Br
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N
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Br


a


8a Y = CN
8b Y = SO2Me


b or c


9a R = CMe2CN
9b R = CHMeSO2Me
9c R = CMe2SO2Me


d
7a


Scheme 2. Functionalization at the 6-position. Reagents and condi-


tions: (a) NBS, AIBN, chlorobenzene, 70 �C; (b) KCN, DMF/water


(2:1), 100 �C; (c) sodium methanesulfinate, DMF, 25 �C; (d) potassium
t-butoxide, MeI, �78 to 25 �C.


N
a or b


10a R = CHO
10b R = CH2OH


R


7b


Scheme 3. 8-Aryl coupling. Reagents and conditions: (a) (3-formyl-


phenyl)boronic acid, Pd(Ph3P)4, Na2CO3 (aq, 2 N), DMF, 80 �C; (b) 3-
(hydroxymethyl)phenylboronic acid, Pd(Ph3P)4, NaHCO3 (aq, 2 N),


DME, 80 �C.

The unsaturated compounds (15–25) were prepared as
described in Schemes 6, 8, and 10.


Compound 15 was prepared by converting pyridin-2-yl
acetic acid 26 to the methyl oxadiazole 27 followed by
a Knoevenagal condensation with the aldehyde 10a
(Scheme 6). Compounds 16–18 were prepared by elabo-
ration of the required bis-aryl ketones 29 from 28
(Scheme 7), which were then condensed with the appro-
priate benzyl phosphorous reagent (Scheme 8). In the
case of compound 18, the tertiary alcohol was intro-
duced by adding methylmagnesium bromide to the ester
in the last step. Compounds 19–25 were prepared by
elaboration of the functionalized boronate esters 30
(Scheme 9) followed by Pd-catalyzed coupling with the
respective 8-bromoquinoline 7b or 9 (Scheme 10).
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EDCI, acetamide oxime, DME, 50 �C; (b) 10a, piperidine, toluene,
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The compounds were evaluated for their inhibitory
potency on the PDE4A, B, C, and D enzymes,1c,5d and
also on LPS-induced TNF-a formation in human whole
blood (Table 1).2 For comparison, the data for CDP-840
and L-869,2985j are included.


Structure–activity relationship (SAR) studies on the
hybrid compounds led to the conclusion that the 4-
chlorophenyl moiety of 5 or 6 was not necessary for
activity and small polar groups, such as a hydrox-
yalkyl, a to the pyridine, lead to improved potency
(Fig. 3). This is illustrated by comparing compounds
12 and 5 in Table 1 (3.4 and 11.8 nM, respectively,
on PDE4A).

The first prototypical representative in this new class,
compound 12 (Table 1), has a similar PDE4 inhibitory
potency, both on the purified enzyme and in the







Table 2. Pharmacokinetics of compounds in rats at 20 mg/kg po


Compound Cmax (lM) Tmax (h) F (%)


19 0.5 0.5 11


22a 4.1 6 80


23a 5.1 6 100


Dosed po in 60% PEG/water using a dose volume of 10 mL/kg.


N


N


Cl
aryl not necessary
for activity


R


polar substituent improves potency
(hydroxyalkyl, acyl, aryl, heteroaryl)


aryl, heteroaryldouble bond
improves potency


Figure 3. Structure–activity relationship of the new hybrid series.
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human whole blood assay, to that of CDP-840. The
emetic threshold of 12 in the ferret is similar to that
of CDP-840 (Table 3). This compound also possesses
good bioavailability in the ferret (Cmax = 2.9 lM at
10 mpk po).


Further SAR studies in the series led to the discovery of
several modifications that either improve or maintain
the potency. These include introduction of an unsaturat-
ed link, replacement of the pyridine with a substituted
aryl or another heterocycle, and replacement of the link
substituent with an acyl, aryl, or heteroaryl (Fig. 3).
With the combination of all the best substituents, the
potency was improved by 20- to 100-fold from the lead
compounds 5 and 6 on both the purified enzyme and in
the human whole blood assay (see compounds 15–21 in
Table 1).

Table 3. In vivo comparative profiles of selected compounds with CDP-840


Compound Guinea piga (%) (mg/kg) Sheep early(%)/late(%)b Eme


(dos


CDP-840 1 54 (1) 39/88 2.5 (


L-869,298 62 (0.01) 68/92 1.6 (


3 70 (0.3) ND 0.2 (


4 46 (1) ND >2.0


12 47 (1) ND 2.9 (


22a 75 (0.03) ND 1.9 (


23a 53 (0.03) 73/95 3.8 (


24 59 (0.1) ND >2.5


aMean percent inhibition of ovalbumin-induced bronchoconstriction in cons


3b. Dose (mg/kg) shown in brackets.
bMean percent inhibition of early/late-phase antigen induced bronchoconstri


of test compound for 4 days and challenged 2 h post dose on day 4. See R
c See Ref. 7. In a rising dose (dose ranging study), the average maximal plasma


is observed in at least one animal in the dosing group (nP 2). Dose (mg/kg)
d Inhibition of LPS-induced TNFa production in squirrel monkey whole bloo


whole blood and employing a 4 h incubation after LPS stimulation rather
e Ratio of the Cmax plasma concentration to the IC50 for inhibition of LPS-i
f Ferret.
g Squirrel monkey.

However, these first compounds, which were optimized
for in vitro potency, were found to be metabolically
unstable in vivo leading to modest oral bioavailabity.
For example, compound 19 (Table 2) is extensively
metabolized to give two major metabolites, which have
plasma concentrations 15- to 30-fold greater than the
parent compound. LCMS analysis indicated that the
metabolites contain 1 and 2 hydroxyl groups on the iso-
propyl group. In order to prevent or reduce the metab-
olism, we prepared several isopropyl analogs. The best
modifications were those with a nitrile or a methyl sul-
fone (compounds 22–25). These have a similar potency
to the corresponding isopropyl compounds (Table 1)
but have superior pharmacokinetics in the rat with very
low levels of circulating metabolites. Examples are com-
pounds 22a and 23a in Table 2.


The emetic threshold of several of these compounds was
evaluated in the squirrel monkey and found to be similar
to that of CDP-840 1, even though the in vitro potency
(human and squirrel monkey whole blood assays) is 20-
to 200-fold greater (Tables 1 and 3). This improvement
in tolerability is illustrated by the ratio of emesis thresh-
old plasma concentration/squirrel monkey whole blood
IC50. The ratio is 9 for CDP-840 1 while the hybrid

and L-869,298


sis Cmax
c (lM)


e mg/kg, responders)


Squirrel monkey


whole blood IC50(lM)d
Ratioe Emesis


Cmax/IC50


30, 2/6)f, 4 (10, 1/4)g 0.60 9


0.5, 2/4)g 0.005 320


1.0, 2/2)f ND ND


(10, 0/2)f ND ND


10, 1/2)f, 11.9 (10, 1/2)g 0.45 26


10, 2/4)g 0.015 127


10, 3/6)g 0.011 345


(3, 1/2)g ND ND


cious guinea pigs dosed ip 30 min prior to challenge (n = 4–8). See Ref.


ction in Ascaris sensitive sheep (n = 2–4) dosed iv with 0.5 mg/(kg day)


ef. 3c. ND = not determined.


concentration (Cmax) is achieved after the first po dose in which emesis


and number of responders exhibiting emesis are shown in parentheses.


d. This assay was performed according to Ref. 2 using squirrel monkey


than 24 h. IC50 represents the mean ± EM (nP 3).


nduced TNFa production in squirrel monkey whole blood.
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compounds have ratios of 26–345 (Table 3). The com-
pounds are also well absorbed with good pharmacoki-
netics in the squirrel monkey. In a guinea pig
functional model (ovalbumin induced bronchoconstric-
tion), these compounds are also 10- to 100-fold more
potent than CDP-840 1 (Table 3).


In summary, a new structural class of highly potent
PDE4 inhibitors has been discovered with a therapeutic
window between emesis and efficacy larger than that of
CDP-840 1. All of these compounds are non-selective
for the PDE4A, B, C, and D subtypes. The compound
23a (L-454,560:10 PDE4A IC50 = 1.4 nM, human whole
blood IC50 = 0.16 lM) was selected as a candidate for
further development. Compound 23a was well tolerated
in the squirrel monkey with an emesis window of 345-
fold. It was also effective in the guinea pig ovalbumin-in-
duced bronchoconstriction model (53% at 0.03 mg/kg
ip) and in the sheep ascaris-induced bronchoconstriction
model (73%/95%, early/late, 0.5 mg/kg, iv). L-869,298,5j


the most optimized analog of CDP-840, also has a bio-
logical profile similar to that of 23a.
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donald, D.; Deschênes, D.; Gallant, M.; Mastracchio,
M.; Roy, B.; Scheigetz, J. Org. Process Res. Dev., in
press.





		Discovery of a substituted 8-arylquinoline series of PDE4 inhibitors: Structure -- activity relationship, optimization, and identification of a highly potent, well tolerated, PDE4 inhibitor

		References and notes








Bioorganic & Medicinal Chemistry Letters 15 (2005) 5298–5302

Binding of amine-substituted N1-benzenesulfonylindoles at
human 5-HT6 serotonin receptors


Manik Pullagurla,a Uma Siripurapu,a Renata Kolanos,a Mikhail L. Bondarev,a


Małgorzata Dukat,a V. Setola,b B. L. Rothb,c and Richard A. Glennona,*


aDepartment of Medicinal Chemistry, School of Pharmacy, Virginia Commonwealth University, Richmond, VA 23298-0540, USA
bDepartment of Biochemistry, School of Medicine, Case Western Reserve University, Cleveland, OH 44106, USA


cDepartment of Psychiatry and Neurosciences, School of Medicine, Case Western Reserve University, Cleveland, OH 44106, USA


Received 11 July 2005; revised 9 August 2005; accepted 10 August 2005


Available online 23 September 2005

Abstract—An examination of several amine-substituted analogs of N1-benzenesulfonylindoles reveals that although they bind at
human 5-HT6 serotonin receptors with high affinity, they are likely to bind in a dissimilar manner.
� 2005 Elsevier Ltd. All rights reserved.

5-HT6 receptors represent one of seven (5-HT1–5-HT7)
major families of serotonin receptors, and are of interest
because of their possible involvement in certain neuro-
logical and neuropsychiatric disorders.1–3 The first
5-HT6 antagonists to be reported included Ro 04-6790
(1a Ki ca. 50 nM),4 Ro 63-0563 (1b Ki ca. 12 nM),4


MS-245 (2a Ki ca. 2 nM),5,6 and SB-271046 (3 Ki ca.
1 nM).7 Although these agents were independently iden-
tified, there are some conspicuous structural similarities
amongst them in that all of them possess an amine-
bearing bis-arylsulfonamide moiety. Despite attempts
to describe how such agents might bind relative to one
another, this issue has yet to be resolved. 5-HT6 recep-
tors are transmembrane-embedded G-protein coupled
receptors containing an aspartate moiety in TM helix
3 that, presumably, serves as a ligand–amine binding
site.1 Compounds 1 possess multiple basic amine func-
tions and it has been difficult identifying which is (are)
most important for binding.8 Compound 3 possesses
only two basic amines and some investigators view one
of the methylamino groups of 1 as mimicking the aryl
amine moiety of 3.9,10 QSAR studies suggest the aryl
amine might be the more important of the two, and
one model indicates that the nonaryl amine of 3-type
compounds even contributes negatively to binding.10


Yet, compounds 2 lack such an amine group. At this
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time, it is not known how the various amine functions
influence affinity.


Evidently, one of the pyrimidine nitrogen atoms of 1a
(i.e., 1b) can be removed without detriment to affinity.4


One of the methylamino groups a to the pyridine nitro-
gen atom of 1b can also be eliminated.11 However, be-
cause this modification results in a symmetrically
substituted pyridine, it is not known which of the two
secondary amines is the more important. Is the remain-
ing ring nitrogen atom required? It might be argued, be-
cause 4 (Ki ca. 600 nM) and 5 (Ki ca. 200 nM)11 bind
with several-fold reduced affinity relative to 1, that this
could be the case. In contrast, neither 2 nor 3 possesses
a corresponding 6-membered heteroaryl ring. Further-
more, the high affinity of 6 and 7 (Ki ca. 30–40 nM)11


indicates that a ring nitrogen atom is not required for
binding.
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Hirst et al.8 have suggested that the 2-methylamino
group of 1a interacts with the TM3 aspartate. Interest-
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Scheme 1. Reagents and conditions: (a) TsCl, 0 �C/30 min, 50 �C/1 h;
(b) KOH, 2-PrOH, D; (c) i—NaH, DMF, 80 �C; ii—N-acetylsulfanilyl


chloride, rt; (d) SnCl2Æ2H2O, EtOH, D; (e) ClCOOEt, DMF, Py; (f)


10% HCl, EtOH, D; (g) LiAlH4, THF, D; (h) i—NaH, DMF, 80 �C;
ii—PhSO2Cl, rt.

ingly, although the primary amine of 1 has not been
investigated, it has been mentioned (though no data
were provided) that its elimination results in loss of
affinity,11 suggesting it could be involved in binding.
However, we found that 8 (Ki = 230 nM), which lacks
the primary amine, and 9 (Ki = 200 nM), which bears
only the primary amine, bind with nearly identical affin-
ity and with an affinity comparable to that of 5.12 But,
the similar affinity of 2b (Ki = 0.8 nM)13 and 2a argues
that the primary amine is not necessary. Yet, it has been
demonstrated that 10 (Ki = 12 nM) (i.e., 2b minus the
tryptamine side chain) binds at 5-HT6 receptors and
behaves as an antagonist.13
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8 R1 = NHCH3, R2 = R3 = H
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We have suggested that compounds such as 10 might
represent conformationally constrained analogs of 1.14


Thus, given this structural relationship, it should be pos-
sible to probe the importance to binding of the various
amine functions. The purpose of this investigation, then,
was to examine variously substituted amine analogs 11
to determine which amine moiety is most contributory
to binding. In addition, we examined the structurally
related aryl amine-bearing analogs 12b and c to deter-
mine if the presence of the aliphatic amine moiety de-
tracts from receptor affinity as earlier suggested.
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4,6-Dinitroindole (15)15 was prepared and sulfonylated
to arylsulfonyl analog 16 (Scheme 1); reduction of the
nitro groups, followed by treatment with ethyl chloro-
formate, afforded the protected indole derivative 18.
Deprotection of 18 followed by reduction of the carba-
mate groups afforded 11a. Compound 20 was obtained
from 16 by hydrolysis of the amide. Compound 11d also
was obtained from 4,6-dinitroindole (15) by sulfonyla-

tion with benzenesulfonyl chloride (i.e., 21) and then
by conversion of the nitro groups to their corresponding
methylamino groups as described for 11a (Table 1).


Compounds 11b (Scheme 2) and 11c (Scheme 3) were
prepared by a sequence of reactions somewhat similar
to those shown for the synthesis of 11a. Although 4-
methylaminoindole (25) has been previously described,16


in the present study it was prepared from commercially
available 4-aminoindole (24) by acylation with ethyl
chloroformate followed by reduction of the carbamate
with LiAlH4. Introduction of the arylsulfonyl group fol-
lowed by deprotection afforded 11b. The synthesis of 11c
was performed in nearly the reverse manner; that is,
6-nitroindole (28)17 was sulfonylated to arylsulfonyl
analog 29, the nitro group was reduced, and the
product converted to the target (Scheme 3).







Table 1. Physicochemical and 5-HT6 receptor binding properties of target benzenesulfonylindoles and piperazinoindole 12a
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11a –NHMe –NHMe –NH2 — MeOH/Et2O 145–146 C16H18N4O2S 2.75HCl 1.9 0.4


11b –NHMe –H –NH2 — MeOH/Et2O 181–182 C15H15N3O2S 1.25HCl 0.25H2O 21 2


11c –H –NHMe –NH2 MeOH/Et2O 103–105 C15H15N3O2S 1.25C2H2O4 7.0 0.1


11d –NHMe –NHMe –H — MeOH/Et2O 149–151 C16H17N3O2S 1.75C2H2O4 26 2


11e –H –H –NH2 — 88–90 C14H12N2O2S 10 3


12ab — — — — MeOH — — 2700 500


12b — — — –H MeOH/Et2O 291–293 C18H19N3O2S HCl 1.0 0.2


12c — — — –NH2 MeOH/Et2O >250 (d) C18H20N4O2S HCl 0.5H2O 0.4 0.1


20 –NO2 –NO2 –NH2 — MeOH/CH2Cl2 230–231 C14H10N4O6S 980 20


a All compounds were homogeneous as determined using thin-layer chromatography; assigned structures are consistent with 1H NMR spectra, and


compounds analyzed within 0.4 for C, H, and N. C2H2O4 = oxalate salt.
b See Ref. 18.
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Compounds 12b and c (Table 1) were prepared from
12a18–20 as previously described in the patent literature.


Compound 11e (Ki = 10 nM; Table 1),21 the desmethyl
analog of 10,13 binds with an affinity comparable to
those of 10 (Ki = 12 nM) and 1b. Introduction of the
two methylamino functions found in 1 results in 5-fold
enhanced affinity (11a; Ki = 1.9 nM), suggesting that
the presence of one (or both) secondary amines might
make a minor (direct or indirect) contribution to bind-
ing. However, elimination of the primary amine (i.e.,

11d; Ki = 26 nM) indicates that its presence is not essen-
tial for binding. For comparison, an analog of 11a was
examined where the methylamino groups were replaced
with nitro groups; dinitro compound 20 (Ki = 980 nM)
binds with >500-fold reduced affinity relative to 11a.


Which of the two secondary amines of 11a is the more
important? Introduction of the 6-methylamino group
(11c; Ki = 7.0 nM) has little effect on the affinity of 11e,
whereas introduction of a 4-methylamino group (i.e.,
11b; Ki = 21 nM) only halved affinity. The difference in
affinity of themono-, di-, and tri-amino analogs 11 is quite
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small (range� 10-fold), making it nearly impossible to as-
cribe a major binding role to any single amine function
over the others. Comparing 11d and e, however, it would
seem unlikely that these compounds are binding at the
receptors in a similar fashion (i.e., with superimposable
indolic nuclei) if it is assumed they are interacting with a
common amine binding site. These findings are not unlike
what was found previously with 8 and 9.


Piperazinoindole 12a (Ki = 2700 nM; Table 1) lacks sig-
nificant affinity for 5-HT6 receptors. Incorporation of
the N1-benzenesulfonyl group results in >2500-fold en-
hanced affinity and 12b (Ki = 1 nM) binds with an affin-
ity comparable to that of 3. Introduction of the primary
amine (i.e., 12c; Ki = 0.4 nM) is tolerated, but the amine
is obviously not required for binding. If compound 12c
is viewed as an elaboration of 11b (Ki = 21 nM), it is also
evident that the presence of an intact piperazine ring
leads to a >50-fold enhancement in 5-HT6 receptor
affinity. That is, the presence of the alkyl amine group
does not detract from receptor affinity when compared
with 11b. Compounds 12b and c were also recently
reported by others to bind at human 5-HT6 receptors
with high affinity (Ki = 1 nM).19


Fairly apparent from this investigation is that all indole-
containing analogs likely do not interact with the recep-
tor with superimposed indolic nuclei, and that multiple
amine groups are not a requirement for binding. When
multiple amines are present, it remains to be determined
which is most critical for interaction with the TM3
aspartate; furthermore, the low affinity of 20 compared
with those of 11a and e suggests that the amine groups
might additionally have some effect on the electronic
character of the indole nucleus. Comparing the com-
pounds that were investigated, the only reasonable con-
clusion that can be drawn is that multiple modes of
binding are possible. As if to underscore this concept,
it has recently been shown that tryptamine analogs bear-
ing a arylsulfonamido group at the indole 5-position
also bind with nanomolar affinity at 5-HT6


receptors.22,23


Initially, these findings are disturbing because they im-
ply that the sulfonamido moiety common to the various
agents will not be aligned. However, the present conclu-
sion is not inconsistent with observations that �reverse
sulfonamides�24 and even sulfones25,26 bind at 5-HT6


receptors, and that the benzenesulfonyl group can be
effectively replaced with a benzyl group.3 In other
words, although the sulfonamido moiety might contrib-
ute to the affinity of some of these ligands, its presence
(or specific orientation) may not be essential for binding.
The possibility of multiple modes of binding is also dis-
appointing because it makes it rather difficult to utilize
or reliably extrapolate the structure–affinity findings
from one series to another for purposes of drug design.
This might be true even within a given series of agents
(e.g., compare 11d with e). Consequently, it will be nec-
essary to exercise caution when conducting QSAR inves-
tigations that require alignment of specific structural
features until it is known how such agents bind relative
to one another.

Finally, the assumption has been made throughout that
each of these ligands binds to a common amine site.
However, there may be two accessible amine sites in
the binding pocket of 5-HT6 receptors: one in TM3
and another in TM7.27 The possibility exists, then, that
some ligands might utilize one or the other (or both) of
these sites. This remains to be further investigated.
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Abstract—The synthesis and biological activities of rapamycin (I) analogs modified at the C-40 position are reported. Emphasis
placed on compounds that potentially have an improved safety profile on account of their shorter in vivo half-life when compared
with rapamycin.
� 2005 Elsevier Ltd. All rights reserved.

Rheumatoid arthritis (RA) is an autoimmune disease
afflicting over 2 million individuals in the United States
and 5.7 million worldwide. RA is a painful disease that
results in progressive joint destruction, deformity, and
immobility, and can eventually lead to death. Pain relief
using non-steroidal anti-inflammatory drugs (NSAIDS)
is the most popular treatment for RA. Unfortunately,
this treatment cannot prevent disease progression. Other
disease modifying antirheumatic drugs (DMARDS) are
also currently available, but their use as first-line thera-
py is normally avoided due to slow onset of action, mod-
est efficacy, and frequent toxic side effects.1 The potent
immunosuppressant, cyclosporine, has seen increased
use in the treatment of severe RA, despite its publicized
liabilities, demonstrating the marketability of more effi-
cacious agents.1 Indeed, new classes of macromolecules,
targeting TNF-a and IL-1, have been introduced to the
market with astonishing success. While these com-
pounds demonstrate an improved benefit/risk profile
when compared to DMARDS, they do present patients
with a unique side effect profile, and therefore provide
additional opportunity for the development of alterna-
tive treatments.2 The criteria guiding our search for a
potent immunosuppressant for the treatment of RA
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require demonstration of efficacy and an improved
safety profile with respect to currently available drugs.
Furthermore, this agent should act immediately and
produce complete relief from the disease by arresting
the disease process itself.
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Rapamycin (1), a secondary fungal metabolite, has


shown comparable efficacy when substituted for cyclo-
sporine in clinical trials for renal transplantation.3


Moreover, the side-effect profile is reported to be rela-
tively benign compared to that of cyclosporine, with ele-
vated triglyceride and cholesterol levels as the principal
dose limiting side-effects seen in some patients.
However, rapamycin is also beset with an overly long
half-life of 63 h.4 Prolonged exposure of patients to drug
levels becomes problematic once toxicity is encountered.
Patients suffering from autoimmune diseases, such as
RA, historically have not tolerated as much risk as the
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Table 1. IC50, nM (n)a


Compound FKBP12


binding


MLR Hu


inhibitionb
MLR Rt


inhibitionc


1 1.6 ± 0.9 (14) 1.6 ± 2.2 (72) 2600 ± 1900 (14)


3 3.3 ± 2.2 (3) 2.0 ± 4.4 (17) 1400 ± 600 (9)


4 4.8 ± 1.0 (3) 3.3 ± 2.2 (3) 1500 ± 600 (6)


6 5.8 ± 4.4 (8) 5.9 ± 6.1 (36) 2500 ± 1800 (11)


a Data reported as the mean ± SEM for (n) determinations as noted.
b Human mixed lymphocyte reaction, serum containing.
c Rat mixed lymphocyte reaction, serum free, Lewis rat lymph node


cells stimulated by Brown–Norway splenocytes.
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transplant community has been willing to accept. We
therefore viewed rapamycin as an excellent starting
point for synthesizing an improved agent, emphasizing
similar in vivo efficacy, prompt measurable effect, and
a shorter half-life. This communication briefly describes
the synthesis and biological characterization of our most
promising compounds.


Treatment of rapamycin (1) with trifluoromethanesulf-
onic anhydride and 2,6-lutidine in CH2Cl2, followed
by filtration through a pad of silica gel (Et2O), provided
2 in 95% yield (Scheme 1). The triflate 2 is used immedi-
ately in the subsequent reaction. 40-Epi-tetrazolyl-rap-
amycins 3 (ABT-578) and 4 were obtained in a 2:1
ratio in 34% yield after the reaction of 2 with tetrazole
in isopropyl acetate.


Another promising analog, carbamate 6, was synthe-
sized, according to Scheme 2. Rapamycin was treated
with finely ground p-nitrophenylcarbonate and pyridine
at 0 �C, and then warmed to room temperature. After
purification by flash chromatography, pure carbonate
5 was isolated in 73% yield. This key intermediate was
treated with N,O-dimethylhydroxylamine hydrochloride
in pyridine at room temperature, followed by heating to
50 �C. Chromatographic purification provided pure 6 in
90% yield.


Rapamycin (1) exerts its immunosuppressive activity by
the formation of a trimolecular complex, imitating the
first step in the biochemical mechanism of action of
FK506.5 The drug is required to bind to FKBP12, a pep-
tidyl-prolyl-isomerase, before this molecular partnership
inhibits the serine–threonine kinase TOR (or RAFT1).6


The binding assay and MLR (mixed lymphocyte reac-
tion) assays used below have been described previously.7


Rapamycin (1) inhibits FKBP12 with an IC50 of 1.6 nM
(Table 1).

CH3O


HO


CH3O


CF3SO2O


1 2


a


Scheme 1. Reagents and conditions: (a) i. 2,6-Lutidine (4.2 equiv), CH2Cl2
20 min, 95%; (b) isopropyl acetate, tetrazole (2 equiv), diisopropylethylami


chromatography eluting sequentially with hexane, hexane/ether (4:1, 3:1, 2:1


CH3O


HO


CH3O


O
O


pNO2PhO


1 5


a


Scheme 2. Reagents and conditions: (a) Bis(p-nitrophenyl)carbonate (2 eq


dimethylhydroxylamine hydrochloride (4.4 equiv), pyridine, RT (18 h), 50 �C

Likewise, analogs 3, 4, and 6, exhibit IC50s in the range
from 3.3 to 5.8 nM. In vitro T-cell antiproliferative abil-
ity was assessed by comparison of the analogs to 1, in
the human (MLR Hu) and rat (MLR Rt) mixed lym-
phocyte reaction. The ability of all semi-synthetic rapa-
mycin analogs to inhibit alloantigen-induced T-cell
proliferation in the MLR Hu was similar to that of rap-
amycin (1), which measured 1.6 nM. The weakest inhib-
itor was carbamate 6, with a potency of 5.9 nM. All
compounds were much weaker inhibitors in the rat, with
no differentiation shown between them. The low appar-
ent potency with rat cells in vitro has been observed by
others, but is little understood.8


Having established reasonable efficacy in vitro, the next
stage required the evaluation of the compounds in auto-
immune disease rat models. The delayed-type hypersen-
sitivity (DTH Rt) response to antigen challenge is a
T-cell-mediated inflammatory response that may mimic
the pathologic response to altered self-proteins or micro-
bial antigens involved in RA, and may thus serve as a
reasonable RA model (Table 2).9 Tetrazoles 3 and 4,
as well as carbamate 6, demonstrated nearly equal effica-
cy with rapamycin 1, with the weakest compound, 4,
only being fourfold less potent than 1.

CH3O


N
NN


X
Y


3:  X=N, Y=CH
4:  X=CH, Y=N


b


�78 �C, ii. (CF3SO2)2O added dropwise (2 equiv) �78 �C 15 min RT


ne (2 equiv), RT 18 h, 34%, isomers 3 and 4 separated by silica gel


, 1:1), ether, hexane/acetone (1:1).


CH3O


O
O


N
OCH3


H3C


b


6


uiv) 0 �C, pyridine addition, warmed to RT (1 h), 73%; (b) N,O-


(1 h), 90%.







Table 2. ED50, mpk/day PO (n) (95% range)a


Compound DTH Rtb EAE Rtc AA Rtd


1 0.5 (0.4–0.7) (35) 0.3 (0.2–0.4) (10) 0.2 (0.2–0.3) (20)


3 1.7 (0.9–7.7) (21) 1.2 (0.3–1.7) (10) 0.7 (0.5–0.9) (10)


4 2.0 (1.3–4.5) (7) NA NA


6 0.4 (0.1–1.0) (21) 0.5 (0.3–0.7) (10) 0.3 (0.2–0.5) (10)


a 95% confidence limits for n determinations as noted.
b Sprague–Dawley rat delayed-type hypersensitivity.
c Lewis rat experimental autoimmune encephalomyelitis.
d Lewis rat developing adjuvant-induced arthritis.


Table 3. Male Sprague–Dawley rat pharmacokinetic parameters


(2.5 mpk PO, solution)


Compound n t1/2 (h), Cmax


(ng/mL)


Tmax


(h)


AUC0–1
(ng h/mL)


F (%)


1 7 33.4 50.8 0.5 559 43.2


3 3 7.9 46.7 0.4 163 12.1


6 3 8.7 29.7 0.4 132 6.2
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The rat experimental autoimmune encephalomyelitis
(EAE Rt) model is used as a model of multiple sclerosis.
EAE is an acute experimental neurological disease med-
iated by CD4+ T cells, whose target is the central ner-
vous system.10 The disease is artificially induced by
subcutaneously injecting the rat with homogenized isol-
ogous spinal cord in modified complete Freund�s adju-
vant. This disease is effectively abrogated by the three
agents tested, with rapamycin (1) being most potent with
an ED50 of 0.3 mpk/day and 3 being the least potent at
1.2 mpk/d.


The pathogenesis of human rheumatoid arthritis and
adjuvant arthritis in the rat (AA Rt) shares several
important features.11 Among these are included T-cell
mediation of the disease, deposition of fibrin in the
joints, leukocyte influx into the synovium, and destruc-
tion of cartilage and bone. While this pathogenic process
requires as long as 30–50 years in human RA, the AA Rt
model accelerates the disease progression to end-stage
disease after a mere 30–40 days post-antigen administra-
tion. Using a prophylactic approach, rapamycin (1) effec-
tively blocks the development of AA with an ED50 of
0.2 mpk/day, whereas 3 and 6 show ED50�s of 0.7 and
0.3 mpk/day, respectively. Abrogation of the soft tissue
destruction in AA Rt is shown in Figure 1.12 All three
models, DTH Rt, EAE Rt, and AA Rt, therefore estab-
lish the efficacy of rapamycin (1), as well as 3 and 6, in
autoimmune disease models, despite the apparent weak
rat whole-cell activity shown in Table 1. Since we have
demonstrated efficacy in a species with weak whole cell
activity, we are optimistic that efficacy can be demon-
strated in human subjects since the whole cell humam
MLR response is more sensitive to all three compounds.

Normal


#1 #3


Figure 1. Magnetic resonance images showing soft tissue changes in sagittal s


controls, and rats dosed from day 0 to 15 with compounds 1 (1 mpk), 3 (3 m

The most favorable profiles for 3 and 6 would also in-
clude decreased risk of toxicity for the patient popula-
tion. One aspect of this is a more controllable
exposure of the drug toward the patient, which could
be influenced by an attenuation of some key pharmaco-
kinetic parameter. One can observe that in rats (Table
3), compounds 3 and 6 both have dramatically shorter
half-lives than rapamycin (1), as well as lower Cmax


and AUC values upon a single oral drug dosing of
2.5 mpk. The oral bioavailability (F) of both new com-
pounds is significantly lower than 1, 12.1% (3) and
6.2% (6) versus 43.2% for 1. Nevertheless, sufficient lev-
els of each drug are achievable in the DTH, EAE, and
AA rat models to demonstrate a robust biological effect,
and it should be noted that the oral bioavailability of an
oral solution of 1 is advertised to be 14% in humans.13 It
is gratifying that the rat PK model has been a reliable
comparative predictor of the PK behavior of 1 versus
3 in human subjects. Indeed, in a multiple dose escala-
tion study, the half-life of 3 in humans was determined
to be 25–31 h, significantly shorter than the 63 h report-
ed for 1.14


Unsurprisingly, it was observed that rapamycin (1) was
a metabolite of 6. In a separate experiment, oral dosing

Adjuvant Control


#6


ections from left hindpaws from normal, vehicle dosed 15 day adjuvant


pk) and 6 (1 mpk).







Table 4. Male Sprague–Dawley rat pharmacokinetic parameters


(2.5 mpk PO, solution)


Compound Cmax (ng/ml) Tmax (h) AUC0–1 (ng h/mL)


6 23.2 0.3 127


1 9.9 1.0 83
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of rats with 2.5 mpk of 6 revealed that the maximal con-
centration of 1 was significantly lower than the Cmax for
6 (Table 4). Yet since the oral half-life of 1 is significant-
ly longer than 6, the AUCs are very similar, yet the sum
of both is still much lower than the AUC generated by
an oral administration of 2.5 mpk of 1 alone. Whether
or not this attenuated exposure of the animal to 1 via
the active �pro-drug� 6 translates to a less insulting side
effect profile would need to be established by clinical tri-
als in human patients.


In summary, we have identified two promising analogs
of rapamycin that show impressive efficacy in several
models of autoimmune disease, comparing favorably
in efficacy to rapamycin. Furthermore, it is possible that
these agents may offer a safety advantage with respect to
exposure toward parent drug. Indeed, it has been found
that significant circulating levels of rapamycin were
found in rats that were dosed with 6. While 6 is several
fold less potent than 1, it has yet to be shown that sup-
pression of the maximal concentrations of either com-
pound (1 or 6) via this strategy can result in the
reduction of adverse side effects. Further characteriza-
tion of drug candidate 3 has already occurred in human
subjects and will be the subject of future reports, espe-
cially in regard to its use on drug-coated stents. The
use of 3 in autoimmune diseases, however, and contin-
uing toxicological studies, is clearly a tantalizing pros-
pect. Establishment of efficacy in rat autoimmune
disease models has provided a cause for optimism to-
ward its eventual use in the treatment of diseases of
the human immune system.

References and notes


1. Chikanza, I. C.; Jawed, S.; Naughton, D.; Blake, D. R.
J. Pharm. Pharmacol. 1998, 50, 357.


2. Fleischman, R. M.; Iqbal, I.; Stern, R. L. Expert Opin.
Drug Saf. 2004, 3, 391.


3. Groth, C. G. Presented at the ASTP 16th Annual Meeting,
Chicago, IL, 1997.


4. Zimmerman, J. J.; Kahan, B. D. J. Clin. Pharmacol. 1997,
37, 405; Ferron, G. M.; Mishina, E. V.; Zimmerman, J. J.;
Jusko, W. J. Clin. Pharmacol. Ther. 1997, 61, 416;
Mahalati, K.; Kahan, B. D. Clin. Pharmacokinet. 2001,
40, 573.


5. Wagner, R.; Rhoades, T. A.; Or, Y. S.; Lane, B. C.; Hsieh,
G.; Mollison, K. W.; Luly, J. R. J. Med. Chem. 1998, 41,
1764.


6. Brown, E. J.; Albers, M. W.; Shin, T. B.; Ichikawa, K.;
Keith, C. T.; Lane, W. S.; Schreiber, S. L. Nature 1994,
369, 756; Sabatini, D. M.; Erdjument, B. H.; Lui, M.;
Tempst, P.; Snyder, S. H. Cell 1994, 78, 35.


7. Kawai, M.; Lane, B. C.; Hsieh, G. C.; Mollison, K. W.;
Carter, G. W.; Luly, J. R. FEBS Lett. 1993, 316, 107.


8. Olivera, D. L.; Kaplan, J. M.; Newman-Tarr, T.; Ruggieri,
E. V.; Badger, A. M. Clin. Immunol. Immunopathol. 1993,
68, 357.


9. Henningsen, G. M.; Koller, L. D.; Exon, J. H.; Talcott, P.
A.; Osborne, C. A. J. Immunol. Methods 1984, 70, 153.


10. Swanborg, R. H. Clin. Immunol. Immunopathol. 1995, 77,
4.


11. Newbould, B. B. Br. J. Pharmac. 1963, 21, 127; Winter, C.
A.; Nuss, G. W. Arthritis Rheum. 1966, 9, 394.


12. Jacobson, P. B.; Morgan, S. J.; Wilcox, D. M.; Nguyen,
P.; Ratajczak, C. A.; Carlson, R. P.; Harris, R. R.
Arthritis Rheum. 1999, 42, 2060.


13. Zheng, J.; Sarnbol, N. C.; Zimmerman, J.; Zaidi, A. Clin.
Pharmacol. Ther. 1996, 59, 150; Physicians� Desk Refer-
ence. 58th ed. Montvale, NJ: Medical Economics Co.,
2004.


14. Karyekar, C. S.; Pradhan, R.; Freeney, T.; Edeki, T.; Ji,
Q.; Chiu, W.; Schwartz, L. B.; O�Dea, R. Multiple-dose
I.V. pharmacokinetics of a new immunosuppressive com-
pound, ABT-578, in healthy subjects. AAPS J. 2004, 6,
Abstract M1089.





		Rapamycin analogs with reduced systemic exposure

		References and notes








Bioorganic & Medicinal Chemistry Letters 15 (2005) 5202–5206

Heteroaryl-O-glucosides as novel sodium glucose
co-transporter 2 inhibitors. Part 1


Xiaoyan Zhang,* Maud Urbanski, Mona Patel, Roxanne E. Zeck,
Geoffrey G. Cox, Haiyan Bian, Bruce R. Conway, Mary Pat Beavers,


Philip J. Rybczynski and Keith T. Demarest


Johnson & Johnson Pharmaceutical Research and Development, L.L.C., 1000 Rt. 202, PO Box 300, Raritan, NJ 08869, USA


Received 28 June 2005; revised 18 August 2005; accepted 22 August 2005


Available online 28 September 2005

Abstract—A series of benzo-fused heteroaryl-O-glucosides was synthesized and evaluated in SGLT1 and 2 cell-based functional
assays. Indole-O-glucoside 10a and benzimidazole-O-glucoside 18 exhibited potent in vitro SGLT2 inhibitory activity.
� 2005 Elsevier Ltd. All rights reserved.

Controlling levels of fasting and postprandial plasma
glucose is the first goal of therapy for non-insulin depen-
dent diabetes mellitus (NIDDM). Since plasma glucose
is continuously filtered in the kidney glomerulus and is
subsequently transepithelially reabsorbed by the sodi-
um-glucose co-transporters (SGLTs) in the proximal
tubules, a therapeutic agent which blocks glucose reab-
sorption in the kidney should provide a novel treatment
for NIDDM.1–3 There is evidence that at least three iso-
forms of SGLT are present in the human body, referred
to as SGLT1 through SGLT3.4 SGLT1 is present pri-
marily in the intestinal cells, whereas SGLT2 is found
predominantly in the epithelium of the kidney. Glucose
absorption in the intestine is mediated by SGLT1, a
high-affinity low-capacity transporter. Renal reabsorp-
tion of glucose is mediated by both SGLT1 and SGLT2
on the luminal side of the proximal tubule of the kidney.
SGLT2 is a low-affinity high-capacity transporter and is
likely responsible for the bulk of glucose reabsorption in
the renal proximal tubule. SGLT3, formerly known as
SAAT1, may serve as a glucose sensor in cholinergic
neurons, skeletal muscle, and other tissues. SGLT4 is
a low-affinity transporter that may act as a mannose/
fructose transporter in the intestine and kidney.4b Inhi-
bition of SGLTs in diabetic patients would be expected
to normalize plasma glucose by reducing glucose uptake
at the intestine (SGLT1) and promoting glucose excre-
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tion into the urine (SGLT2).5 Phlorizin is a natural
SGLT inhibitor. Compound 1, (T1095A), a phlorizin
analogue, inhibited both SGLT1 and SGLT2, and dem-
onstrated efficacy in numerous animal models as an
antidiabetic agent.5 Recently, we reported structure–ac-
tivity relationship (SAR) studies of compound 1 and
found potent and selective SGLT2 inhibitors.6 As part
of our ongoing SAR studies, we designed and synthe-
sized a series of novel compounds different from both
the core structure of compound 1 and other reported
structures.7 The key modification was to replace the ke-
tone/phenol portion of 1 with a heteroaryl ring, wherein
the 1 0 NH group of the heteroaryl ring mimics the 6 0 OH
group in compound 1. Since there is no clinical evidence
to show whether a selective SGLT2 inhibitor or a mixed
SGLT1/SGLT2 inhibitor is better for treatment of dia-
betes, we were interested in developing both types of
inhibitors to better understand the mechanism of action.
Herein, we describe the initial SAR surrounding a novel
series of heteroaryl-O-glucosides with potent in vitro
SGLT2 inhibitory activity.
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Table 1. In vitro activity to inhibit SGLT2


Ar
O


O


OH
OH


OH


HO


Compound Ar IC50 ± SEM (lM)


SGLT1 SGLT2


1


OH


O


O


H3C


0.139 ± 0.013 0.011 ± 0.002


6a


NHN


OH3C


52%a 0.491 ± 0.056


6b


NHN


OH3C


48%a 0.458 ± 0.061


6c


NHN


OEt


0%a 0.532 ± 0.047


6d


NN


OH3C


H3C


47%a 0.754 ± 0.069


10a


HN


O


0.145 ± 0.011 0.024 ± 0.004


10b
N


O


H3C


0.198 ± 0.002 0.067 ± 0.003


10c


HN


OCH3


0.611 ± 0.091 0.163 ± 0.019


10d


HN


H3C OCH3


3.05 ± 0.23 0.394 ± 0.013


18 N


N


O


0.718 ± 0.126 0.039 ± 0.001


19
N


NN


OCH3


40%a 0.380 ± 0.022


(continued on next page)
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Table 1 (continued)


Compound Ar IC50 ± SEM (lM)


SGLT1 SGLT2


20 N


HN
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OCH3


0%a 18%a


25
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O


0%a 22%a


a Inhibition at a screening concentration of 10 lM.
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Scheme 1. Reagents and conditions: (a) BnBr (4 equiv), K2CO3 (10 equiv), DMF; (b) MOM Br (2 equiv), K2CO3 (5 equiv), CH3CN; (c) ArCHO,


KOH, EtOH; (d) H2 (45 psi), 10% Pd/C, EtOH/EtOAc (1:1); (e) H2 (15 psi), 10% Pd/C, EtOAc; (f) concn HCl, i-PrOH/dioxane; (g) NH2-NHR1,


HOCH2CH2OH, 160 �C; (h) 2,3,4,6-tetra-O-acetyl-a-DD-glucopyranosyl bromide (2 equiv), K2CO3 (5 equiv), acetone; (i) K2CO3, MeOH.
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Our initial attempt to synthesize indazole 6a (Table 1)
8

by cyclization of compound 1 with hydrazine did not


yield the desired product. Thus, conjugated indazoles
6a–d were prepared from resorcinol derivatives 26


(Scheme 1). Aldol condensation of 3a with 2,3-
dihydrobenzofuran-5-carbaldehyde provided an a,b-un-
saturated ketone. Hydrogenation at 45 psi produced
dihydrochalcone 4 (Ar = 2,3-dihydrobenzofuran). Alter-
natively, aldol condensation of 3b with benzofuran-5-
carbaldehyde, selective hydrogenation of the a,b-unsat-
urated ketone at 15 psi, and deprotection with HCl gave
dihydrochalcone 4 (Ar = benzofuran). Dihydrochalcone
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Scheme 2. Reagents and conditions: (a) N,N-diethylcarbamoyl chloride, Na


Pd/C, EtOH/EtOAc; (d) 2,3,4,6-tetra-O-acetyl-a-DD-glucopyranosyl bromide,

4 cyclized with hydrazine or methyl hydrazine to form
1H-indazole 5 in moderate yield.8 Glycosylation of 5
using the biphasic conditions previously described to
prepare analogues of compound 1 was not successful,
probably due to the poor solubility of aglycone 5 in
either phase.6 Glycosylation could be achieved with
2 equiv of 2,3,4,6-tetra-O-acetyl-a-DD-glucopyranosyl
bromide and 5 equiv of K2CO3 in acetone for 24 h. Sub-
sequent saponification of the acetyl groups provided
compounds 6a–d in 20–30% yield for the two steps.9a


No N-glucoside of 5 was isolated from the reaction un-
der the conditions investigated. The last two steps have

N


OH


Et2N


O


Ar N


O


Ar


O


OH
OH


OH


HO


d, e


9a


10a-d


R2


R2


R1


Ar
d, f


H, THF; (b) ArCH = PPh3, THF, �78 �C to rt; (c) H2 (15 psi), 10%


K2CO3, acetone; (e) KOH (25%), EtOH, reflux; (f) K2CO3, MeOH.
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application to other heteroaromatic systems in this
study.


Scheme 2 depicts the synthesis of indole analogues 10a–
d. Aglycones 9a and b were obtained from indolecarbal-
dehydes 7a–c10 by the Wittig reaction and hydrogena-
tion at 15 psi. Glycosylation of aglycone 9 was carried
out under the conditions described above to provide
tetra-acetylglucosides in yields of 40–75%. Lithium
hydroxide-promoted glycosylation of indoles has been
reported,11 but did not afford higher yields. Saponifica-
tion of the acetyl groups provided compounds 10a–d in
20–30% yield for the two steps.9b


Benzimidazole 18, benztriazole 19, and benzimidazolone
20 were constructed from 12, which was prepared by
acylation and silylation of commercially available 2-
amino-3-nitrophenol (Scheme 3). Hydrogenation of the
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(d) BH3ÆTHF; (e) CDI or triphosgene, THF; (f) TBAF, THF; (g) 2,3,4,6-te


acetone; (h) K2CO3, MeOH; (i) HC(OEt)3, p-TSA; (j) NaNO2, HCl (3 N).
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nitro group and borane reduction of the amide fortu-
itously provided a 3:2 ratio of 13 and 14, separable by
flash chromatography. The benzimidazole system was
formed by treatment of compound 13 with triethylor-
thoformate. Subsequent deprotection of the phenol
group provided the benzimidazole aglycone 15. Treat-
ment of compound 14 with sodium nitrite provided
the benztriazole aglycone 16. Cyclization of 13 with tri-
phosgene, followed by deprotection of the phenol group,
led to the benzimidazolone aglycone 17. Glycosylation
of aglycones 15–17 under the conditions described
above provided analogues 18–20 in low to moderate
yields.9c


In Scheme 4, the intermediate 23 was prepared from
compound 21 using a synthetic approach that was sim-
ilar to that outlined for the formation of the dihydroch-
alcone 4 described in Scheme 1. Cyclization of 23 with
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the ylide derived from triethylphosphonoacetate affor-
ded a 1H-quinolin-2-one in 31% yield.12 Subsequent
deprotection of the phenol group provided aglycone
24. Glycosylation and deprotection as described above
gave analogue 25 in low yield.9d


All compounds were screened in a cell-based SGLT
functional assay,13 and IC50 values are presented in Ta-
ble 1. The indazole analogues 6a–d showed only moder-
ate inhibitory activity toward SGTL2, but were selective
for SGLT2 compared to the parent compound 1.
Replacement of the benzofuran in analogue 6a with
2,3-dihydrobenzofuran in compound 6b did not change
the SGLT2 inhibitory activity. However, the benzofuran
moiety could cause unwanted P450 inhibition of 1.


The SAR of compound 1 suggested that the phenol
group at the 6 0-position participates in a hydrogen
bonding interaction,5b,6 which supported the computa-
tional hypotheses by Weilert-Badt et al.14 However, this
trend was not observed with the heterocyclic analogues.
Good activity was preserved when the N-1 position of
the indole was alkylated as in compound 10b. Likewise,
the lack of hydrogen bonding ability at the N-1 position
of the benzimidazoles 18 did not diminish SGLT2 inhib-
itory activity. In addition, urea 20 and lactam 25 showed
much weaker SGLT2 inhibitory activity than the other
scaffolds, though this may be due to steric effects.


In summary, we have demonstrated that the ketone/phe-
nol portion of compound 1 can be replaced with a ben-
zo-fused heterocycle while retaining the desired in vitro
SGLT2 inhibitory activity. Further modification of this
series will be reported in due course.
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a structurally minimum pancratistatin pharmacophore
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Abstract—The synthesis of 3-deoxydihydrolycoricidine, a key element toward elucidation of the pancratistatin anticancer pharma-
cophore, is described. Biological evaluation of this compound showed it to be significantly less active against tumor cells than
pancratistatin. In addition to those features previously identified, the requirement of a 2,3,4-triol functionalized ring-C is now
definitely established as the minimum pharmacophoric element for potent anticancer activity.
� 2005 Elsevier Ltd. All rights reserved.
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There has been considerable interest in both the chemis-
try and biological activity of the pancratistatin family of
amaryllidaceae constituents over the past two decades.
Pancratistatin 1 and the natural deoxy analog 2
(Fig. 1) were isolated from the Hawaiian Pancratium
littorale (re-identified as Hymenocallis littoralis) and
shown to exhibit potent cytotoxicity against human tu-
mor cell lines.1–3 Of equal importance was the novel,
self-consistent pattern of differential cytotoxicity dis-
played by these natural products that did not match that
of any other class of cytostatic agents in the NCI data-
base indicating the possibility of a new target or mode of
biological intervention.3 These constituents have attract-
ed wide synthetic interest in view of the complex
poly-oxygenated phenanthridone skeleton and several
successful total syntheses have been reported.4


We and others7–9 have been engaged in a systematic,
structural-based approach to unravel the anticancer
pharmacophore in order to define the minimum structur-
al requirements for potent cytotoxicity. An understand-
ing of these requirements will also guide the
preparation of biological probes that may illuminate
the biological target that is operative. The anticancer
activity demonstrated by the natural product 2 and other
natural congeners3 served to confirm that the C1 and C7-
hydroxyl groups are not requirements for potent cyto-
toxicity and also demonstrated the requirement of a
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trans-fused b/c ring junction. Compound 2 remains the
structurally minimum analog to exhibit the full cytotoxic
profile, results that were recently confirmed.5 The full
deoxy synthetic analog 3 and complementary analogs
46 and 57 were prepared previously in our laboratory.
While compounds 3 and 4 proved to be essentially inac-
tive, analog 5 exhibited some cytotoxicity but was in gen-
eral 1–2 magnitudes less active than compounds 1 and 2.


From these results we determined that the hydroxyl
group at C4 is required in conjunction with either, or
both of the hydroxyl groups at C2 and C3.7 The

O 765


Figure 1. Systematic analog approach to refinement of the pancrat-


istatin pharmacophore.
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minimum pharmacophore must therefore be present in
either of the diols 6 or 7 or is in fact contained within
the 2,3,4-triol 2. The synthesis of diol 6 was recently de-
scribed by Hudlicky and co-workers, and the compound
was shown to be significantly less active than 2.8 Thus,
diol 7 is the last remaining truncated analog that may
exhibit the full spectrum of anticancer activity. In this
Letter, we report the synthesis and biological evaluation
of 3-deoxydihydrolycoricidine 7.


The synthesis of compound 7 is outlined in Figure 2.
Diels–Alder reaction of nitroalkene 810 with Danishef-
sky�s diene led to the exo-adduct 9 with high selectivity
(exo:endo ratio 96:4).11 Hydride reduction with sodium
borohydride provided the C2-equatorial alcohol 10 as
expected through axial hydride attack. Attempts to pre-
pare the C2-axial alcohol directly with bulky hydride
donors led only to mixtures of epimers. A modified
Mitsunobu protocol on alcohol 10 with 2,4,6-trimethyl
benzoic acid using our recently described phosphorane12


led cleanly to the inverted ester 11 in 70% yield. Reduc-
tion of the nitro group with aluminum amalgam and
protection gave the carbamate 12 (70%, both steps),
which was cyclized using Banwell�s procedure13 to the
tetracyclic derivative 13 (65% yield). A single crystal
X-ray structural determination was carried out at this
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Figure 2. Synthesis of 3-deoxydihydrolycoricidine 7.

stage (see Fig. 3) confirming the relative stereochemistry
as shown in 13.


Hydrolysis of the C4 methyl ether proved troublesome
and resisted all standard electrophilic and nucleophilic
reagents. Hydrolysis was eventually realized using boron
triiodide in dichloromethane giving the C4 alcohol 14
(15% isolated) along with recovered starting material.
Reductive removal of the C2 benzoate then provided
the desired 2,4-diol 7.


Compound 7 was evaluated alongside authentic pan-
cratistatin against MCF-7 (human breast cell carci-
noma cells) and Jurkat (human B cell lymphoma)
cells in serial dilution from 1 to 10 lM. No inhibition
of these cell lines was seen with compound 7, even at
the highest concentration as determined by live cell
counting at various periods of time. In addition, the
well-established pattern of apoptotic induction
observed following treatment with pancratistatin was
not observed with compound 7 at 10 lM concentra-
tion. While native Pancratistatin induced efficient
apoptosis in both of these cancer cell lines, as deter-
mined by nuclear condensation and annexin-V binding
assay, compound 7 did not cause any of these charac-
teristics in these cells.14
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Figure 3. Crystal structure of compound 13.
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The present study confirms for the first time the definitive
requirement of the 2,3,4-triol structural element in ring-C
for potent cytotoxicity in the pancratistatin series of nat-
ural products. In conjunction with those features of the
pharmacophore previously revealed,3,6–8,15 a compre-
hensive view of the overall structural requirements in this
important class of cell-line selective anticancer agents is
now on hand. The modest activity reported for diols 5
and 6 in comparison to the inactivity of diol 7 points to
a significant role for the C3-hydroxyl group in binding
to the as yet unidentified target. Although not require-
ments for potent cytotoxicity, the pharmacophoric ele-
ment in the pancratistatin series is moderated slightly
by the incorporation of the C7 phenolic hydroxyl group3


and, interestingly, through the inclusion of a b-benzyloxy
substituent on the C1 position.15 Since these features are
not crucial, they highlight areas where further elabora-
tion is possible on top of the intact pharmacophore.


It has not escaped our attention that compound 2 both
exhibits the minimum cytotoxic pharmacophore and is
the simplest of the natural deoxy derivatives isolated thus
far in the pancratistatin series. The investment of energy
and resources in biosynthetic pathways that evolve non-
modulating small molecules appears to offer little evolu-
tionary advantage and is a powerful pronouncement of
the lead role that Natural products occupy in the central
dogma of chemical-biology.16 The features of the phar-
macophore now revealed will guide the design of active
labeled derivatives for identification of the biological tar-
get and clarification of the mechanism of action17,18 of
this valuable class of anticancer agent.
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Abstract—Cinnamides as novel CCR1 antagonist chemotypes are described with high affinity to human and rodent receptors. A1B1
and A4B7 showed oral activity in the mouse collagen induced arthritis.
� 2005 Elsevier Ltd. All rights reserved.

The chemokine receptor CCR1 and its major ligands
CCL3 (MIP-1a) and CCL5 (RANTES) are believed to
play a role in the pathogenesis of several inflammatory
diseases including rheumatoid arthritis,1,2 multiple scle-
rosis3,4 and transplant rejection.5,6 Small molecules as
CCR1 antagonists are expected to be of great therapeu-
tic value in these indications. The first clinical proof-of-
concept with rheumatoid arthritis patients confirmed
that a small molecule CCR1 antagonist can have rele-
vant biological effects: reduction in the number of mac-
rophages and CCR1+ cells in the synovium and general
improvement after 14 days of treatment.7 Several chem-
otypes have been described as CCR1 antagonists:
hydroxyethylene peptide isosteres,8–11 4-hydroxypiperi-
dines,12,13 benzylpiperazines (e.g., BX-471 in clinical
trial for multiple sclerosis),14–17 arylpiperazines18 and
xanthene-9-carboxamides.19–21 Many CCR1 antagonists
reported above lack species cross-reactivity, in particu-
lar for rodent CCR1 which may limit their use, since
many disease models are run in mice and rats.


Here, we wish to report our work directed towards the
transformation of a modestly cross-reactive lead struc-
ture into novel CCR1 antagonists with equally high
potency for human (h), rat (r) and mouse (m) CCR1
and their oral activity in animal models of inflammation
and multiple sclerosis. BX-47114–16 was chosen as the

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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lead structure with its p-fluorobenzyl substituent kept
unchanged, while the aryloxy acetic acid moiety A and
the piperazine ring of B were the targets for bioisosteric
substitution by the fragments A1–A11 and B1–B8
(Scheme 1).


Compounds A1B1 through A1B8 in Table 1 were pre-
pared by coupling A1-OH17 with H-B1 through H-B8
using EDCI, HOBt as standard coupling conditions.
A3B1 and A3B7 were prepared similarly from A3-
OH.17 A2B1 and A4B7 were prepared from precursor
117 (Scheme 2).


A5B1 was prepared from A1B1 via NaBH4 reduction in
EtOH. Intramolecular Michael addition during ester
hydrolysis of the urea derivative of aniline 217 (Scheme
3) generated a cyclic urea intermediate, which was cou-
pled with H-B1 to render A7B1.


A6B1 was prepared from chloromethyl ketone 4,18


which was converted via phthalimide into the primary
amine 5 (Scheme 4). O-Bromo nitrobenzene 3 and 5
were heated to 130 �C and delivered the piperazine ana-
logue 6 in modest yield. SnCl2-reduction of the nitro
group and acylation generated A6B1.


A8B1 and A9B1 were obtained by coupling A8-OH22


and A9-OH23 with H-B1 under standard conditions.
A10B1 and A11B1 were prepared as described previous-
ly.17 A11B7 was synthesized in analogy to the former
two compounds using H-B7. From the eight piperazine
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building blocks H-B1 to H-B8 (Scheme 1), H-B4 was
commercially available, while H-B1,24 H-B2,25 H-B3,25


H-B726 and H-B826 were prepared according to litera-
ture procedures. H-B6 was synthesized as described27


using 4-fluorobenzylchloride. H-B5 was obtained
(Scheme 5) by coupling 13 with BOC-DD-Ala-OH. The
resulting product was deprotected under acidic condi-
tions followed by cyclisation to 14 at pH 9. Reduction
with BH3 yielded the desired homopiperazine H-B5.


The ether functionality in BX-471 could favourably be
substituted by the bioisosteric double bond in A2B1,
which showed a 3- to 10-fold higher affinity for human,
mouse and rat CCR1 (Table 1). The urea functionality
of A2B1 was replaced without loss of affinity by the ace-
tyl group in A1B1 and was kept through the whole ser-
ies, assuming that the acetyl group was superior to the
urea functionality considering pharmacokinetic proper-
ties. Among the piperazines B1–B8 combined with A1,
A1B2 proved to be a potent hCCR1 antagonist with
IC50 = 9 nM, but only modest affinities for the rodent
receptors; its enantiomer A1B3 was 10- to 100-fold
weaker. Homopiperazine A1B5 and methylene-bridged

piperazine A1B6 were considerably weaker with IC50s
of 1.6–1.7 lM. The unsubstituted piperazine derivative
A1B4 showed a 6-fold weaker potency than its methyl
substituted analogue A1B1. Both ethylene-bridged
piperazine fragments in A1B7 and A1B8 showed moder-
ate IC50s of 0.2–0.3 lM. However, in contrast to B1, B7
had the remarkable property to increase the affinity for
rodent receptors at least 10-fold, exemplified by the
compounds A3B7, A4B7 and A11B7. A3B7 proved to
be the most potent antagonist of rodent CCR1 within
this series with IC50s of 1 and 4 nM against mCCR1
and rCCR1. A3B1, on the other hand, had a slightly
higher affinity for hCCR1, but was 10- to 20-fold weaker
against rodent CCR1 compared to A3B7. It is notewor-
thy that the addition of a methoxy group in A3 in com-
parison to A1 resulted in a 10-fold higher affinity for
human and rodent CCR1, exemplified by the pairs of
compounds A1B1, A3B1 and A1B7, A3B7. The dihydro
analogue A5B1 showed a 10-fold drop in affinity. The
cyclic urea A7B1 was weak with an IC50 = 0.8 lM, dem-
onstrating either the wrong conformation of the urea
group or the need for a specific conformation of a rigid
side chain. Replacing the aryl ether in BX-471 by the
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Table 1. CCR1 antagonists AB


Compound hCCR1a mCCR1a rCCR1a Ca2+b


BX-471 0.040 1.5 0.55 0.0004


A1B1 0.030 0.58 0.32 0.001


A1B2 0.009 0.6 1.35 0.0001


A1B3 0.100 23.0 10.5 0.001


A1B4 0.190 0.448 0.15 0.058


A1B5 1.60 n.t. n.t. n.t.


A1B6 1.70 n.t. n.t. n.t.


A1B7 0.200 n.t. n.t. n.t.


A1B8 0.300 n.t. n.t. n.t.


A2B1 0.016 0.3 0.04 0.0009


A3B1 0.004 0.05 0.02 0.0015


A3B7 0.007 0.004 0.001 0.0000


A4B7 0.030 0.04 0.01 0.009


A5B1 0.360 n.t. n.t. n.t.


A6B1 0.050 3.0 1.7 0.0024


A7B1 0.800 n.t. n.t. n.t.


A8B1 0.560 3.0 1.0 0.0096


A9B1 0.120 4.8 1.0 0.028


A10B1 0.080 0.5 1.5 0.013


A11B1 0.03 1.00 0.3 0.020


A11B7 0.15 0.05 0.006 n.t.


n.t., not tested.
a IC50 (lM).29


b IC50 (lM) of Ca2+ mobilization in MIP-1a stimulated THP-1 cells.28
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arylamine in A6B1 gave rise to a nearly equipotent com-
pound, with slightly weaker activity on rodent receptors.
Incorporation of the aniline nitrogen of A7 into the
indole ring in A8B1 did not improve potency. Benzofu-
ran A9B1—representing a rigidified A fragment of BX-
471—led to a 3-fold loss in activity against h/m/rCCR1.
The naphthyl- and quinolinyl building blocks in A10B1
and A11B1 showed properties similar to those of their
benzene analogue A1B1. However, the quinoline ana-
logue A11B7 revealed—in agreement with all B7-deriva-
tives—a more pronounced rCCR1 inhibitory profile,
with an IC50 = 6 nM being 25-fold more potent against
rCCR1 than against hCCR1. All compounds discussed
were functional antagonists of hCCR1, demonstrated
by their ability to inhibit the MIP-1a induced Ca2+


mobilization28 in THP-1 cells (Table 1).


Pharmacokinetic data (Table 2) for BX-471 and A2B1
revealed that the double bond in A2 was superior to
the aryl ether functionality in BX-471, leading to
remarkably higher AUC-, Cmax- and half life values.
The acetyl group in A1—compared with the urea in
A2—led to a further increase in AUC and half life,
two important requirements for in vivo activity in ro-
dent models. The methoxy group in A3B1 demonstrated
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Table 2. Pharmacokinetics in rats and chemotaxis


Compound F (%) Cmax
a T1/2 (h) AUCb CCL3


chemotaxis c


BX-471 100 0.400 1.9 139 2.36


A1B1 95 0.85 16.5 784 9.97


A2B1 90 0.934 11.0 487 45.00


A3B1 100 0.396 4.1 750 69.7


A3B7 83 0.080 5.1 158 7.50


A4B7 77 0.407 2.92 1071 41.00


F, bioavailability; T1/2, half life; AUC, area under the curve.
a lM/L; dose normalized.
b ng h/mL.
c IC50 (nM) of MIP-1a (CCL3) induced transwell chemotaxis.30
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a 2- to 4-fold drop of Cmax and half lives, while replace-
ment of B1 by B7 reduced all parameters, except the half
life in A3B7. However, combining B7 and A4 led to the
highest AUC value of the series in A4B7.


Based on their promising pharmacokinetic properties in
rats and potency to inhibit CCL3- induced chemotax-
is,30 A1B1, A4B7 and A3B7 were tested in the LPS-ac-
celerated collagen-induced arthritis model in mice.31


Due to their shorter half lives, A3B7 and A4B7 were
dosed 2 · 30 mg/kg p.o. per day, while A1B1 with a
longer half life was dosed once per day 60 mg/kg p.o.
A4B7 reduced the clinical severity score by 58%, A1B1
by 48%, while A3B7 was inactive. The lack of activity
of A3B7 can be explained by its lower exposure
(AUC = 158; Table 1) in comparison to A1B1
(AUC = 784) and A4B7 (AUC = 1071). At a dose of
100 mg/kg p.o. A1B1 (plasma levels after 4 h: 8.15 lM;
after 18 h: 1.4 lM) significantly reduced histological
scores of inflammation, pannus formation, cartilage
degradation and bone resorption. As a representative
of the novel cinnamide chemotype CCR1 antagonists,
A1B1 underwent a GPCR selectivity screen including

Cl


NH


O


N


O


N


F


Cl


NH


O


N


O


N


F


N


A1B1


A4B7

related chemokine receptors, muscarinic, adrenergic
and opioid receptors and proved to be highly selective.32


Since most GPCRs tested for selectivity were of human
origin, animal in vivo data have to be interpreted with
caution. More work is needed—e.g., chemotaxis experi-
ments with rat and mouse cells—to relate in vivo activity
with inhibition of the CCR1 receptor.


In summary, our pilot set aiming at the discovery of
novel CCR1 antagonists with cross-reactivity for human
and rodent receptors yielded a number of potent antag-
onists. Two compounds—A1B1 and A4B7—demon-
strated oral efficacy in a model of rheumatoid arthritis
in the mouse.
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EFFECT OF A1B1  ON THE CLINICAL 
  SEVERITY OF COLLAGEN-INDUCED ARTHRITIS 
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aerosil in water. Treatment was initiated once daily prior to
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Abstract—(1 0S*,2 0S*)-(±)-6-Nor-2 0,3 0-dihydro-4 0-deoxo-ABA (2) was designed and synthesized as a candidate lead compound for
developing a potent and specific inhibitor of ABA 8 0-hydroxylase. This compound acted as an effective competitive inhibitor of the
enzyme, with a KI value of 0.40 lM, without exhibiting ABA activity. However, compound 2 also functioned as an enzyme
substrate, making it a short-lived inhibitor. The 8 0-difluorinated derivative of 2 (4) was synthesized as a long-lasting alternative.
Compound 4 resisted 8 0-hydroxylation, but inhibited ABA 8 0-hydroxylation as effectively as 2. These results suggest that compound
2 is a useful lead compound for the future design and development of an ideal ABA 8 0-hydroxylase inhibitor.
� 2005 Elsevier Ltd. All rights reserved.

The plant hormone (1 0S)-(+)-abscisic acid (ABA, 1) is
an important regulator of plant growth, development,
and responses to stresses such as desiccation and freez-
ing.1–4 In addition to ABA biosynthesis and transport,
the metabolic inactivation of ABA is crucial for the con-
trol of ABA concentration in vivo. Since ABA is mainly
metabolized through hydroxylation at C-8 0 by the cyto-
chrome P450 monooxygenase ABA 8 0-hydroxylase (e.g.,
Arabidopsis CYP707A1-CYP707A4) (Fig. 1),5–7 specific
inhibitors of this enzyme would be potentially very use-
ful tools for cellular and molecular investigations in the
field of plant physiology. Tetcyclacis inhibited 8 0-hy-
droxylation of ABA by CYP707A1,6 and uniconazole-
P acted as an inhibitor of ABA catabolism in cultured
tobacco cells.8 Diniconazole was a potent competitive
inhibitor of CYP707A3.8 However, these compounds
also inhibit gibberellin biosynthesis, and, therefore, are
not specific inhibitors of ABA 8 0-hydroxylase. Since
there are many metabolic pathways mediated by P450
enzymes in plants, there is a need for ABA 8 0-hydroxy-
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lase inhibitors that block only the ABA metabolic inac-
tivation pathway without affecting other pathways.


An ABA analogue designed on the basis of the substrate
specificity of ABA 8 0-hydroxylase has the potential to
act as a specific inhibitor of the enzyme. However,
ABA analogues can also have ABA activity, a serious
drawback for in vivo experiments where the desired ac-
tion is not as an agonist for ABA receptors but as an
inhibitor of ABA 8 0-hydroxylase. The ideal enzyme
inhibitor would have the ABA structural features re-
quired for substrate specificity, but not those involved
in activating the ABA signal transduction pathway.
Additionally, the ideal inhibitor would bind with high
affinity to the enzyme and have a relatively long-lasting
activity. To develop an ABA 8 0-hydroxylase inhibitor
meeting these requirements, we need a lead compound,
which should be designed according to the following
criteria: (1) it has all the functional groups that
are required for binding to the enzyme; (2) it never sub-
stitutes for ABA as an activator of the ABA signal
transduction pathway; and (3) it is easily prepared from
a synthetic intermediate which can be modified to im-
prove the properties of the final product. In this study,
we designed (1 0S*,2 0S*)-(±)-6-nor-2 0,3 0-dihydro-4 0-deo-
xo-ABA (2, Fig. 2) as a candidate lead compound.
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Figure 2. Structures of ABA 8 0-hydroxylase inhibitors. Compounds 2


and 4 are racemates, and compounds 3 and 5 are chiral compounds.


Figure 1. Initial step of metabolic inactivation of ABA in plants.
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Although compound 2 lacks the a,b-unsaturated ketone
in the cyclohexenone ring of ABA, modification of this
functional group only slightly affects binding to ABA
8 0-hydroxylase;9 therefore, compound 2 was expected
to bind to ABA 8 0-hydroxylase as well as ABA. Further-
more, compound 2 was not expected to exhibit ABA
activity, because (+)-6-nor-ABA (3) has no ABA
activity.9


The methyl groups (C-7 0, -8 0, and -9 0 of ABA) involved
in binding to ABA 8 0-hydroxylase are significant substit-
uents for developing an ABA 8 0-hydroxylase inhibitor
that has a unique function, for example, long-lasting ef-
fects, suicide function, coordination to the heme iron
atom, and protein modification. Compound 3 acted as
the most ideal competitive inhibitor of ABA 8 0-hydrox-
ylase (KI = 0.16 lM) among the ABA analogues we test-
ed previously.9 However, alternation of C-7 0, -8 0, and -9 0


in compound 3 required more complicated synthetic
procedures than in the case of compound 2, which en-
ables us to synthesize from a cyclohexanone that is eas-
ily modified at the corresponding sites to C-7 0, -8 0, and -
9 0 of 2. Thus, compound 2 should be more advanta-
geous for the future design of a portent and useful
ABA 8 0-hydroxylase inhibitor than compound 3.


To test the usefulness of 2 as a lead compound, we de-
signed its 8 0-difluorinated derivative, compound 4. This
compound is expected to resist 8 0-hydroxylation, because
(+)-8 0,8 0-difluoro-ABA (5) yielded no enzyme products
and acted as an effective competitive inhibitor of ABA
8 0-hydroxylase (KI = 0.17 lM).9 In contrast, compound
2may be converted into the 8 0-hydroxylated product, be-
cause compound 2 has themethyl group corresponding to
C-8 0 of ABA and the similar conformation to ABA. This
means that compound 2 is a short-lived inhibitor in in vivo
experiments. Compound 4 is expected to be longer-lasting
than 2, making it a more useful in vivo inhibitor. In this
paper, we describe the synthesis of compounds 2 and 4,

and assess their ability to inhibit ABA 8 0-hydroxylase.
We also discuss the usefulness of 2 as a lead compound
for developing ABA 8 0-hydroxylase inhibitors.


The lead compound 2 was synthesized from 2,2,6-trim-
ethylcyclohexanone as shown in Scheme 1a. The reac-
tion of 2,2,6-trimethylcyclohexanone with 2-propynyl
tert-butyldimethylsilyl (TBS) ether and n-butyllithium
(n-BuLi) gave the ether 6, whose relative configuration
is (1 0S*,2 0S*), and its diastereomer, whose relative con-
figuration is (1 0S*,2 0R*), in a ratio of 12:1. The 1 0-hy-
droxyl group of 6 was in the equatorial orientation,
which was most likely formed by the preferential axial
attack on the 2,2,6-trimethylcyclohexanone by the acet-
ylide anion.10,11 Reduction with sodium bis(methoxy-
ethoxy)aluminum hydride (SMEAH), de-protection
with AcOH and H2O in tetrahydrofuran (THF), and
oxidation with pyridinium dichromate (PDC) yielded
the aldehyde 7. The Horner–Emmons reaction of 7 with
ethyl di-o-tolylphosphonoacetate yielded the ethyl ester
8; the ratio of 2Z/2E isomers was 4:1. Basic hydrolysis
of 8 and separation of the isomers by silica gel column
chromatography with 8–15% acetone in CH2Cl2 con-
taining 0.5% AcOH, and by octadecylsilyl (ODS) col-
umn chromatography using Sep-Pak Plus C18
cartridges (Waters) with 75% MeOH in H2O containing
0.1% AcOH, produced compound 2 as a colorless oil
(29% yield from 2,2,6-trimethylcyclohexanone).12


In difference NOE and 2D NOE (NOESY) experiments
in a CDCl3 solution, the 5-proton of 2 exhibited NOEs
to the 3 0-, 5 0-, 7 0-, and 9 0-protons, and the 8 0-protons
showed NOE to the 2 0-proton (Fig. 3). The result sug-
gests that the ring conformation of 2 is a chair with an
axial side chain and that the relative configuration of 2
is (1 0S*,2 0S*); that is, the 2 0-methyl group is cis to the
side chain.


The 8 0-difluorinated derivative, (1 0S*,2 0S*,6 0S*)-(±)-6-
nor-2 0,3 0-dihydro-4 0-deoxo-8 0,8 0-difluoro-ABA (4), was
synthesized from compound 9 (prepared as reported
previously)13 by almost the same method used for 2
(Scheme 1b) and was identified by spectral data.14 The
conformation of 4 is a chair with an axial side chain
and the relative configuration of 4 is (1 0S*,2 0S*,6 0S*),
which was confirmed by difference NOE and NOESY
experiments (Fig. 3).


The biological activities of 2 and 4 were evaluated in two
bioassays.15 In the rice seedling elongation assay, the
IC50 values of both compounds were more than
300 lM, whereas that of (±)-ABA was 2 lM. On the
other hand, the IC50 value of 4 in the lettuce seed germi-
nation assay was 150 lM, whereas that of (±)-ABA was
12 lM. The IC50 value of 2 in the same assay was more







Table 1. Inhibitory activity of 2 and 4 against CYP707A3


Compound Inhibitiona


(%)


IC50
b


(lM)


KI


(lM)


Productsc


(%)


2 90.9 ± 1.8 0.91 0.40 ± 0.03 17


4 94.0 ± 0.1 0.63 0.41 ± 0.17 NDd


a Inhibition ratio in the 80-hydroxylation for ABA (5 lM). The con-


centration of 2 and 4 was 50 lM.
b The concentrations for 50% inhibition in the 80-hydroxylase reaction
for ABA (1 lM).


c The percent ratio of the enzyme products from inhibitors to those


from ABA when the reaction mixture was incubated for 10 min at


30 �C.
dNot detected.


Scheme 1. Synthetic routes of compound 2 (a) and compound 4 (b). Reagents and conditions: (i) 2-propynyl TBS ether (3.1 equiv), n-BuLi


(2.0 equiv), dry THF, �78 �C, 50 min, and then addition of 2,2,6-trimethylcyclohexanone, �78 to �11 �C, 2.5 h, 87%; (ii) SMEAH (2.9 equiv), dry


THF, rt, 1.5 h; (iii) THF/AcOH/H2O = 1.5:3:1 (v/v), rt, 3d, 71% from 6; (iv) PDC (1.3 equiv), Celite, dry CH2Cl2, rt, 4 h, 85%; (v) ethyl di-o-


tolylphosphonoacetate (3.3 equiv), NaH (4.6 equiv), dry THF, 0 �C, 30 min, then addition of 7 at �78 �C, �78 to �24 �C, 70 min, 87%; (vi) NaOH,


MeOH, rt, 4 h, and purification with Sep-Pak Plus C18 cartridges, 63%; (vii) 2-propynyl THP ether (2.7 equiv), n-BuLi (2.1 equiv), dry THF, �75 �C,
1 h, and then addition of 9, �30 to �15 �C, 2.5 h, 46%; (viii) pyridinium p-toluenesulfonate (0.1 equiv), EtOH, 55 �C, 3.5 h, 83%; (ix) SMEAH


(10.5 equiv), dry THF, rt, 1.5 h, 85%; (x) MnO2 (19.3 equiv), CH2Cl2, rt, 2.5 h, 74%; (xi) ethyl di-o-tolylphosphonoacetate (1.7 equiv), NaH


(3.0 equiv), dry THF, 0 �C, 30 min, then addition of 13 at �75 �C, �75 to �40 �C, 1.5 h, quantitative; and (xii) separation with HPLC ODS column,


and NaOH, MeOH, rt, 13.5 h, 32%. Compound 9 was prepared from 2,6-dimethylcyclohexanone as reported previously.13 Compounds 2, 4, and 6–8


are a racemic mixture, and compounds 9–14 are a diastereomeric mixture.


Figure 3. Favored conformations of 2 and 4. 2: R = CH3; 4:


R = CHF2. Arrows represent the observed NOEs.
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than 300 lM. These results suggest that compounds 2
and 4 are much poorer agonists than ABA of the
ABA receptors.


To examine whether compounds 2 and 4 can inhibit the
ABA 8 0-hydroxylase reaction, we carried out in vitro
ABA 8 0-hydroxylase assays using recombinant
CYP707A3.16 The inhibition constants (KI) and inhibi-
tor types were determined from a Dixon plot. As shown
in Table 1, compounds 2 and 4 inhibited the CYP707A3
reaction (IC50 = 0.91 and 0.63 lM, respectively). The
kinetic analysis revealed that both compounds acted as
competitive inhibitors of the enzyme; the KI values were
0.40 lM for 2 and 0.41 lM for 4. These values are lower

than the KM value for ABA (1.3 lM),7 suggesting that
compounds 2 and 4 are effective inhibitors of
CYP707A3. Compound 2 functioned as an enzyme
substrate, although the yield of enzyme products from
2 relative to those from ABA was estimated to be 17%
(Table 1). In contrast, compound 4 resisted hydroxyl-
ation at C-8 0, which is consistent with the design concept.


Compound 2 is an effective inhibitor of ABA 8 0-hydrox-
ylase and rarely activates the ABA signal transduction
pathway. Additionally, this compound is easily prepared
and modified, such as by fluorination to prevent 8 0-hy-
droxylation. The present findings show that compound
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2 is a useful lead compound for the future design and
development of potent and specific inhibitors of ABA
8 0-hydroxylase.
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Abstract—Efforts directed to identifying potent HIV protease inhibitors (PI) have yielded a class of compounds that are not only
very active against wild-type (NL4-3) HIV virus but also very potent against a panel of PI-resistant viral isolates. Chemistry and
biology are described.
� 2005 Elsevier Ltd. All rights reserved.
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The fast emerging resistance to the first generation of
HIV protease inhibitors, such as indinavir, nelfinavir,
saquinavir, and ritonavir, has been a substantial and
persistent problem in the treatment of AIDS. The need
for more potent and bioavailable protease inhibitors to
achieve more complete viral suppression has become ur-
gent. Furthermore, the alarming expression of viral
cross-resistance to multiple protease inhibitors under-
scores the necessity for chemotherapeutic agents that
are broadly active against a wide variety of HIV
mutations.1


Our efforts in this area have been focused on reengineer-
ing the structure of indinavir that preserves its excellent
biological profile while improving the antiviral activity
against various resistant viral isolates. Previous work
highlighted the modifications at the S2 pocket by intro-
ducing N-CF3CH2 amide for a tert-butyl amide2 and at
the S3 0 pocket with aminochromanol moiety for amino-
indanol.3 In this communication, we report that modifi-
cations focused on the S1 0 and the S3 pockets have
afforded compounds with excellent potency against PI-
resistant virus. Figure 1 shows R1 and R2 are the focus
area under investigation.
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The synthesis of these analogs is exemplified with the
best compound 9 (Scheme 1). Treatment of 1 with
LDA in THF at �78 �C followed by trapping with ethyl

CF3


S3'
S2


Figure 1. Modifications of indinavir for R1 and R2 may lead to


improved potency against PI-resistant viral strains.
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formate gave aldehyde 2 in 82% yield. Wittig–Horner
reaction of 2 afforded ester 3 in excellent yield. Hydroge-
nation of 3 gave a saturated ester which was subsequent-
ly hydrolyzed to an acid. The acid was coupled with
aminochromanol and the resulting coupling product
was protected to give compound 4 in 51% overall yield.
Compound 4 was treated with 1 M LiN(TMS)2 and
trapped with allyl bromide at �25 �C to afford 5 in
75% yield. The epoxide 6 was obtained in 58% yield
by treatment of 5 with NIS in a mixture of EtOAc
and aqueous NaHCO3 followed by NaOMe in EtOAc
at room temperature. The epoxide ring opening with
compound 7 in i-PrOH under reflux conditions afforded
compound 8 in 33% yield. Final deprotection of 8 with
HCl in ether and MeOH gave compound 9 in 47% yield.
The synthesis of all analogs described herein, was car-
ried out in a similar fashion as illustrated in Scheme 1.
All final products were isolated by preparative TLC
and characterized by 1H NMR and LC–MS (ESI).
The preparation of the intermediate 7 was similar to
the chemistry described elsewhere.4


The biological activity of the synthesized compounds is
shown in Tables 1 and 2. The compounds were tested for
their ability to inhibit the protease enzyme (IC50) and to
inhibit the spread of viral infection in MT4 human T-
lymphoid cells using NL4-3 virus (CIC95).


5 The results
indicate that all compounds 9–22 are very potent against
wild-type protease enzyme and NL4-3 virus, and gener-
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Scheme 1. Reagents and conditions: (a) LDA, THF, �78 �C, ethylformate, 82


MeOH, rt; (d) NaOH, MeOH/H2O; (e) aminochromanol, EDC, HOBT, Et3
51% overall; (f) 1 M LiN(TMS)2, allyl bromide, THF, �25 �C, 75%; (g) N


(h) i-PrOH, reflux, 33%; (i) HCl in ether, MeOH, 47%.

ally they are 5–30-fold more potent than indinavir. The
similar potencies of these compounds have made it hard
to differentiate them from each other by just comparing
their wild-type IC50 and CIC95 (Table 1). Our discussion
for the SAR therefore will be focused instead on the re-
sults from their viral spread assay6 in Table 2. Among
the compounds tested (9–22), compounds 9 and 16 are
extremely potent and they are the best against all mutant
viruses listed (CIC95 < 7.8 nM cross the board). These
two compounds are the regio-isomers of the pyridylthi-
ophene at R1. With the same R1, compounds 9–13 pres-
ent an interesting SAR at R2 site. All five groups at R2


were used before in different series.4,7 We try to examine
how these groups respond to the pyridylthiophene moi-
ety at the R1. gem-Dimethyl-2-(4-chlorophenyl)-1,3-oxa-
zol-5-yl moiety (9) is the best in all five groups. gem-
Dimethyl-2-(4-chlorophenyl)-1,3-thiazol-2-yl group
(10) also displays excellent antiviral activity and is only
slightly less potent against mutant V-18C than com-
pound 9. The other three, furan analog 11, thiophene
analog 12, and thiazole analog 13, are active against mu-
tant virus but less potent than 9 and 10. It is worth not-
ing that a CF3 group in the thiazole analog 13 causes a
loss of potency for both IC50 and CIC95 (Tables 1 and
2). Compound 15 is another very potent compound
against mutant virus.


Introduction of a chlorine atom at the pyridylthiophene
ring (17) resulted in a potent protease inhibitor with
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%; (b) triethyl phosphonoacetate, NaH, THF, 0 �C, 92%; (c) H2, Pd/C,


N, CH2Cl2, rt, 2-methoxy propene, 10-camphorsulfonic acid, CH2Cl2,


IS, EtOAc/NaHCO3, 0 �C to rt; NaOMe, EtOAc, rt, 58% overall;







Table 1. Influence of substituents on in vitro potency of HIV protease inhibitors
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Table 2. Potency (CIC95) (nM) against PI-resistant viral isolate


constructs in the viral spread assay


Compound NL4-3 4X Virus Viral isolates


K-60C V-18C Q-60C


Indinavir 50 400 >1000 >1000 >1000


9 <7.8 <7.8 <7.8 <7.8 <7.8


10 <7.8 <7.8 <7.8 31.3 <7.8


11 15.6 15.6 <7.8 125 31.3


12 15.6 15.6 31.3 125 31.3


13 26.0 125 31.3 375 93.8


14 <7.8 31.3 <7.8 62.5 15.6


15 7.8 <7.8 <7.8 31 <7.8


16 <7.8 <7.8 <7.8 <7.8 <7.8


17 7.8 <7.8 <7.8 15.6 <7.8


18 7.8 15.6 125 62.5 125


19 15.6 31.3 <7.8 125 62.5


20 15.6 31.3 15.6 250 31.3


21 <7.8 15.6 125 62.5 62.5


22 <7.8 62.5 15.6 125 62.5


5314 Z. Lu et al. / Bioorg. Med. Chem. Lett. 15 (2005) 5311–5314

only a slight loss of potency against viral isolate V-18C
(17 vs 16). The analogs of 3-(5-methyl-2-furyl)-4-methyl-
pyridine moiety (18–22) are generally potent but less ac-
tive than other compounds (9–17). We noticed that the
V-18C viral isolate was one of the toughest viral isolates
and most of our compounds performed less satisfactori-
ly against it. Given their excellent antiviral activity
against mutant virus, pyridylthiophene analog 9, and
pyridylfuran analog 15 were chosen to test the oral bio-
availability in animal models. At the dose of 2 mpk po,
compound 9 showed moderate bioavailability (7.3%)
with a reasonable PK profile (Table 3). Additionally,
compound 15 had decent oral bioavailability (F = 42%
in dog and 14% in rat, see Tables 3 and 4 for PK data
in dog and rat). Unfortunately, both 9 and 15 were po-
tent (IC50 < 1lM) inhibitors of CYP 3A4, 2D6, and
2C9.


In summary, we have shown that replacement of phenyl
group at the S1 0 of Indinavir with various aryl heterocy-
cles along with modifications at the S3 pocket can signif-
icantly impact the inhibitory potency of the compounds
against the HIV protease enzyme. All compounds dis-
cussed above display much better antiviral activity
against mutant isolates than does indinavir. Specifically,
nearly a half dozen compounds (9, 10, and 15–17) show
substantially better potency (low nanomolar) against the
viral spread of both the wild-type virus (NL4-3) and a
number of PI-resistant variants of HIV. One of the best
compounds (9) shows moderate bioavailability in rats

Table 3. Pharmacokinetics in rats for compounds 9 and 15 (n = 4)


Compound Dose (po dose mpk) Cmax (lM) AU


9 2 0.052 0.3


15 10 0.18 (sd = 0.07) 0.2


Table 4. Pharmacokinetics in dogs for compound 15 (n = 2)


Compound Dose (po dose mpk) Cmax (lM) AU


15 10 2.1 (sd = 1.51) 0.3

and another compound 15 shows a decent bioavailabil-
ity in both dogs and rats.
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C (lM h) F (%) t1/2 (min) CL (ml/min/kg)


6 7.3 48 111


9 (sd = 0.12) 14 48 98


C (lM h) F (%) t1/2 (min) CL (ml/min/kg)


9 (sd = 0.31) 42 60 23





		Orally bioavailable highly potent HIV protease inhibitors  against PI-resistant virus

		References and notes








Bioorganic & Medicinal Chemistry Letters 15 (2005) 5266–5269

Discovery of 4-heteroarylbicyclo[2.2.2]octyltriazoles as potent
and selective inhibitors of 11b-HSD1: Novel therapeutic agents


for the treatment of metabolic syndrome


Xin Gu,a,* Jasminka Dragovic,a Gloria C. Koo,b Sam L. Koprak,b Cheryl LeGrand,b


Steven S. Mundt,b Kashmira Shah,b Marty S. Springer,b Eugene Y. Tan,c


Rolf Thieringer,b Anne Hermanowski-Vosatka,b Hratch J. Zokian,b


James M. Balkoveca and Sherman T. Waddella


aDepartment of Medicinal Chemistry, Merck & Co., Inc., PO Box 2000, Rahway, NJ 07065, USA
bDepartment of Cardiovascular Disease, Merck & Co., Inc., PO Box 2000, Rahway, NJ 07065, USA


cDepartment of Drug Metabolism, Merck & Co., Inc., PO Box 2000, Rahway, NJ 07065, USA


Received 12 July 2005; revised 15 August 2005; accepted 15 August 2005


Available online 26 September 2005

Abstract—Replacement of the pentyl chain on our original bicyclo[2.2.2]octyltriazole leads 1 and 2 has led to the discovery that
heteroaryl substituted bicyclo[2.2.2]octyltriazoles are potent and selective 11b-hydroxysteroid dehydrogenase type I (11b-HSD1)
inhibitors with excellent pharmacokinetic profiles.
� 2005 Elsevier Ltd. All rights reserved.

Metabolic syndrome is a cluster of risk factors which in-
cludes visceral adiposity, diabetes, dyslipidemia, and
hypertension. When they occur together, these risk fac-
tors greatly increase the incidence of cardiovascular dis-
ease.1 There is a growing body of data suggesting that
increased levels of intracellular cortisol can cause meta-
bolic syndrome.2 The enzyme 11b-HSD1 plays a central
role in regulating intracellular concentrations of
glucocorticoids by converting inactive cortisone to the
metabolically active hormone cortisol. It has been
hypothesized that inhibition of 11b-HSD1 would lower
intracellular cortisol concentrations and thereby treat
metabolic syndrome.2,3 In support of this hypothesis,
it has been shown that 11b-HSD1 knockout mice resist
metabolic syndrome,4 whereas overexpression of 11b-
HSD1 in mouse adipose tissue leads to a metabolic syn-
drome-like phenotype.5 A successful therapeutic agent6


would have to be selective for 11b-HSD1 over the relat-
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ed enzyme 11b-HSD2, which protects the mineralocorti-
coid receptor from activation by cortisol.3


Unpublished work from our laboratories demonstrated
that bicyclo[2.2.2]octyltriazoles with an alkyl tail are
inhibitors of human 11b-HSD1. Compound 1 (Fig. 1)
is very potent against the mouse and human 11b-
HSD1 enzymes (m-HSD1 and h-HSD, respectively)
and has reasonable in vivo activity in the pharmacody-
namic (PD) assays.7 The PD assay is an in vivo measure-
ment of a compound�s ability to inhibit 11b-HSD1
enzyme activity as assessed by the extent of the conver-
sion of exogenously administered [3H]cortisone, a sub-
strate of this enzyme, to [3H]cortisol. Optimization of
the right side of the molecule led to a more potent and
selective compound 2, which inhibits cortisone to corti-
sol conversion almost completely 4 h after dosing. How-
ever, compound 2 still suffers from high clearance and
low bioavailability in pharmacokinetic studies in the
mouse. Liver microsomal studies indicated that hydrox-
ylation of the 5-carbon alkyl chain is the major metabol-
ic product.8 This paper summarizes our efforts to
prepare compounds showing greater metabolic stability
by replacing the n-pentyl chain with heterocycles. The
synthesis of heteroaryl substituted bicyclo[2.2.2]-octy-
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Table 1. Inhibitory properties of selected compounds


R


N


NN


Compound R IC50 (nm)


h-HSD1/


h-HSD2


m-HSD1/


m-HSD2


1 5/183 3/2100


4 MeOOC- 110/>4000 68/>4000


7 N


N
O 289/>4000 136/>4000


8 N


N
O 170/61% at 4 lM <3.9/>4000


9
N


N
O


Cl


13/228 17/4000


N N


N


1


N N


N


2


F3C


h-HSD1 IC50: 5 nM
m-HSD1 IC50: 3 nM


PD 1 hr: 74% in h
4 hr: 52% in h


h-HSD1 IC50: 2 nM
m-HSD1 IC50: 3 nM


PD 1 hr: 99% in h
4 hr: 98% in h


mouse PK:


Clp 14 1 mL/min/kg 273 mL /min/kg


F 6 % 21%


Figure 1. Bicyclo[2.2.2]octyltriazole leads.
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ltriazoles took advantage of the knownmonomethyl ester
(3) of bicyclo[2.2.2]octane diacid.9 In general, the acid
group was first converted into the central triazole, after
which the ester group was elaborated to a heterocycle.
A representative example is shown in Scheme 1. Acid 3
was first converted to the corresponding hydrazide, which
was then reacted with the imidate derived from 2-azacy-
clooctanone to give triazole 4. The ester group in 4 was
hydrolyzed and coupled with an amidoxime to give inter-
mediate 6, which was subsequently heated at reflux in tol-
uene to afford oxadiazole 7.10


These compounds were tested against both human and
mouse 11b-HSD1 and 11b-HSD2 enzymes.7 Data for
selected compounds are shown in Table 1. It was
encouraging to find that replacing the pentyl chain with
a simple methyl ester yielded a compound (4) that was
still moderately active. This demonstrated that polar
groups were tolerated at this site. An initial survey of
oxadiazoles showed that small alkyl substituents pro-
duced compounds with only modest potency (7 and 8),
but with greatly improved selectivity vs. 11b-HSD2.
The potency seemed to increase with the lipophilicity
of the substituents, and indeed the para-chlorophenyl

CO2H


MeO2C


a, b, c N


NN


HOOC


N


NN


d e


N


NN


N


N
O


MeO
O3 4


5


N


NN


O


N
OH2N


f


6 7


Scheme 1. Reagents and conditions: (a) Et3N, TFFH, DMF, rt; (b)


anhydrous NH2NH2; (c) imidate, DMF, 130 �C; (d) KOH, MeOH/


H2O, 60 �C; (e) CDI, CH3C(NH2)@NOH; (f) reflux in toluene.

group brought both the human and mouse 11b-HSD1
IC50 down into the 10–20 nM range (9) but there was
an erosion of selectivity. Nevertheless, the potency and
HSD1/HSD2 selectivity of 9 essentially matched those
of our lead compound 1.


Compound 9 was followed up with a series of right hand
variations known from previous analogs to give good
potency, at the same time varying the substituents on
the phenyl ring pendant to the oxadiazole (Table 2).
All the compounds shown have good selectivity against
11b-HSD2 (IC50 >1 lM). The para-fluorophenyl analog
11 was quickly identified as very potent (2.2 nM against

Table 2. Inhibitory activities of selected compounds


N N


N R 2


N


N O
R 1


Compound R1 R2 IC50 (nM)


h-HSD1 m-HSD1


10 4-Cl-Ph 2-CF3-Ph 4 2


11 4-F-Ph 2-CF3-Ph 2.2 1.9


12 2,4-di-F-Ph 2-CF3-Ph 2.6 2.6


13 4-F-Ph 2-CH3O-


4-OH-Ph


8.6 2.3


14 4-F-Ph 2-CHF2O-Ph 9.3 5.2


15 4-F-Ph 2-Cl-Ph 4.1 3.2


16 4-F-Ph 2-Cl-4-CH3O-Ph 22 12


17 4-F-Ph 2-CH3SO2-Ph 9.8 29


Table 3. Pharmacokinetic properties of 11b-HSD1 inhibitor 11


Species nAUC (lM h) Clp (mL/min/kg) t1/2 (h) F (%)


Mouse 5.7 5.88 17.7 58


Rat 6.2 5.39 5.1 83


Dog 9.55 3.51 9.87 100







Table 4. Inhibitory activities of selected compounds


N
N


N
CF3


R


F


Compound R IC50 (nM) % Inhibition at


4 h/16 h


h-HSD1 m-HSD1 PD (10 mg/kg po)


11


N
O


N 2.2 1.9 86/74


18


N
N


O
7.2 5 85/79


19 N


O
N 2 <1 93/91


20 N
NH 5.3 2.4 84/32


21
N


N
H


N


4.7 1.6 93/28


5268 X. Gu et al. / Bioorg. Med. Chem. Lett. 15 (2005) 5266–5269

h-HSD1, 1.9 nM against m-HSD1) and selective
(HSD1/HSD2 �1800-fold). In the PD assay, it inhibited
cortisone to cortisol conversion by 86% at 4 h and 74%
at 16 h. Further, compound 11 had an excellent PK

Table 5. Inhibitory activities of selected compounds


N
N


N O
R


Compound R


h-HSD1


11
F


2.2


22
N


O
20


23
N


O
4.1


24
S


O


O


4.9


25


S
OO


4.2


26 S
O


O
F3C


1.9


27
F


F
F


OH


1.4

profile in mouse, rat, and dog with low clearance, long
half life, and very high oral bioavailability (Table 3).


We also investigated other heterocyclic linkages, includ-
ing the two other isomeric oxadiazoles. Table 4 summa-
rizes some of the interesting data for these compounds,
including IC50 values against human and mouse 11b-
HSD1 enzymes and potency in PD assays.


As shown in Table 4, replacing the 1,2,4-oxadiazole in
11 with a more polar 1,3,4-oxadiazole11 (18) caused a
slight loss of in vitro potency, while retaining similar
PD activity. The isomeric 1,2,4-oxadiazole (19) showed
further improved activity: 2 nM for h-HSD1 and
<1 nM for mouse HSD1. The PD activity for compound
19 was excellent (93% at 4 h, 91% at 16 h). Imidazole12


(20) and triazole (21) analogs also had good potency
in vitro, though their activity in the PD diminished at
16 h.


One of the problems compound 11 had to suffer was
poor water solubility. In order to improve its physical
properties, we synthesized analogs of 11 incorporating
polar groups on the phenyl ring (Table 5).


The pyridone analog 22 and pyridine analog 23 lost
potency in vitro by 10- and 2-fold, respectively. They also
lost potency in the PD assay at 16 h. The para-methyl
sulfone analog 24 had better PD activity than the meta-
methyl sulfone analog 25. Substituting the methyl sul-
fone group with trifluoromethylsulfone (26) improved

N


N


F3C


IC50 (nM) % Inhibition at 4 h/16 h


m-HSD1 PD (10 mg/kg po)


1.9 86/74


22 69/7


4.5 81/0


1.8 95/40


9.5 71/11


<0.98 76/71


<1.0 86/84
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the in vitro potency and PD activity at 16 h compared to
that of 24. A trifluoromethyl carbinol replacement of the
sulfone (27) had superior in vitro activity (1.4 nM for h-
HSD1 and <1.0 nM for m-HSD1), and excellent in vivo
activity (PD 86% at 4 h, 84% at 16 h).


In summary, replacement of the pentyl chain on our ori-
ginal bicyclo[2.2.2]octyltriazole lead has led to the discov-
ery of heteroaryl substituted bicyclo[2.2.2]octyltriazoles
as potent and selective HSD1 inhibitors, which have
excellent pharmacokinetic profiles. Further studies on
these compounds will be reported in due course.
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Abstract—The synthesis and structure–activity studies of a series of 6-substituted-4-anilino-[1,7]-naphthyridine-3-carbonitriles as
inhibitors of Tpl2 kinase are described. The early exploratory work described here may lead to the discovery of compounds with
significant therapeutic potential for treating rheumatoid arthritis and other inflammatory diseases.
� 2005 Elsevier Ltd. All rights reserved.
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Tumor necrosis factor-a (TNF-a), a pro-inflammatory
cytokine, is involved in inflammation in a number of dis-
ease states, most notably in the autoimmune disease
rheumatoid arthritis (RA). RA occurs in nearly 1% of
the population with an annual incidence of 0.04%.1


The debilitating aspects of RA are associated with the
erosion of cartilage and bone leading to joint pain,
swelling, stiffness, and restricted mobility. The protein
therapeutic ENBREL�/etanercept, a soluble form of
human recombinant TNF-a receptor (sTNFR-a), is cur-
rently available to patients with RA and has been a
major advance in treating the disease; however, an oral-
ly available small molecule that inhibits TNF-a synthe-
sis and/or signaling would have widespread therapeutic
potential.2


Tpl2 (Cot/MAP3K8) is a serine/threonine kinase in the
MAP3K family that is upstream of MEK in the ERK
pathway.3 Recent studies using Tpl2 knock-out mice
indicate an important role for Tpl2 in the LPS-induced
production of TNF-a and other pro-inflammatory cyto-
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kines.4 Tpl2 is also required for TNF-a signaling (i.e.,
the cellular response to ligation of the TNF-a receptor),
and thus an inhibitor of Tpl2 would have the double
benefit of blocking both TNF-a production and signal-
ing.5 Furthermore, the unique features of Tpl2 presum-
ably increase the potential for discovering a selective
Tpl2 inhibitor. Tpl2 is not inhibited by staurosporine,
a non-specific kinase inhibitor, and it is the only human
kinase that has a proline instead of a conserved glycine
in the glycine-rich ATP binding loop.6


Screening of our in-house kinase library provided us
with several classes of reversible and ATP-competitive
hits (Fig. 1), one of which, a 6-substituted-4-anilino-
[1,7]-naphthyridine-3-carbonitrile 1, originated in

N
N N


N
2a-y1


O


Figure 1. Optimization of 6-substituted-4-anilino-[1,7]-naphthyridine-


3-carbonitriles.
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Scheme 1. Reagents and conditions: (a) i—KF, DMSO, 70 �C, 18 h;
ii—SnCl2–H2O, EtOAc; iii—Boc2O, t-BuOH, 40 �C, 3 h, 53%, 3 steps.


(b) i—n-BuLi, TMEDA, ether, �78 �C then CO2; ii—TMSCH2N2,


CHCl3/MeOH, 51%, 2 steps. (c) CH3CN, n-BuLi, THF �78 �C, 76%.


(d) i—DMF–DMA, rt, 1 h; (ii) oxalyl chloride, DMF, CH2Cl2, 59%,


2 steps. (e) ArNH2, EtOH, reflux 6–12 h, 80–94% or ArNH2, DME,


110 �C microwave, 15–45 min, 95%. (f) RXNH, pyridine, 80 �C, 3


days, 30–50% or RXNH, THF or neat, 120–180 �C microwave, 0.5–


2 h, 12–60%.


Table 1. Inhibition of Tpl2 kinase by 4-(arylamino)-6-(2-morpholino-


ethylamino)-3-cyano-[1,7]-naphthyridines (2a–m)


N
N


H
N


HN
CN


Ar


N
O


2a - 2m


Compounds Ar IC50 (nM)a


2a 3-Chloro-4-fluorophenyl 1,200


2b 4-Benzylphenyl 2


2c 4-(Phenylthio)phenyl 6


2d 4-Phenoxyphenyl 380


2e 4-(Phenylsulfonyl)phenyl >40,000


2f 4-(Phenylmethanone)phenyl 4,600


2g 3-Chloro-4-fluorobenzylamine >40,000


2h 4-Trifluoromethylphenyl >40,000


2i 4-Chlorophenyl >40,000


2j 4-Chloro-2-fluorophenyl 10,000


2k 3,4-Dichlorophenyl 10,000


2l 3-Bromo-2-methylphenyl >40,000


2m 3,5-Dichlorophenyl 4,200


a Average of at least two experiments (see Ref. 9).


Table 2. Inhibition of Tpl2 kinase by 4-(3-chloro-4-fluorophenylami-


no)-6-amino-3-cyano-[1,7]-naphthyridines (2a and 2n–y)


2a, 2n-2y N
N


N


HNR


CN
X


F


Cl


Compounds R (amine) X IC50 (nM)a


2a 2-(Morpholino)CH2CH– H 1,200


2n 3-(Morpholino)CH2CH2CH2– H 3,400


2o 4-Me-(piperazin-l-yl)CH2CH2CH2– H 21,000


2p (Pyridin-3-yl)CH2– H 50


2q Benzyl H 73


2r 2-Morpholino-l-phenylethyl– H 1,800


2s (1S)-1-phenylethylamino H 27,000


2t (1R)-1-phenylethylamino H 12


2u (1R)-1-phenylpropylamino H 414


2v (1S)-1-phenylpropylamino H >40,000


2w Benzyl Me >40,000


2x Cyclopentyl H >40,000


2y 3-(Pyrrolidinyl)propyl– H 3,565


a Average of at least two experiments.


L. K. Gavrin et al. / Bioorg. Med. Chem. Lett. 15 (2005) 5288–5292 5289

another kinase program targeting a receptor tyrosine
kinase. In this manuscript, we wish to describe the
early-stage lead exploration of a series of 6-substi-
tuted-4-anilino-[1,7]-naphthyridine-3-carbonitriles 2a–y.
The synthesis, structure–activity relationships, and in
vitro TNF-a inhibition studies of Tpl2 inhibitors are
described herein.


Scheme 1 illustrates the synthesis of 6-substituted-4-ani-
lino-[1,7]-naphthyridine-3-carbonitriles. The synthesis of
the key intermediate 4-chloro-6-fluoro-[1,7]-naphthyri-
dine-3-carbonitrile 7 has been previously described.7


Compound 7 was condensed with a variety of anilines
(�headpieces�) either in refluxing ethanol or via micro-
wave irradiation using a slight excess of the aniline to
give the penultimate intermediates 8a–m.


Displacement of the C-6-fluoro atom in 8a–m with var-
ious amino-containing groups (�tailpieces�) via heating of
the mixture in pyridine for 3–5 days gave the target com-
pounds 2a–y in moderate yields.7 Microwave irradiation
dramatically reduced the reaction times for the conver-
sions and in some cases the final two steps were carried
out in one pot without purification.8 The yields for these
microwave transformations were variable (on average
35–60%) and dependent on the amine nucleophile with
more nucleophilic amines giving higher yields and fewer
by-products.


Naphthyridine derivatives 2a–y were first studied for
inhibition of isolated Tpl2 enzyme, via quantification
of MEK phosphorylation in an ELISA format.9 For
the purpose of independently comparing the effects of
the 4-aminoaryl and 6-amino groups on activity, the
data are separated into Table 1 [4-(arylamino)-6-(2-mor-
pholinoethylamino)-naphthyridine carbonitriles (2a–m)]
and Table 2 [4-(3-chloro-4-fluorophenylamino)-6-
(alkylamino)-naphthyridine-3- carbonitriles (2a and

2n–y)]. In the 6-(2-morpholinoethylamino) series (Table
1), large non-rigid substituents in the para position of
the 4-anilino ring, such as benzyl, thiophenyl, and phen-
oxy, greatly improved Tpl2 inhibition with IC50s of 2–
380 nM (2b, 2c, and 2d). In contrast, the addition of a
more polar sulfonyl or carbonyl group between the
two aromatic rings had reduced inhibition (2f,
4600 nM) or loss of inhibition (2e, >40,000 nM). De-
spite the tolerance of Tpl2 for large hydrophobic groups
on the 4-anilino headpiece, a derivative with a methylene
group inserted between the 4-anilino nitrogen atom and
the aromatic ring (3-chloro-4-fluorobenzyl derivative 2g,
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>40,000 nM) gave dramatically reduced inhibition. In
the absence of a large hydrophobic group at the para po-
sition of the headpiece, a 3-halo group appears to be
necessary for good inhibitory activity, as exemplified
by the two inactive analogs 2h and 2i. Other analogs
containing meta-substituted aniline headpieces bearing
such groups as alkyl, carbonyl, phenoxy, sulfonyl, and
amino were also inactive (not shown).


Structure–activity relationship data previously reported
by Wyeth for 4-anilinonaphthyridine-3-carbonitriles,10


and by other research groups for 4-anilinoquinazo-
lines,11 indicated that substituents at the C-6 and/or C-
7 positions have less influence on isolated kinase activity
than the headpiece unit. Thus, the C-6 and/or C-7 posi-
tions have been used to introduce groups that improve
the solubility and permeability of inhibitors. In the pres-
ent case, it was found that for the [1,7]-naphthyridine-3-
carbonitrile series, a large range of inhibitory activity
was dependent on the length, the hybridization, and
the stereochemistry of the tailpiece moiety (Table 2).
For example, 2a with a 2-(morpholino)ethylamino
group was nearly three times as potent as the 3-methy-
lene containing analogs 2n and 2y, and more than 17
times as potent as the 4-piperazinyl analog 2o (IC50 of
21 lM).


A significant improvement in inhibitory activity was
achieved with the installation of CH2-aryl and CH2-het-
eroaryl groups at the 6-amino position. The 3-pyridyl-
methylamino analog 2p and the benzyl analog 2q were
potent inhibitors of Tpl2 (50 and 73 nM, respectively).


Alkyl and cycloalkyl analogs, represented by derivative
2x, were not active. Racemic 2-morpholino-1-phenyleth-
ylamino derivative 2r12 was less potent than 2a with an
IC50 of only 1.8 lM. The stereochemical configuration
of the tailpiece affects the inhibition of Tpl2 (enantio-

Table 3. In vitro selectivity profiles of selected 6-amino-4-anilino-3-cyano-[1


Compounds Tpl2 MEK p38


2a 1.200 15 58


2p 0.050 >40 180


2b 0.002 0.63 >400


2d 0.380 0.80 >400


2c 0.006 0.96 31


a Average of at least two experiments (lM).
b A431 cell-based assay from an average of three experiments.


Table 4. In vitro inhibition of TNF-a production with selected inhibitorsa


Compounds Human monocytesa,b HWBb Solubility (l


2a 4.5 6.8 64


2p 0.7 8.5 2


2b 0.8 13.6 BLDd


2c 2.7 20.1 1


2d 1.4 14.9 1


a Lipopolysaccharide-induced TNF-a from primary human monocytes and h
b Average of at least two experiments.
c Percent bound to human serum albumin.
d Below limit of detection.

meric pairs 2s/2t and 2u/2v). In these two cases, the R-
isomer was 100- to >2000 times more potent than the
corresponding S-isomer. The importance of a secondary
rather than a tertiary amino group at C-6 was seen;
when the 6-amino group of 2q was N-methylated to give
2w, activity was lost.


Selectivity studies were carried out with Tpl2 inhibitors
against a panel of kinases, including kinases known to
be involved in TNF-a production (p38 and MK2), and
other serine-threonine and tyrosine kinases (Table 3).
Analog 2a showed moderate selectivity over most ki-
nases; however, in a cell-based assay, 2a showed strong
inhibition of EGFR at 5 lM.10 Analogs with the same
tailpiece as 2a, but with larger hydrophobic headpieces,
showed improved selectivity against MEK (2b, 2c, and
2d) and had reduced inhibition of cellular EGFR,
although 2b and 2c showed poor selectivity against
Src. Of the five compounds tested in this panel, 2l
showed the best combination of potency and selectivity.


With information on the selectivity profiles of these
[1,7]-naphthyridine-3-carbonitriles, they were then eval-
uated in both cellular13 and blood environments (Table
4).14 Included in Table 4 are the physicochemical
properties that may influence the activity of these
derivatives in these assays, specifically solubility, per-
meability, and protein binding.15 TNF-a inhibition
was diminished in human blood compared to human
monocytes for all the compounds tested. The 2-(mor-
pholino)ethylamino tailpiece analog 2a showed the
lowest potency in human monocytes, and yet, appar-
ently due to lower protein binding, high solubility,
and higher permeability it was the most active in
blood. Analogs 2p and 2b were the most potent in
monocytes. Low solubility and low permeability, cou-
pled with higher protein binding, were presumably
why these two analogs were weaker than 2a in blood.

,7]-naphthyridinesa


Src MK2 PKC EGFRb


40 >400 30 100%–5 lM
>400 110 >400 50%–5 lM


4 >400 >400 50%–5 lM
90 >400 200 50%–5 lM
3 >400 >400 10%–5 lM


g/mL) Permeability (·106 m/s) Plasma protein bindingc


3.78 85


0.1 98


BLD 99


0.01 >99


BLD >99


uman whole-blood (IC50 lM).
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Derivatives 2d and 2c were the least potent in mono-
cytes and both demonstrated high protein binding,
and poor solubility and permeability. The poor physi-
cochemical properties of 2d and 2c most likely preclud-
ed TNF-a inhibition in blood.


We have explored Tpl2 inhibition and functional TNF-a
inhibition with a class of 6-alkylamino-4-anilino-[1,7]-
naphthyridine-3-carbonitriles. In this study, it was
found that a large range of inhibitory activity depended
on the length, the hybridization, and the stereochemistry
of the tailpiece moiety, while headpiece modifications
resulted in potent Tpl2 inhibitors with less selectivity
over other kinases than the 3-chloro-4-fluorophenyl
headpiece analogs. This initial SAR study was used to
exploit continued optimization toward the discovery of
Tpl2 inhibitors for the treatment of TNF-a-driven dis-
eases such as rheumatoid arthritis. Further studies and
modifications in physicochemical properties and
improvements in in vitro and in vivo selectivity profiles
for this series will be reported in due course.
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Abstract—Synthesis and structure–activity relationship studies of a series of cyclohexylpiperazines bearing an amide side chain as
ligands of the MC4 receptor are discussed. Compounds such as 11i from this series are potent agonists (EC50 = 33 nM, IA = 96%).
� 2005 Elsevier Ltd. All rights reserved.

The melanocortin-4 receptor (MC4R) has been associat-
ed with regulation of food intake and energy homeosta-
sis; therefore, MC4R agonists and antagonists could be
potentially used for treatment of obesity and cachexia.1


Several small molecule MC4R agonists2 and antago-
nists3 from different chemical classes have been discov-
ered since the report of the first potent and selective
agonist cyclohexylpiperidine 1 in 2002 (Fig. 1).4 Very
recently, cyclohexylpiperazines such as 2a and b, with
EC50 values of 1.4 and 1.0 lM, respectively,5 have been
reported as MC4R agonists.6 These data suggest that
the extra 1-triazolemethyl group of 2b, which is designed
to mimic that of compound 1, has little effect in interac-
tion with the receptor. The phenylpiperazine 2c, howev-
er, has an EC50 value of only 30 lM in the same assay,
suggesting the cyclohexyl group has stronger interaction
with the receptor than does the phenyl ring, and that
this interaction does not require the p-electron density
of an aromatic ring.


Previously we reported that benzylamines such as 2d
(EC50 = 4.7 nM) and 3 (Ki = 1.8 nM) are potent and
selective agonists and antagonists of the MC4R,7,8 dem-
onstrating that a basic side chain at the ortho-position of
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the phenyl group has profound impact on potency in
comparison with 2c. Based on some initial hypotheses
and in combination with computational modeling, we
were able to identify a phenylacetamido side chain on
the cyclohexyl ring for improved binding affinity at the
MC4R.9 For example, 4 has a Ki value of 8.8 nM. We
decided to investigate whether replacement of the tria-
zole in cyclohexylpiperazine 2b with a phenylacetamide
moiety would result in improvement of its potency as
a MC4 agonist.


The synthesis of the cyclohexylpiperazines 11 is de-
scribed in Scheme 1. Reduction of the nitrile 5, obtained
from the corresponding cyclohexanone and piperazine
via a Strecker reaction, with LiAlH4 in ether, followed
by acylation with phenylacetyl chloride under basic con-
ditions (Et3N/CH2Cl2) afforded the amide 6. Debenzyla-
tion of 6 under hydrogenolysis conditions (HCOONH4/
Pd–C/MeOH/reflux) gave the amine 7, which was
coupled with N-Boc-(4-Cl)phenylalanine (EDC/HBTU/
CH2Cl2) to provide the intermediate 8. Deprotection
of 8 with TFA afforded 9, which was coupled with
various carboxylic acids to give the desired compound
10. When N-Boc-protected amino acids were used in
the coupling, further deprotection with TFA afforded
the final compound 11. The carbamate 12 was prepared
by reaction of 9 with isobutyl chloroformate in the pres-
ence of triethylamine. All final compounds were purified
using an HPLC system equipped with a mass detector as
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Scheme 1. Reagents and conditions: (a) i—LiAlH4/Et2O/rt, 0.5 h; ii—PhCH2COCl/Et3N/CH2Cl2, 0 �C to rt, 69%; (b) HCO2NH4/Pd–C/MeOH/
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Figure 1. Some small molecule MC4R agonists and antagonists.
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previously described, and tested in the competition bind-
ing experiments with HEK293 cells stably transfected
with the human melanocortin-4 receptor, using [125I]-
NDP-MSH as radiolabeled ligand.8 The agonist activity
of these compounds were measured in the same cells,
and a-MSH was used as a standard.10

N-Acyl phenylalanine derivatives with a small lipophilic
R1 group (methyl to cyclopentyl) displayed only moder-
ate binding affinity (10a–i, Ki in the range of 110–
300 nM) and poor stimulation of cAMP release at
10 lM concentration (10–30%). Larger and lipophilic
groups such as 3-pentyl and neopentyl 10j







Table 2. SAR of 4-chlorophenylalanine derivatives at hMC4R
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99 440, 43


11c HN 210 360, 22
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(Ki = 1,000 nM) and 10k (Ki = 750 nM) exhibited re-
duced affinity. Methoxy- and dimethylamino-methyl
analogues 10l (Ki = 170 nM) and 10m (Ki = 100 nM)
possessed similar potency in binding; however, 10m
had the ability to stimulate cAMP release to a significant
level (63% of a-MSH) with an EC50 value of 300 nM,
while 10l exhibited poor efficacy (22%). Compounds
with an aromatic group directly attached at this site
showed similar binding affinity to derivatives having
an aliphatic moiety, but lower cAMP stimulation
(10n–q, Ki = 60–100 nM, IA = 2–6%). The 3-quinolinyl
derivative 10t exhibited a Ki value of 61 nM, which
was one of the best binders in this subclass. Interesting-
ly, a 3-quinolinyl analogue in the benzylamine series
exhibits poor efficacy.11 Finally, the carbamate 12
displayed moderate binding affinity and poor cAMP
stimulation, similar to aliphatic analogues 10a–i.
Overall, only a basic nitrogen was noted to improve
agonist activity as assessed by cAMP stimulation
(10m) (Table 1).


Following on this MC4R agonist lead, a series of amino
acid derivatives 11 was studied (Table 2). The a-amino-

Table 1. SAR of N-acyl-4-(Cl)phenylalanines at hMC4R


N
N


HN


O
NH


Cl


O10a-t, 12


O


R1


Compound R1 Ki (nM)a Stimulation (%)b


10a Me– 110 14


10b Et– 160 12


10c c-Pr– 130 11


10d n-Pr– 210 18


10e i-Pr– 300 23


10f c-Bu– 140 14


10g n-Bu– 150 22


10h i-Bu– 270 30


10i Cyclopentyl– 230 18


10j 3-Pentyl– 1000 30


10k t-BuCH2– 750 43c


10l MeOCH2– 170 22


10m Me2NCH2– 100 63d


10n Ph– 84 4


10o 4-FC6H4– 97 3


10p 2-Furanyl– 100 2


10q 3-Pyridinyl– 60 6


10r 2-FC6H4CH2– 180 20


10s 2-ThienylCH2– 80 12


10t 3-Quinolinyl– 61 11


12 i-BuO– 280 15


a Binding affinity at the human melanocortin-4 receptor stably trans-


fected in HEK 293 cells, using [125I]-NDP-MSH as the radiolabeled


ligand. Key compounds were measured two or three times, and SEM


of these measurements are less than 20% of the average.
b Percentage of cAMP stimulation at 10 lM concentration in com-


parison with Emax of a-MSH, otherwise indicated.
c % Emax, EC50 = 570 nM.
d% Emax, EC50 = 300 nM.
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82 160, 87
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aMixture of stereoisomers other than indicated.
b Binding affinity at the human melanocortin-4 receptor stably trans-


fected in HEK 293 cells, using [125I]-NDP-MSH as the radiolabeled


ligand. Key compounds were measured two or three times, and SEM


of these measurements are less than 20% of the average.
c Percentage of cAMP stimulation in comparison with Emax of a-MSH.

benzyl and phenethyl compounds (11a–h) had similar
binding affinity and agonist potency. However, both
R- and S-configured cyclic isomers (11i and j) of the
aminophenethyl compound 11e exhibited much better
activity in both binding and activation. There was no
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significant difference between these two stereoisomers,
although the R-isomer 11i (Ki = 16 nM, EC50 = 33 nM,
IA = 96%) had a slightly better Emax value. Finally,
the homo-analogue of 11i exhibited comparable proper-
ties (11l, Ki = 16 nM, EC50 = 37 nM, IA = 96%) while its
isomeric tetraline 11k displayed 4-fold reduction in both
binding affinity and agonist potency. These detailed
SAR confirm the tetrahydroisoquinolinecarbonyl (Tic)
moiety is the optimal group at this region for several
known MC4R agonists such as 1.


Receptor models of the human MC4 receptor12 indicate
that a cavity lined by several lipophilic amino acids and
two acidic residues (Asp122 and Asp126) of transmem-
brane-3 and -4 is unoccupied and could host a lipophilic
side chain with hydrogen-bonding ability from the cyclo-
hexane adjacent to the piperazine in 2a.9 Interestingly, the
Tic-group, which is important for receptor activation,
resides in an area near transmembrane-3, -4, and -5 based
on this model, and the basic nitrogen of the Tic-group
most likely interacts with the acidic residue Asp126 of
the receptor. Further studies are required to understand
the interaction of key residues of the MC4R with the
lipophilic part of this Tic group.


In conclusion, a series of cyclohexylpiperazines bearing
an amide side chain was synthesized and studied as
ligands of the melanocortin-4 receptor. Compounds
with an additional phenylacetamido group displayed im-
proved potency in both binding and activation over 2a
or b. Structure–activity relationship studies revealed that
the Tic-group is very important for receptor activation.
Compound 11i (EC50 = 33 nM, IA = 96%) was identi-
fied as a potent agonist of MC4R.
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Abstract—We report the synthesis and biological activity of a series of 2-cyano-4-fluoro-1-thiovalylpyrrolidine inhibitors of DPP-
IV. Within this series, compound 19 provided a potent, selective, and orally active DPP-IV inhibitor which demonstrated a very long
duration of action in both rat and dog.
� 2005 Elsevier Ltd. All rights reserved.

Dipeptidyl peptidase IV (DPP-IV), also known as T-cell
antigen CD26, first identified in 1966,1 is a widely ex-
pressed serine exopeptidase. It has been shown to have
several functions in humans. First, it contributes to
extracellular matrix binding.2 Second, it functions as
an adenosine deaminase (ADA)-binding protein3 and
third, it exhibits post-proline or alanine cleaving proper-
ties from oligo or polypeptides at the N-terminus.4 It has
also been shown to inactivate two important incretins,
glucagon-like peptide 1 (GLP-1) and glucose-dependent
inhibitory polypeptide (GIP).5 Both of these incretins
act as glucose-dependent secretagogues upon meal
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ingestion. However, in the presence of DPP-IV both of
them are rapidly inactivated.5 Previous studies have
shown that in patients with type 2 diabetes, GLP-1 re-
mains strongly insulinotropic even though its secretion
levels are reduced relative to non-diabetic subjects.6


However, GIP�s insulinotropic effect is less if not absent
even though its secretion levels are normal or slightly be-
low normal.7 GLP-1�s strong insulinotropic effect, but
poor pharmacokinetic profile, has led several companies
to identify GLP-1 agonists that are resistant to degrada-
tion by DPP-IV. Several of these have now been shown
to be clinically efficacious.8 However, all of these ago-
nists need to be dosed either s.c. or i.v. Some adverse
events have also been noted (e.g., nausea).


An indirect approach to harnessing the antihyperglyce-
mic properties of GLP-1 is to inhibit DPP-IV, thus
increasing the t1/2 of native protein in vivo. Indeed,
numerous small molecule DPP-IV inhibitors have now
been reported9 and more importantly several of them
have achieved a positive proof-of-concept within a
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clinical setting. Among these are P32/98 from Probio-
drug,10 LAF-237 from Novartis,11 BMS-477118 from
Bristol-Myers Squibb,12 and MK-0431 from Merck &
Co. (Fig. 1).13


The C2 nitrile moiety found on the P1 pyrrolidine ring
on a number of reported DPP-IV inhibitors not only
forms a key interaction with the catalytic serine 630,
but also in combination with the P2 basic amine can
undergo an intramolecular cyclization reaction to form
a cyclic amidine which can subsequently get hydrolyzed
to form a diketopiperazine.14 In this same report, it was
shown that steric bulk appropriately placed on the P2
fragment can slow this cyclization. Another report has
shown that a cyclopropyl ring fused on the P1 pyrroli-
dine ring can also slow this cyclization.15 An obvious
solution to this problem would be to remove the nitrile
moiety. Unfortunately in so doing one usually loses a
significant amount of potency versus DPP-IV,16


although there have been several reports recently of P1
pyrrolidine containing DPP-IV inhibitors that lack the
nitrile yet retain good potency versus DPP-IV.17 We re-
port herein a series of 2-cyano-4-fluoro-1-thiovalylpyrr-
olidine inhibitors of DPP-IV. The main focus of this
work centered on the P2 fragment and blocking groups
to slow the cyclization as noted above. However, some
interesting properties were also noted by incorporation
of a C4 fluoro substituent on the pyrrolidine ring (see
Table 3 for additional information).


The synthesis into these compounds started with either
the known 4-fluoropyrrolidine carboxylate 218 or a mod-
ified procedure to make the known 2-cyanopyrrolidine
5.16 Hydrolysis of esters 1 and 2 generated the corre-
sponding acids, which were then converted to the pri-
mary carboxamides 3 and 4 by first generating the
mixed anhydride via di-t-butyldicarbonate (BOC2O)
and then reacting with ammonium bicarbonate. The
carboxamides 3 and 4 were then dehydrated with POCl3
followed by removal of the BOC-protecting group
with p-toluenesulfonic acid to give amines 5 and 6
(Scheme 1).


The amino acid portion of the molecule was generated
by starting with the commercially available DD-penicilla-
mine 7. A general synthetic route to afford the final de-
sired compounds is described in Scheme 2. Initially the
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Figure 1.

amino acid was protected as the t-butyl carbamate with
BOC2O under basic conditions to generate acid 8. The
acid was then alkylated again under basic conditions
with either the requisite alkyl bromide or chloride to
give sulfide 9. The acid was then coupled to either amine
5 or 6 utilizing HATU as the coupling agent in DMF to
afford the amide 10. The sulfide was then directly depro-
tected with TFA or HCl to yield final amine or alterna-
tively, the sulfur was oxidized to give either the sulfoxide
(sodium periodate, MeOH) or the sulfone (mCPBA,
CH2Cl2) followed by deprotection as before, yielding
final products 11–39 (Scheme 2).


The data shown in Table 1 compare the in vitro selectiv-
ity of these inhibitors versus DPP-IV, DPP-II, and
seprase.19 Most of the compounds showed very weak
inhibitory activity against both DPP-II and seprase.
The selectivity versus seprase is especially noteworthy,
given the fact that seprase has been shown to have the
highest degree of identity to DPP-IV.20 Initially benzyl
derivatives at either the sulfide or sulfone oxidation state
in the P2 moiety were examined. In general, the func-
tionality placed on the phenyl ring produced very little
variation in the potency against DPP-IV. However,
compounds 13, 18–19, 24, and 26 did demonstrate sub
100 nM potency versus DPP-IV. Comparison of com-
pounds 17, 19, and 23 to 34, 30, and 27, respectively,
demonstrated a drop in potency against DPP-IV upon
oxidation of the sulfide to the sulfone. Extending the







Table 1. Inhibition and selectivity properties for compounds 11–39


O S
NH2


R
N


CN


F


(O)n


Compound n R Ki (nM)a


DPP-IV DPP-II Seprase


11 2 CH2Ph 324 >22385 >23440


12 2 CH2-4-F-Ph 281 >22385 >23440


13 2 CH2-4-CN-Ph 68 >22385 9450


14 2 CH2-4-Me-Ph 530 >22385 >23440


15 2 CH2-4-Ph-Ph 579 >22385 9660


16 2 CH2-4-OBn-Ph 428 >22385 20395


17 2 CH2-3-OPh-Ph 310 >22385 6863


18 2 CH2-4-SO2Me-Ph 76 17258 >23440


19 2 CH2-4-OMe-Ph 53 >22385 >23440


20 2 CH2-3-OMe-Ph 316 >22385 16980


21 2 CH2-2-OMe-Ph 309 >22385 12380


22 2 CH2-4-NHCOMe-Ph 225 >22385 7925


23 2 CH2-4-Pyridyl 1278 >22385 >23440


24 2 CH2-4-Thiadiazole-Ph 74 >22385 3656


25 2 OH 154 >22385 14639


26 2 CH2-5-Cl-3-Benzothiophenesulfone 40 >22385 5158


27 0 CH2-4-Pyridyl 33 >22385 9660


28 0 CH2-2-Pyridyl 12 >22385 19076


29 0 CH2-3-Pyridyl 18 >22385 >23440


30 0 CH2-4-OMe-Ph 29 3949 >23440


31 1 CH2-4-OMe-Phb 112 >22385 >23440


32 0 CH2-4-CF3-Ph 63 1127 >23440


33 0 CH2NHCOMec 46 >22385 1276


34 0 CH2-3-OPh-Ph 65 1066 12845


35 0 CH2-2,3-Benzoxadiazole 40 >22385 >23440


36 0 (CH2)2Ph 56 14421 >23440


37 0 (CH2)3Ph 24 523 12176


38 0 (CH2)3-4-F-Ph 45 701 15776


39 2 (CH2)3Ph 302 >22385 >23440


a The Ki was calculated from the equation Ki = IC50/(1+S/Km), where S is the substrate concentration.
bMixture of diastereomers.
c The BOC protected amino acid used to synthesize this compound was commercially available.


Table 2. In vivo properties for select compounds


N


SO


F


CN


H2N
R


O O


Compound R % I in rat at


6 h at 1 mpk


Hours above IC50


at 0.2 mpk p.o. dog


13 CN 69 10a


18 SO2Me 68b 7.8


19 OMe 84 >12


aGI toxicity was seen in the dog when orally dosed at 10 mpk.
b Poor %F (<5%) was seen upon oral dosing in the rat.
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chain length resulted in no change in DPP-IV potency
(11 vs. 39). However, as was noted with other com-
pounds, oxidation of the chain extended analogue 37
to give 39 lowered potency by approximately 12-fold
against DPP-IV. Most of the sulfone analogues showed
very poor or no inhibition versus DPP-II. However,
DPP-II activity was noted for some, but not all, of the
sulfide compounds (e.g., 30, 32, and 34).


The sulfonic acid 25 was also made and showed moder-
ate potency versus DPP-IV, but good to moderate selec-
tivity, respectively, against both DPP-II and seprase.
In vivo pharmacokinetic experiments revealed that the
compounds containing the sulfide moiety were rapidly
oxidized to a mixture of sulfoxide and sulfone (data
not shown). Therefore, further compound progression
focused on several of the sulfone compounds. Com-
pounds 13, 18, and 19 were orally dosed in both rat
and dog to determine their duration of action. As seen
in Table 2, compound 19 turned out to have the longest
duration in both rat and dog (84% DPP-IV inhibition at

1 mpk in rat at 6 h and >12 h above the IC50 at 0.2 mpk
in dog). Interestingly, we also found that incorporation
of a fluorine atom at C4 on the pyrrolidine ring impart-
ed unexpected differences in the pharmacological







Table 3. Pharmacological differences between compounds 19 and 40


N


SO


X


CN


H2N
OMe


O O


19, X = F
40, X = H


Compound 19 Compound 40


Ki (nM) 53 115


DPP-IV inhibition at 6 h 1


mpk rat


84% 62%


Hours above IC50 at 0.2 mpk dog >12 7


IC50 vs P450�s >15 lM >15 lM
Selectivity ratio versus DPP-II >422 >195


Selectivity ratio versus seprase >442 >204


t1/2 (h) 2.3 (r), 3.9 (d) 4.2 (r), 3.0 (d)


% F 32 (r), 80 (d) 4.0 (r), 100 (d)


t1/2 offset 87 min 41 min


t1/2 cyclization at 37 �C pH 7.2 1733 h 360 h
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properties of compound 19. A recent report has also
noted differences in potency and in vivo drug levels
when comparing a 2-cyano-4-fluoropyrrolidine deriva-
tive to its des-fluoro counterpart. However, no other
differences were noted in this report.21 Table 3 demon-
strates some of the observed differences in compound
19 versus the des-fluoro analogue, compound 40.


As can be seen in Table 3, compound 19 was more po-
tent than compound 40. It had a longer duration of ac-
tion in both rat and dog, which in part might be a result
of the differences seen in the t1/2 offset values (87 min vs.
41 min). Its pharmacokinetic properties were better, as
was its stability toward intramolecular cyclization. Both
compounds were very selective against DPP-II, seprase,
and P450�s. Addition of the gem-dimethyl group signif-
icantly added to the stability of compound 19 toward
cyclization as the compound lacking this moiety had a
t1/2 cyclization of 80 h (compound not shown). In con-
clusion, we have identified a series of 2-cyano-4-fluoro-
1-thiovalylpyrrolidine inhibitors of DPP-IV. The most
promising compound within this series was compound
19 which demonstrated a good inhibitory, selectivity,
and pharmacokinetic profile toward DPP-IV.
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Abstract—A series of (S)-N-(1,4-naphthoquinon-2-yl)-a-amino acid methyl esters 3–9, 2-N,N-dialkylamino-1,4-naphthoquinones
10–11 and 2-hydroxy-3-(2 0-mercaptoimidazolyl)-1,4-naphthoquinones and their cyclic analogs 12–15 were synthesized and evaluat-
ed for antifungal and antibacterial activities. The structure–activity relationships of these compounds were studied and the results
show that the compounds 9b and 13c exhibited in vitro antifungal activity against Candida albicans, Cryptococcus neoformans, and
Sporothrix schenckii, whereas compound 6a showed in vitro antibacterial activity against Streptococcus faecalis, K. pneumoniae,
Escherichia coli, and Staphylococcus aureus.
� 2005 Elsevier Ltd. All rights reserved.

1,4-Naphthoquinone structure is common in various
natural products1 and is associated with biological activ-
ities including enzyme inhibition and antifungal, anti-
bacterial, anticancer, anti-proliferative, antiplatelet,
anti-inflammatory, antiallergic, and antimalarial activi-
ties.2–11 The biological activity imparted by 1,4-naph-
thoquinones in most cases relies upon their ability to
accept one and/or two electrons to form radical anion
or dianion species.12 The presence of electron-donating
or -attracting substituents in 1,4-naphthoquinones mod-
ulates the generation of radical anion and the redox
property which is further responsible for compounds
to catalytically cycle and generate oxidative radicals,
such as hydrogen peroxide and superoxide which dam-
age the cells.13


Many amino and heterocyclic 1,4-naphthoquinones
have been used for the construction of numerous biolog-
ically important compounds.14,15 The interesting biolog-
ical profile resulting from the presence of heteroatom,
sulfur or nitrogen, in 1,4-naphthoquinones prompted
us to synthesize 1,4-naphthoquinone derivatives 3–15
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doi:10.1016/j.bmcl.2005.08.032


* Corresponding author. Tel.: +91 941 5066847; fax: +91 522


2684388; e-mail: vishnutandon@yahoo.co.in

possessing nitrogen and sulfur atoms at the 2 or 3 posi-
tion in the side chain or inside the ring.


The evaluation of antifungal activities of 3–15 against
various strains of pathogenic fungi, for example, Candi-
da albicans, Cryptococcus neoformans, Sporothrix sche-
nckii, Trichophyton mentagraphytes, Aspergillus
fumigatus, and Candida parapsilosis (ATCC 22019),
was carried out according to the broth microdilution
technique described by NCCLS.16,17 The minimum
inhibitory concentration (MIC) of each compound was
determined against test isolates using this technique.


The antifungal activity was compared with standard
drugs miconazole, nystatin, fluconazole, and amphoter-
icin B. MIC of these standard drugs are referred to in
Table 1 and the compounds were determined in 96-well
tissue culture plates using RPMI 1640 media buffered
with MOPS (3-[N-morpholino]-propanesulfonic acid)
(Sigma Chemical).


Comparison of activity of compounds 3–15 referred to
in Table 1 with antifungal drug miconazole showed that
compound 9b had better activity against fungi
C. albicans and had same antifungal profile against



mailto:vishnutandon@yahoo.co.in





Table 1. Structures and in vitro antifungal activities for compounds 3–15 (MIC, lg/mL)


Compound R R1 R2 R3 MIC (lg/mL)


C. albicans C. neoformans S. schenckii T. mentagraphytes A. fumigatus C. parapsilosis


3a H H H b 50 50 50 >50 25 50


4b H OH CH3 b >50 25 >50 >50 >50 50


6a H H CH2CH(CH3)2 b >50 25 >50 >50 >50 50


9a H H (CH2)2SCH3 b >50 25 >50 >50 >50 >50


9b H OH (CH2)2SCH3 b 12.5 12.5 25 12.5 12.5 25


11c OH H b i-Pr >50 >50 >50 50 >50 a


13a H b b b 50 12.5 25 25 25 a


13c OH b b b 25 <12.5 <12.5 25 >50 a


15b H OH b b >50 50 >50 >50 >50 >50


Mic. 25 12.5 a <0.78 12.5 a


Nys. 7.8 3.5 13.2 a a a


Flu. 1.0 1.0 2.0 0.5 2.0 2.0


Amp. 0.39 0.78 a 1.56 a a


a, activity not reported; b, not required; Mic., miconazole; Nys., nystatin; Flu., fluconazole; Amp., amphotericin B.
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C. neoformans and A. fumigatus. Compounds 13a and
13c had the same activity against C. neoformans and
C. albicans, respectively, when compared with miconaz-
ole. Compound 13c also exhibited enhanced activity
against fungi S. schenckii in comparison with antifungal
drug nystatin. In addition to a promising antifungal pro-
file of compound 9b when compared with miconazole, it
was also found to exhibit moderate activity against fungi
S. schenckii, T. mentagraphytes, and C. parapsilosis.
Other compounds whose MIC was >75 lg/mL are not
reported in Table 1 since they were considered to be
inactive compounds.


Antibacterial activities of compounds 3–15 against var-
ious strains of bacteria, for example, Streptococcus fae-
calis, Klebsiella pneumonia, Escherichia coli,
Pseudomonas aeruginosa, and Staphylococcus aureus,
were carried out according to the broth microdilution
technique described by NCCLS and the results are
reported in Table 2. The MIC of each compound was
determined against test isolates using this technique.
The antibacterial activity was compared with those of
standard antibacterial drugs, kanamycin, amikacin,
tobramycin, and gentamycin, and its MIC value is ex-
pressed in lg/mL.

Table 2. Structures and in vitro antibacterial activities for compounds 3–15


Compound R R1 R2 R3


S. faeca


3b H OH H b 50


4a H H CH3 b >50


6a H H CH2CH(CH3)2 b 12.5


9a H H (CH2)2SCH3 b 12.5


9b H OH (CH2)2SCH3 b 25


11b H OH b i-Pr >50


13a H b b b 25


13c OH b b b 25


15b H OH b b 25


Kanamycinc a


Amikacin >64


Tobramycin 32


Gentamycin a


a, activity not reported; b, not required; c, MIC90 (MIC, lg/mL).

Compound 6a showed marked antibacterial activity
against K. pneumoniae and E. coli and in vitro showed
better results than kanamycin against these two bacte-
ria. Compound 6a also exhibited better antibacterial
activity than amikacin against S. faecalis and S. aureus,
and tobramycin against S. faecalis bacteria. Compound
9a exhibited better antibacterial activity against S. fae-
calis when compared with amikacin and tobramycin
and was found to have better antibacterial profile than
kanamycin against K. pneumonia. Compounds 9b, 13a,
13c, and 15b also showed better activity against S. fae-
calis when compared with amikacin and tobramycin.
However, the compounds referred to in Table 2 did
not exhibit better activity than gentamycin.


To the best of our knowledge the reaction of 1,4-naph-
thoquinones with enantiomerically pure DD- or LL-a-amino
acids/esters has not been described before. The two pos-
sible modes of carrying out reaction of 1,4-naphthoqui-
nones 1 with DD- or LL-a-amino acids/esters are one which
involves 1,4-type of Michael addition of nucleophiles to
quinone moiety of 1,4-naphthoquinones18,19, and
another the involves the nucleophilic displacement of
that readily obtained 2-bromo-1,4-naphthoquinone
derivatives 2.20 We have explored both the routes for

(MIC, lg/mL)


MIC (lg/mL)


lis K. pneumoniae E. coli P. aeruginosa S. aureus


>50 50 50 50


25 >50 >50 >50


6.25 12.5 >50 12.5


6.25 >50 >50 >50


>50 >50 >50 >50


>50 >50 50 >50


>50 50 >50 50


>50 50 >50 50


>50 >50 >50 50


32 16 >128 2.0


1.0 1.0 2.0 16.0


1.0 0.5 4.0 0.25


0.39 a 0.78 0.78
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reaction of enantiomerically pure LL-a-amino acids/
esters, and other nitrogen and sulfur nucleophiles
with 1,4-naphthoquinones 1 and their 2-bromo
derivatives 2.


The reaction of 1,4-naphthoquinones 1 and their bromo
derivatives 2 with enantiomerically pure LL-a-amino acid
methyl ester hydrochlorides to give (S)-N-(1,4-naphtho-
quinon-2-yl)-a -amino acid methyl esters 3–9 21 is shown
in Scheme 1. The physical data including [a]D of 4–9 are
shown in Table 3. Since there is no question of inversion
of configuration at chiral center, the absolute configura-
tion of LL-a-amino acid is reflected in compounds 4–9.
Analogous reaction of 1,4-naphthoquinones 1 and their
bromo derivatives 2 with aliphatic secondary amines
gave 2-N,N-dialkylamino-1,4-naphthoquinones 10–1121


(Scheme 1). Better yields of 3–11 were obtained by

R


R


R1


O


O


R


R O


O


R1


Br


R


R O


O


R1


R3N


R3


Br2
CH3CN


1


2


R3
R3


HN


EtOH


10-11


(a) R=R1=H; (b) R=H, R1=OH; (c) R=OH, R1=H


(3) R2=H; (4) R2=CH3; (5) R2=(CH2)2COOCH3; (6) R2=CH


(8) R2=CH(CH3)CH2CH3; (9) R2=(CH2)2SCH3


(10) R3=Et; (11) R3=i-Pr


Scheme 1.


Table 3. Structures and optical rotations [a]D for compounds 4–9 and LL-a-a


Compound R R1 R2 Me


4a H H CH3 188


4b H OH CH3 220


5a H H (CH2)2COOCH3 222


5b H OH (CH2)2COOCH3 230


6a H H CH2CH(CH3)2 122


6b H OH CH2CH(CH3)2 185


7a H H CH2Ph 152


7b H OH CH2Ph 150


8a H H CH(CH3)C2H5 >25


8b H OH CH(CH3)C2H5 240


9a H H (CH2)2SCH3 145


9b H OH (CH2)2SCH3 150


CH3CH(NH3Cl)COOCH3
a a a 107


CH3OOC(CH2)2CH(NH3Cl)COOCH3
a a a 89–


(CH3)2CHCH2CH(NH3Cl)COOCH3
a a a 150


PhCH2CH(NH3Cl)COOCH3
a a a 158


C2H5CH(CH3)CH(NH3Cl)COOCH3
a a a 98–


CH3S(CH2)2CH(NH3Cl)COOCH3
a a a 151


aNot required.
b The [a]D could not be determined due to darkening of solution.

following a second route involving nucleophilic
displacement of 2-bromo-1,4-naphthoquinones 2 with
the above nitrogen nucleophiles.


In order to study the nucleophilic displacement reaction
of 2-bromo-1,4-naphthoquinones 2 with sulfur nucleo-
philes, 2-mercaptoimidazole and 2-mercaptobenzimi-
dazole seemed to be the reagents of choice.


The reaction of 2-mercaptobenzimidazole and 2-merca-
ptoimidazole with 2-bromo-1,4-naphthoquinones (2a
and 2c) afforded [(2,3-d)thiazolo-1 0,3 0-benzimidazolyl]-
1,4-naphthoquinones (12a and 12c) and [(2,3-d)thiazol-
o-1 0,3 0-imidazolyl]-1,4-naphthoquinones (13a and 13c),
respectively. However, the reaction of 2-mercaptobenz-
imidazole and 2-mercaptoimidazole with 2-hydroxy-3-
bromo-1,4-naphthoquinone 2b afforded 2-hydroxy-3-
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(2 0-mercaptobenzimidazolyl)-1,4-naphthoquinone 14b
and 2-hydroxy-3-(2 0-mercaptoimidazolyl)-1,4-naphtho-
quinone 15b, respectively, as exhibited in Scheme 2.22


The formation of 14b and 15b is attributed to the pres-
ence of hydroxyl group at 2-position in 2b which hinders
the formation of cyclized product.


In conclusion, we have synthesized a series of (S)-N-(1,4-
naphthoquinon-2-yl)-a-amino acid methyl esters 3–9,
2-N,N-dialkylamino-1,4-naphthoquinones 10–11, and
2-hydroxy-3-(2 0-mercaptobenzimidazolyl)-1,4-naphtho-
quinones 14–15 along with their cyclic analogs 12–13.
Amongst the promising compounds 9b and 13c have
shown in vitro significant antifungal activity against C.
albicans, C. neoformans, and S. schenckii, whereas com-
pound 6a exhibited marked antibacterial activity in vitro
against S. faecalis, K. pneumonia, E. coli, and S. aureus.
Thus, compounds 9b and 6a are lead compounds for anti-
fungal and antibacterial activities, respectively. Further
work on compounds 9b and 6a is in progress.
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Abstract—N-(4-Methoxybenzyl)-N 0-(5-nitro-1,3-thiazol-2-yl)urea (AR-A014418), a highly selective inhibitor of glycogen synthase
kinase-3b (GSK-3b), was radiolabelled with carbon-11 (half-life = 20.4 min) for cerebral positron emission tomography (PET) stud-
ies. Reaction of desmethyl AR-A014418 with [11C]CH3I produced [11C]AR-A014418 in 17% decay-corrected radiochemical yield,
based on [11C]CO2, with 3230 mCi/lmol specific activity after a 30 min synthesis time. The desmethyl precursor of AR-A014418
was synthesized in 23% yield by a novel one-pot reaction of 2-amino-5-nitrothiazole with in situ generated TMS-protected 4-hydrox-
ybenzylisocyanate, following deprotection with acid. Ex vivo biodistribution studies were conducted after [11C]AR-A014418 was
administered via tail vein injection into Sprague–Dawley rats. Very low levels of radioactivity were found in all brain regions
(0.08% injected dose/gram of tissue) at 5 and 30 min post-injection, uncorrected for vascular compartment. Considering the extreme-
ly poor brain penetration of [11C]AR-A014418 this compound cannot be used to study GSK-3b in cerebral PET studies. Further-
more, the specific pharmacological mechanism(s) of antidepressant-like activity attributed to AR-A014418 should be investigated.
� 2005 Elsevier Ltd. All rights reserved.

Glycogen synthase kinase 3b (GSK-3b) is a serine/threo-
nine kinase with highest abundance in the brain1 and is in-
volved with signal transduction cascades of multiple
cellular processes. GSK-3b facilitates a variety of com-
plex functions including apoptotic mechanisms, neuronal
plasticity, and gene expression.2 Implications of dysregu-
latedGSK-3b activity in certain psychiatric and neurode-
generative diseases have prompted investigations of
GSK-3b inhibitors as therapeutics. Small molecule inhib-
itors of GSK-3b are currently under development for a
broad range of illnesses including Alzheimer�s disease,
depression, diabetes, stroke, bipolar disorder and malig-
nancy (for several recent reviews see Refs. 3–10).


One method for quantitation of enzyme levels in the liv-
ing brain is by in vivo imaging with positron emission
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tomography (PET). Levels of GSK-3b levels could
potentially be measured in the living animal and/or hu-
man brain by use of PET; however, there is no radio-
tracer available to achieve this as yet. It is the goal of
this work to synthesize and evaluate the first radiophar-
maceutical for imaging GSK-3b with PET. The highly
selective inhibitor of GSK-3b, N-(4-methoxybenzyl)-
N 0-(5-nitro-1,3-thiazol-2-yl)urea (AR-A014418)11 was
chosen for radiolabelling with the positron emitting iso-
tope carbon-11 (11C; half-life = 20.4 min). This particu-
lar compound is purported to be a major advance in
central nervous system (CNS) therapeutics and antide-
pressant development because previously developed
inhibitors lacked selectivity for GSK-3b. Furthermore,
a recent study has demonstrated antidepressant-like ef-
fects in rats exposed to a forced-swim test following
administration of AR-A014418.12


The original synthetic route to [11C]AR-A014418
involved the preparation of AR-A01441811 and
subsequent demethylation of AR-A014418 to serve as
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a precursor for radiolabelling with [11C]iodomethane.
While demethylations of anisoles to phenols are stan-
dard organic transformations,13,14 cleavage of an aryl
ether is difficult in the presence of a nitro-group.15 In
addition to containing a nitro-group, AR-A014418 pre-
sents a further complication as substituted 5-nitrothiaz-
oles are highly susceptible to nucleophilic substitution.16


A variety of demethylation conditions were attempted in
the present work. Not surprisingly, all of them resulted
in very low yields and/or halogenation at the thiazole
moiety. For example, attempted demethylation of AR-
A014418 using 5 M HBr in CH3COOH14 or 1 M BBr3
in CH2Cl2


14 resulted in the formation of a demethylated
and brominated derivative of AR-A014418 as the major
product, likely N-(4-hydroxybenzyl)-N 0-(5-bromo-1,3-
thiazol-2-yl)urea, based on characterization by LC–
MS.17 Other attempts to cleave the ether group of
AR-A014418 during this work included the use of
AlCl3/ethanethiol


14 and AlCl3/pyridine/EtOAc15 mix-
tures. While these procedures have been successful for
cleavage of ethers in the presence of nitro-groups, reac-
tion with AR-A014418 did not result in the desired
demethylated product.


Alternatively, a novel one-pot synthesis of desmethyl
AR-A014418 was successfully achieved by the reaction
of in situ generated trimethylsiloxy-protected 4-hydrox-
ybenzylisocyanate (prepared by modification of a
previously described method18) with excess 2-amino-5-
nitrothiazole, followed by acid deprotection (Scheme
1).19 As shown in Scheme 1, reaction of 4-hydroxyphe-
nylacetic acid with chlorotrimethylsilane generated the
bis(silylated) hydroxyl acid, followed by conversion to
4-[(trimethylsilyl)oxy]-benzeneacetyl chloride with thio-
nyl chloride. The acid chloride was then reacted with
azidotrimethylsilane at room temperature to generate
the intermediately formed acyl azide and was subse-
quently converted to the isocyanate upon heating the
reaction mixture to reflux (Curtius rearrangement).
Prior to refluxing the reaction mixture, excess 2-ami-
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Scheme 1. Synthesis of desmethyl AR-A014418 and [11C]AR-A014418. Re
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no-5-nitrothiazole was added for reaction with the
in situ generated isocyanate. Following deprotection
with HCl and silica gel purification, desmethyl AR-
A014418 was obtained in 23% overall yield.19 This syn-
thetic route is generally applicable for the syntheses of
hydroxybenzyl-ureas and offers an alternative to prob-
lematic dealkylation reactions.


For the radiosynthesis of [11C]AR-A014418, desmethyl
AR-A014418 was dissolved in DMF and deprotonated
with tetrabutylammonium hydroxide (TBAOH) imme-
diately prior to reaction with [11C]CH3I, using the
�Loop� method20 (Scheme 1). Following methylation,
[11C]AR-A014418 was purified by preparative HPLC
and formulated in saline.21 Full-scale production of
[11C]CO2 resulted in 83 mCi [11C]AR-A014418, ready
for injection, corresponding to 17% decay-corrected
radiochemical yield, based on [11C]CO2, with a specific
activity of 3230 mCi/lmol at the end of synthesis.21


Ex vivo biodistribution studies following administra-
tion of high specific activity [11C]AR-A014418 in male
Sprague–Dawley rats (250 ± 8 g) were conducted as
previously described by our group.22,23 Rats were
injected in the tail vein with a saline solution of
[11C]AR-A014418 (0.7 lg/kg) and sacrificed at 5 and
30 min post-injection (n = 6 per time point) and brain
regions were excised and measured for radioactivity.
Blood (trunk) was also collected for radioactivity mea-
surement. Figure 1 shows the distribution of activity
for [11C]AR-A014418 in eight regions of the rat brain
known to contain glycogen synthase kinase-3b,24 the
remainder of the brain, and whole blood. The average
percent injected dose per gram (% ID/g) of wet tissue
in the brain was 0.08% ID/g for all regions at time
points of 5 and 30 min. Whole blood levels of
[11C]AR-A014418 were 0.84% and 0.46% ID/g at 5
and 30 min, respectively. When corrected for radioac-
tivity in the vascular compartment,25 uptake values of
radioactivity are further reduced from those shown in
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Figure 1 to 0.04% and 0.06% ID/g of wet tissue at 5
and 30 min, respectively. Thus, the brain is almost
totally impermeable to this compound (successful
radiotracers for imaging the central nervous system
typically express a % ID/g of tissue P0.5% in rodent
brain26).


Ex vivo measurement of radioactivity in tissue after
injection of [11C]AR-A014418 in rats clearly indicates
that this compound cannot be used to study GSK-3b
in the CNS with PET. The lack of brain penetration
of [11C]AR-A014418 is surprising considering that its
logP value between 1-octanol and 0.02 M phosphate
buffer at pH 7.4 was found to be 2.44, using a previously
described procedure,27 a value which is typical of many
brain penetrating compounds.27,28 The lack of brain
penetration is also surprising in light of reported CNS
effects following peripheral administration of AR-
A014418 into rats.12 Studies to investigate peripheral ef-
fects, metabolism and brain barrier transport of AR-
A014418 are presently underway in our laboratory and
hope to gain further insight into the pharmacological
mechanism(s) by which this compound could exert its
reported antidepressant-like effects.12
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evaporated to dryness under a flow of nitrogen. The
residue was dissolved in EtOAc (ca. 100 mL) and washed
with 2 N HCl (3· 50 mL). The organic phase was dried
(Na2SO4), filtered, and concentrated prior to purification
by flash chromatography using silica gel (29% hexane, 69%
ethyl acetate, and 2% glacial acetic acid). Desmethyl
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AR-A014418 was obtained as a yellow solid in 23% overall
yield. 1HNMR (Me2SO-d6, 499.8 MHz) d (ppm, relative to
TMS): 11.9 (br s, Dm1/2 = 119 Hz, 1H,), 9.34 (br s, Dm1/
2 = 2.5 Hz, 1H), 8.50 (s, 1H), 7.19 (br t, Dm1/2 = 13.9 Hz,
J = ca. 5.5 Hz, 1H; confirmed to beNH–CH2Ph byCOSY),
7.11 (AA 0 XX 0, JA = 3.5 Hz, JX = 1.4 Hz, J = 8.3 Hz,
J 0 = �0.3 Hz, 2H), 6.72 (AA 0 XX 0, JA = 3.5 Hz, JX =
1.4 Hz, J = 8.3 Hz, J 0 = �0.3 Hz, 2H), 4.24 (d, J = 5.8 Hz,
2H). 13CNMR (Me2SO-d6, 125.7 MHz) d (ppm, relative to
TMS): 64.3, 156.5, 153.3, 143.3,140.8, 128.9, 128.7, 115.1,
42.7. HRMS (ESI) calcd for C11H11N4O4S, 295.0495;
found: 295.0471 (M++H).


20. Wilson, A. A.; Garcia, A.; Jin, L.; Houle, S. Nucl. Med.
Biol. 2000, 27, 529.


21. Radiosynthesis was shown to be reliable and efficient (30
min) for the production of mCi quantities of chemically
and radiochemically pure [11C]AR-A014418 (>98%;
n = 5). In a full-scale production of [11C]CO2, 1% O2 in
N2 was bombarded in a 17 MeV cyclotron with 45 lA
proton beam current for 20 min. Desmethyl AR-A014418
(1.0 mg, 3.4 lmol) was dissolved in 75 lL DMF and
6.5 lL of a 1.0 M solution of tetrabutylammonium
hydroxide (TBAOH) in methanol was added prior to a
5 min at room temperature reaction with [11C]iodome-
thane using the �Loop� method.20 Reverse-phase semi-
preparative HPLC (Phenomenex Prodigy ODS-Prep, 250·
10 mm, 10 lm) was performed using a mobile phase
consisting of CH3CN/H2O (50:50 v/v) + 0.1 N ammonium
formate (AF) at a flow rate of 7 mL min�1 to separate
[11C]AR-A014418 (tR = 5.9 min) from unreacted desmeth-
yl AR-A014418 (tR = 3.1 min) and undesired byproducts.
The reaction mixture was monitored during purification
and analysis using an in-line UV (k = 254 nm) detector in
series with a NaI crystal radioactivity detector. The
product eluting at 5.9 min was led into a rotary evapora-
tion flask containing 250 lL ascorbic acid solution

(40 mg mL�1 in H2O) and heated to dryness at 70 �C,
under vacuum. The product was dissolved in 10 mL saline
and transferred into a vial containing 1 mL of 8.4%
sodium bicarbonate. The pH of the final solution was
between 7 and 8. Analytical HPLC was performed using a
C-18 column (Phenomenex Prodigy ODS-Prep,
250 mm · 4.6 mm, 10 lm) eluted with CH3CN/H2O
(40:60 v/v) + 0.1 N AF using a flow rate of 4 mL min�1.
Authentic AR-A014418 (Calbiochem) co-eluted with the
11C-labelled product under these conditions
(tR = 5.2 min). In addition, three other HPLC conditions
were used to confirm the co-elution of authentic AR-
A014418 and [11C]AR-A014418: (1) analytical C-18 Prod-
igy column eluted with THF/H2O (50:50 v/v) + 0.1 N AF
using a flow rate of 3.5 mL min�1; tR = 2.1 min; (2)
analytical C-18 Prodigy column eluted with CH3CN/
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CH3CN/H2O (40:60 v/v) + 0.1 N AF using a flow rate of
4 mL min�1, tR = 3.3 min.
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Abstract—A series of N-[(3S)-1-benzylpyrrolidin-3-yl]-(2-thienyl)benzamides 8 has been prepared and found to bind with high
affinity to the human D4 (hD4) and 5-HT2A receptors. Several compounds displayed selectivity for these receptors versus hD2


and a1 adrenergic receptors of over 500-fold.
� 2005 Elsevier Ltd. All rights reserved.
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The diverse pharmacology of the atypical antipsychotic
clozapine1 has complicated the search for newer agents
with more tolerable side-effect profiles. The efforts to
dissect the pharmacology required for novel antipsy-
chotics have led to the conclusion that D4 antagonism
alone may not be sufficient for clinical efficacy2 however,
such compounds might yet find use in the treatment of
attention deficit hyperactivity disorder or mood disor-
ders.3,4 There is evidence that a D4 antagonist that also
possesses serotonergic activity (i.e., 5-HT2A antagonism)
might function as a useful antipsychotic.5 There has
been considerable interest in the development of tool
compounds with the appropriate pharmacology to yield
answers to this question.6–9


The combination of D4 and 5-HT2A receptor blockade is
attractive for a number of reasons. A favourable 5-HT2/
D2 ratio may limit the propensity of a compound to in-
duce extrapyramidal symptoms (EPS).10 5-HT2A antag-
onists are also known to be efficacious in the treatment
of negative symptoms of schizophrenia.11 In addition,
cortical dopaminergic systems are regulated by
5-HT indirectly via glutamatergic and GABAergic
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systems,12,13 suggesting a synergistic relationship be-
tween the dopaminergic and serotonergic systems.


Fananserin 1 was the first selective D4/5-HT2A antago-
nist to undergo clinical trials for schizophrenia. It has
high affinity for D4 (Ki 2.9 nM) and 5-HT2A (Ki


0.37 nM) receptors, and is over 100-fold selective versus
H1, a1 adrenergic, 5-HT1A and D2 dopamine recep-
tors.14 Development of this compound was halted fol-
lowing phase II clinical trials due to lack of efficacy.15


The extent to which this result precludes the use of a
D4/5-HT2A antagonist is difficult to discern because D4


receptor blockade in vivo was not demonstrated at
clinically relevant doses.16

Herein we wish to report the discovery of a novel class
of compounds with D4/5-HT2A activity that is an exten-
sion of previous work.17 The broad-spectrum dopamine
ligand YM-43611 2 from Yamanouchi Pharmaceuti-
cals18 was used as the starting point for the design of
compounds for this study. YM-43611 has affinities for
the D2, D3 and D4 receptors of 220, 21 and 2.1 nM,
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respectively. The compounds for this study were pre-
pared as illustrated in Scheme 1, starting from commer-
cially available (3S)-3-amino-1-benzylpyrrolidine 3.
Compound 3 was acylated with either 3- or 4-iodo
benzoyl chloride, followed by a Suzuki coupling with
thiophene-2-boronic acid under typical conditions to
provide 5a (meta isomer) or 5b (para isomer). N-deben-
zylation was best accomplished in a two-step procedure
using 2,2,2-trichloroethyl chloroformate, followed by
zinc reduction to provide the key intermediates 7a, b.19


Hydrogenolysis of the N-benzyl protecting group failed,
presumably due to the thiophene moiety present in the
compounds, and other chloroformate deprotections
provided less satisfactory chemical yields. Finally, 7a,
b were alkylated with the various benzylic halides under
typical basic conditions in parallel to provide the com-
pounds for this study, 8a–o (see Table 1). Following col-
umn chromatography, they were determined to be of
sufficient purity (by 1H NMR) for pharmacological
assessment. For the purposes of this study enantiomeric
purity was not assessed, as retention of chirality was
expected under the reaction conditions employed.


The hD2, hD4 and h5HT2A receptor binding profiles of
compounds 8a to 8o were evaluated by their ability to
displace [3H]spiperone (dopamine receptors) or [3H]ke-
tanserin (h5HT2A receptor) binding to heterologous cells
expressing the cloned receptors. Non-specific binding
was determined using 30 lM methysergide. For the pur-
poses of this assay, human embryonic kidney 298 cells
were stably transfected with hD4 (D4.2 subtype) and
h5HT2A receptor, and GH4C1 (rat pituitary) cells were
stably transfected with hD2 (short isoform) receptor.
Rat frontal cortex tissue was used for the a1 adrenergic
receptor assay, using 7-methoxy-[3H]prazosin as the
radioligand. Clozapine was used as a reference in all of
the assays. Non-specific binding was determined using
30 lM methysergide. Ki values for each compound were
calculated by the Cheng and Prusoff transformation.20


The affinities of these compounds for the 5-HT2A


receptor have a clear dependence on the point of
attachment of the 2-thiophene ring (see pairs 8a and

N
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Scheme 1. Reagents and conditions: (a) 3- or 4-iodobenzoyl chloride, Et3N


Na2CO3; (c) 2,2,2-trichloroethyl chloroformate, MeCN; (d) Zn, AcOH; (e) A

8b, 8c and 8d, and 8e and 8f). There is a strong prefer-
ence for the para isomer of these pairs over the meta
isomer. In the case of the positional isomers 8a and
8b, the ratio of affinities for the 5-HT2A receptor is
256-fold in favour of the para isomer. The para isomer
also exhibits lower affinity for the dopamine D2 and a1
adrenergic receptors, while dopamine D4 receptor affin-
ity remains unaffected. This results in ligands with high
affinity for D4/5-HT2A receptors with good selectivity
over dopamine D2 and a1 adrenergic receptors (e.g.,
8a, 8k). The nature and position of the substituent
on the benzyl group had a less dramatic effect on the
affinity. There was a slight preference for para substitu-
tion over meta or ortho (compare 8c to 8g, and 8j to
8k), but in all cases the unsubstituted derivative 8a
had the highest affinity. In our previous paper in this
area, we have shown that there is a preference for
the S enantiomer over the R, and that methylation of
the amide nitrogen or replacement of the amide with
a sulfonamide was not tolerated.17


Previous work has demonstrated that a similar com-
pound was a dopamine D4 antagonist;17,21 however,
we do not have knowledge of the functional role of
the compounds disclosed herein on either the D4 or
5-HT2A receptors.


These compounds display a favourable selectivity profile
for further development as antipsychotics. Their lack of
affinity for the a1 adrenergic receptor suggests that they
may be free of undesirable cardiovascular effects such as
orthostatic hypotension; however, it is possible that
there are beneficial effects of a1 antagonism in an anti-
psychotic medication.16 The large D4/D2 and 5-HT2A/
D2 ratios indicate that these compounds are likely to
be free of EPS.10


This study has successfully identified a novel class of
highly potent dopamine D4 ligands that also display
high affinity for the serotonin 5-HT2A receptor. They
are selective over the dopamine D2 and a1 adrenergic
receptors. The utility of such compounds for the treat-
ment of schizophrenia remains to be determined.
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Table 1. Binding profile of series 8 at the serotonin 5-HT2A, dopamine hD4 and hD2, and a1 adrenergic receptors


Compound Biaryl isomer Ar D4 Ki (nM)a 5-HT2A Ki (nM)a D2 Ki (nM) a1 Ki (nM)a


1 2.9 0.37


8a para Ph 3.0 1.8 980 1200


8b meta Ph 1.5 ± 0.3 460 60 ± 20 160 ± 50


8c para


CF3


14 130 7% at 100 nM 2% at 1 lM


8d meta


CF3


21 ± 3 740 1300 ± 100 360 ± 6


8e para


OCF3


78 140 7% at 100 nM 16,000


8f meta


OCF3


52 ± 6 5600 500 ± 100 1200 ± 300


8g para


CF3
22 76% at 100 nM 0% at 100 nM 0% at 100 nM


8h para


Cl


Cl


15 ± 6 22 29,000 5000 ± 2000


8i para


F


F


14 ± 4 16 18,000 10,000 ± 2000


8j para


F


33 89% at 100 nM 38,000 6900


8k para


F


5 ± 3 14 1500 ± 400 420


8l para


O


O
7 ± 0 89% at 100 nM 1800 ± 400 400 ± 30


8m para


O
14 ± 2 22 4460 ± 30 920 ± 70


8n meta


Cl


16 ± 2 1100 230 ± 70 220 ± 60


8o meta 4 ± 2 610 60 ± 6 80 ± 10


aKi values are reported as means of at least two independent determinations ± SEM. Where no SEM is reported, only a single determination was


made.
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Abstract—Fluorescent probes that can be incorporated into peptides and proteins are in high demand, with applications ranging
from cellular imaging to binding and activity assays. Here, we report the high yielding synthesis of an enantiomerically pure phos-
phocoumarin-based amino acid and its incorporation into peptides via standard solid-phase peptide synthesis methodologies. Pep-
tides containing this new amino acid serve as highly sensitive fluorogenic probes for protein tyrosine phosphatase activity.
� 2005 Elsevier Ltd. All rights reserved.

There is a great need for versatile fluorescent probes that
can be incorporated into proteins. Such tags are useful
not only for visualizing a modified protein or enzyme
activity in vivo and in vitro, but also for assaying en-
zyme activity and determining the substrate specificity
of enzymes. For example, fluorogenic and colorimetric
substrates are commonly used to assay protease activity
and substrate specificity1 and have been used to a lesser
extent to assay the activity of many other enzymes
including glycosidases, phosphatases, sulfatases, and
esterases.2,3 With an ever-expanding catalog of post-
translational modifications and an analogous library
of enzymes catalyzing the corresponding transforma-
tions, the need for adaptable fluorogenic substrates is
growing.4


One example of a family of enzymes whose study would
benefit from improved chemical probes is the protein
tyrosine phosphatase (PTP) enzyme family. The PTPs
are a diverse family of enzymes involved in key signaling
pathways and implicated in a number of disease states
including cancer and diabetes.5,6 Currently, PTP activity
is followed through the use of small, non-peptidic sub-
strates such as para-nitrophenylphosphate (p-NPP), 4-
methylumbelliferone phosphate (MUP), and difluorom-
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ethylumbelliferone phosphate (DiFMUP).7 Although
these substrates are readily hydrolyzed by many PTPs,
they do not work with all members of this enzyme fam-
ily. To measure PTP activity against peptide substrates,
the small increase in absorbance or fluorescence upon
hydrolysis of a phosphotyrosine residue in a peptide
substrate can be followed.7–9 Alternatively, MS10 and
protease-coupled assays11 have been reported. Unfortu-
nately, these methods either lack sensitivity or require
specialized equipment and expertise, hampering their
widespread adoption.


Recent work indicates that many PTPs have distinct
substrate specificities mediated both by interactions with
residues on either side of the target phosphotyrosine res-
idue and also by interactions of other PTP domains with
the substrate.12 A variety of approaches to defining the
substrate sequence specificities of PTPs have been uti-
lized, including substrate-trapping mutants,13 affinity
selection of inhibitory peptides,14 phosphotyrosine-con-
taining phage libraries,15 and inverse alanine scanning.16


A detailed understanding has been slow to emerge be-
cause the chemical tools necessary for studying PTP
activity against peptide substrates are not widely avail-
able.6,5 To date, there is no method for assaying PTP
activity that is highly sensitive, continuous, widely avail-
able, and applicable to high-throughput screening of
peptide substrate libraries. A well-designed probe based
on these criteria would provide crucial information
about the similarities and differences in peptide sub-
strates recognized by members of the PTP family of
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enzymes. This detailed knowledge would be invaluable
in the design of potent, selective PTP inhibitors for bio-
chemical and therapeutic applications. Furthermore, an
appropriate fluorogenic probe for PTP activity would
find use in visualizing PTP activity in whole cells.


To facilitate the study of PTP activity, substrate specific-
ity, and inhibition, a fluorogenic, peptide-based PTP
substrate based on a phosphorylated coumaryl amino
acid moiety has been developed. Fluorescent amino
acids are highly desirable synthons for a variety of bio-
chemical applications, and a handful of enantioselective
syntheses of coumaryl amino acids have been reported
in the literature recently.17–22 In this work, we have syn-
thesized and characterized an appropriately protected,
phosphorylated coumaryl amino acid that can be incor-
porated directly into peptide substrates using standard
Fmoc-based solid-phase peptide synthesis (SPPS)
methodologies.


Enantiomerically pure N-a-Fmoc-LL-aspartic acid b-tert-
butyl ester (1) was chosen as the starting point in this
synthesis, outlined in Scheme 1. The a-carboxylic acid
of (1) was first protected as a trichloroethyl (Tce) ester
(2). The b-carboxylic acid was then deprotected and
acylated using isopropenyl chloroformate and Mel-
drum�s acid to obtain the b-ketoester (4) in an overall
yield of 90% starting from (1). Methanesulfonic acid
was recently reported to catalyze the condensation be-
tween an amino acid derived b-ketoester and resorcinol
at room temperature, preserving the chirality of the ste-
reocenter.14 In our hands, the reaction gave higher yields
of the N- and C-protected coumaryl amino acid (6)
when carried out at 0–4 �C. Phosphorylation of (6) with
diethylchlorophosphate and diisopropylethylamine gen-
erated the phosphorylated coumarin (7). Subsequent
removal of the Tce group using 50% acetic acid in tetra-
hydrofuran in the presence of activated zinc dust gener-
ated the phosphorylated coumaryl amino acid (pCAP)
(8) quantitatively from (7). As illustrated in Scheme 1,
this approach generates an enantiomerically pure,
appropriately protected phosphocoumaryl-amino-pro-
pionic acid (8, pCAP) in high yield via six facile steps
from readily available starting materials. Product purifi-
cation through column chromatography was only neces-
sary for compounds 6 and 7. Full synthetic details can

21
HButO


O NHFmoc
OTce


O


ButO


O NHFmoc
OH


O


(i) (ii)


OO O


NHFmoc
OTce


O


PEtO
O


EtO 78 (pCAP)


(vi)


OO O


NHFmoc
OH


O


PEtO
O


EtO


Scheme 1. Reagents and conditions: synthesis of 8 (pCAP) (i) CCl3CH2OH


CH2Cl2, rt, 15 min, >99%. (iiia) Isopropenyl chloroformate, Meldrum�s acid
94%. (iv) CH3SO3H, 0 �C, 6 h, 60%. (v) (EtO)2POCl, diisopropylethylamine,


8 h, 99%.

be found in the Supplementary information available
online. This synthesis is superior to other reported syn-
theses of coumaryl amino acids in its simplicity, yield,
and versatility. We anticipate that this new phosphoty-
rosine mimic will be useful for imaging PTP activity
both in vitro and also in vivo.


To demonstrate the utility of pCAP in in vitro PTP as-
says, we synthesized a series of peptide substrates with
the general formula DADE-X-GPAA-NH2, where X is
phosphotyrosine (9a), tyrosine (9b), pCAP (10a) or
CAP (10b). The coumarin-based amino acids are com-
patible with standard, Fmoc-based SPPS methodolo-
gies.23 Any standard coupling procedure can be used to
extend the growing peptide chain, with the exception of
pCAP and CAP addition, which couples more efficiently
when PyBOP and HOBt are used as the coupling re-
agents. Deprotection of the phosphate moiety was
accomplished by the addition of trimethylsilyliodide to
the peptide prior to the cleavage from the resin. The pep-
tides were then fully deprotected and cleaved from the
resin, purified by reverse-phase HPLC, and characterized
by mass spectrometry. The peptide sequence DADE-X-
GPAA-NH2 is expected to be a reasonable, though not
optimal, substrate for a variety of PTPs.


If the pCAP-containing peptides are to be useful in en-
zyme activity assays, they must exhibit a large change
in fluorescence upon hydrolysis. As anticipated based
on the success of MUP in PTP activity assays,7 we found
that a 22 lM solution of peptide 10b exhibited fluores-
cence (kex = 334 nm, kem = 460 nm) that is 104-fold more
intense than a 22 lM solution of peptide 10a (see inset,
Fig. 1). As shown in Figure 1, a large increase in fluores-
cence is observed when 10a is hydrolyzed by a PTP. Fur-
thermore, the fluorescence intensity of the peptide 10b
increases linearly in proportion to concentration over
a wide concentration range, indicating that the PTP-cat-
alyzed hydrolysis of 10a to form 10b should provide a
facile, sensitive assay for PTP activity. In addition, no
hydrolysis of the fluorogenic peptide substrate 10a was
observed under the conditions of the reaction in the ab-
sence of enzymes.


Because the pCAP moiety is slightly larger than phos-
photyrosine, we set out to establish the efficiency of
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Figure 1. Raw data showing the initial increase in fluorescence over


time when a 250 lM solution of 10a is allowed to react with YOP.


Inset: emission spectra of 22 lM solutions of peptides 10a (solid line)


and 10b (dashed line) with kex = 334 nm.


Table 1. Kinetic data for the hydrolysis of substrates by YOP and


TCPTP


Enzyme Substrate kcat (s
�1) Km (mM)


9a 100 ± 20 2.7 ± 0.8


YOP 10a 41 ± 2 0.65 ± 0.07


MUP 5.7 ± 0.5 0.8 ± 0.2


TCPTP 10a 35 ± 10 0.8 ± 0.3
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enzymatic turnover of 10a. As shown in Figure 2A,
10a is readily dephosphorylated by the PTP from Yer-
sinia enterocolitica (YOP). Peptide 10a (kcat/Km =
63,000 M�1 s�1) is hydrolyzed significantly more effi-
ciently by YOP than MUP (kcat/Km = 6200 M�1 s�1,
Supplementary Figure 1) and approximately as effi-
ciently as 9a (kcat/Km = 37,000 M�1 s�1, Supplementary
Figure 2). The turnover rate (kcat) of 10a by YOP is
approxmately 9-fold faster than MUP and about 2-
fold slower than 9a, while the Km is about the same
as MUP and 4-fold lower than 9a. The Yersinia en-
zyme is one of the most active PTPs known and read-
ily accepts the pCAP moiety as a phosphotyrosine
mimic. To determine if these substrates are likely to
be broadly applicable, we also tested the activity of
human T-cell PTP (TCPTP) against 10a. Notably,
with TCPTP we were unable to obtain satisfactory
kinetic data with 9a, while hydrolysis of 10a was read-
ily detected, as shown in Figure 2B. The kinetic data are
summarized in Table 1.
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Figure 2. Hydrolysis of 10a by (A) YOP and (B) TCPTP. The curve represe

In conclusion, we have developed a facile, high-yielding
synthesis of a highly fluorescent, phosphorylated amino
acid that can be incorporated into peptides using stan-
dard SPPS techniques. The resultant substrates are effi-
ciently hydrolyzed by PTPs and exhibit a large increase
in fluorescence upon hydrolysis. This work represents a
critical step forward in the characterization of PTPs,
both because it demonstrates that the pCAP residue
can be incorporated into peptides and hydrolyzed by
PTPs, and more importantly because it verifies that
pCAP is accepted as a phosphotyrosine mimic by both
bacterial and human PTPs. The pCAP-containing pep-
tides provide a highly sensitive, continuous assay for
PTP activity that is widely accessible and readily incor-
porated into peptide substrates for high-throughput
screening or activity-based assays. Much less enzyme is
required for this assay than for others that have been
reported previously.12,13 In principle, CAP could also
be derivatized with a variety of other electrophiles to
create fluorogenic substrates for aryl sulfatases, glycosi-
dases, etc. Work is currently underway in our laboratory
to incorporate CAP and pCAP into combinatorial pep-
tide libraries for assaying enzyme substrate specificities
and to synthesize fluorinated derivatives of pCAP
(pCAPF and pCAPF2), which may have greater sensi-
tivity, especially at low pH.7 Furthermore, this series
of fluorogenic peptides may aid in the visualization of
enzyme activity in vivo.
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Abstract—The weighted holistic invariant molecular (WHIM) approach has been applied to the study of the VDR affinity of 86
vitamin D analogues. A model able to describe more than 71% of the variance in the experimental activity was developed with
the use of the mentioned approach. In contrast, none of three different approaches, including the use of BCUT, Galvez topological
charge indices, and 2D autocorrelations descriptors, was able to explain more than 38% of the variance in the mentioned property,
even with more variables in the equation.
� 2005 Elsevier Ltd. All rights reserved.

1a,25-Dihydroxyvitamin D3 (calcitriol) is the hormonal-
ly active form of vitamin D3. Besides regulating calcium
homeostasis, this multifunctional hormone is also in-
volved in other cellular processes, including cell differen-
tiation, immune system regulation, and gene
transcription.1,2 These biological activities are mediated
by the vitamin D receptor (VDR),3 which is a member of
the nuclear receptor superfamily.4 However, the clinical
utility of calcitriol for treatment of cancers and skin dis-
orders is limited by its hypercalcemic effects. There is
accordingly much interest in the design and synthesis
of vitamin D analogues with more selective biological ef-
fects. To date, thousands of vitamin D analogues have
been synthesized and their biological activities evaluat-
ed.5 Many of them have already been developed, and
some are under development as clinical agents for treat-
ing metabolic bone diseases, skin diseases such as psori-
asis, immune disorders, or malignant tumors.6


Most of the analogues of calcitriol synthesized so far
show modifications at the side chain and conformational

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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analysis has been carried out in order to predict a poten-
tially active side-chain structure.7,8


However, a limited number of studies have been devoted
to the search for new potent vitamin D analogues using
quantitative structure activity relationship (QSAR).


Our research group has demonstrated that QSAR stud-
ies are a powerful method for the design of bioactive
compounds and the prediction of activity according to
physical and chemical properties.9–20 In this paper, we
describe for the first time the QSAR between the vitamin
D receptor and some analogues of 1a,25-dihydroxy-
vitamin D3 using the weighted holistic invariant molec-
ular (WHIM) descriptors. This molecular descriptor
compares favorably with the other three kinds of molec-
ular descriptors and proved to be superior in modeling
the biological activity under study.


The WHIM descriptors are built in such a way as to cap-
ture the relevant molecular 3-D information regarding
the molecular size, shape, symmetry, and atom distribu-
tion with respect to some invariant reference frame. The
algorithm consists of performing a principal component
analysis (PCA) on the centered molecular coordinates
by using four different weighting schemes. The four
weighting schemes are: (1) the unweighted case U
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(wi = 1, i = l,n, where n is the number of atoms for each
compound), (2) the atomic masses M (wi = mi), (3) the
van der Waals volume V (wi = vdwi), and (4) the Sander-
son atomic electronegativity E (wi = elni). For each
weighting scheme, a set of statistical indices is calculated
on the atoms projected onto each principal component
tm (m = 1,2,3).21


In this study, we have selected a data set of 86 analogues
of 1a,25-dihydroxyvitamin D3 whose affinity for VDR
was reported.22–35 The relative potency of the analogues
was calculated from their concentration needed to dis-
place 50% of [3H]-1a,25-dihydroxyvitamin D3 from its
receptor VDR in bovine thymus compared with the
activity of 1a,25-dihydroxyvitamin D3 (assigned a
100% value). The experimental values of this biological
activity and the structures of these analogues are provid-
ed as supporting information.


Before calculating the molecular descriptors, we carried
out geometry optimization calculations for each com-
pound of this study using the quantum chemical semi-
empirical method AM136 included in Mopac 6.0
computer software.37 Dragon38 computer software was
employed to calculate the molecular descriptors. Four
kinds of molecular descriptors including different
groups: BCUT, Galvez topological charge indices, 2D
autocorrelations, and WHIM descriptors21 were calcu-
lated for this set of compounds. Descriptors with con-
stant or near constant values inside each group of
descriptors were discarded. The statistical processing
to obtain the QSAR models was carried out using
regression multivariate technique employing the for-
ward stepwise method for the selection of variables.39


Analysis of residuals and deleted residuals from the
regression equations was used to identify outliers. The
statistical significance of the models was determined
examining the regression coefficient, the standard devia-
tion, the number of variables, and the proportion be-
tween the cases and variables in the equation. All
statistical analyses and data exploration were carried
out using the STATISTIC 6.0 software.40 The models
obtained were validated by calculating q2 values. The
q2 values are calculated from �leave-one-out� (LOO)
and �leave-group-out� (LGO) test known as cross-valida-
tion; in this last case, the 25% of the data was selected
for the analysis. The q2 values can be considered a mea-
sure of the predictive power of a regression equation,
whereas R2 can always be increased artificially by add-
ing more parameters (descriptors); q2 decreases if a

Table 1. Correlation coefficients among the eight most significant variables


L2m P1m L1v E1v


L2m 1.00 �0.89 0.04 �0.31


P1m 1.00 0.38 0.19


L1v 1.00 �0.19


E1v 1.00


E1e


P2s


Tu


Dm


Marked correlations are significant at p < .05000.

model is overparameterized and is therefore a more
meaningful summary statistic for QSAR models.


In this sense, the best QSAR model obtained with the
WHIM descriptors is given below together with the sta-
tistical parameters of the regression:


� logðVDRÞ ¼ �3:648� 7:853 � L2mþ 36:997


� P1m� 8:645 � L1vþ 25:155


� E1v� 24:251 � E1eþ 3:245


� P2sþ 7:603 � Tuþ 70:642 � Dm ð1Þ


N ¼ 86 R ¼ 0:857 S ¼ 0:734 F exp ¼ 26:72


p < 10�5 q2LOO ¼ 0:675 SLOO ¼ 0:813


q2LGO ¼ 0:653 SLGO ¼ 0:849;


where N is the number of compounds used, R is the
correlation coefficient, S is the standard deviation of
the regression, Fexp is the Fisher ratio at the 95% con-
fidence level, p is the significance of the variables in
the model, q2LOO, SLOO and q2LGO, SLGO are the square
of the correlation coefficient and the standard devia-
tion of the leave-one-out and leave-group-out cross-
validation, respectively. However, after an analysis of
the correlation between the variables in the equation,
one can conclude that there is collinearity among
the descriptors, as can be observed in the following
Table 1.


For that reason, an orthogonalization process is neces-
sary to eliminate this undesirable effect. Here, we used
the Randić orthogonalization method to correct this
problem.41–43 The main philosophy of this approach is
to avoid the exclusion of descriptors on the basis of its
collinearity with other variables previously included in
the model. The acceptable level of collinearity to avoid
is a more subjective issue. In the view of the authors,
the collinearity of the variables should be as low as pos-
sible because the interrelatedness among the different
descriptors can result in a highly unstable regression
coefficient, which makes it impossible to know the rela-
tive importance of an index and underestimates the util-
ity of the regression coefficient model.


The QSAR model obtained with the WHIM descriptors
after the orthogonalization process is given below,
together with the statistical parameters:

E1e P2s Tu Dm


�0.38 0.94 0.44 0.23


0.33 �0.97 �0.03 �0.23


�0.10 �0.26 0.91 �0.19


0.90 �0.19 �0.33 0.52


1.00 �0.30 �0.27 0.58


1.00 0.15 0.28


1.00 �0.12


1.00
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� logðVDRÞ ¼ �1:032� 0:358 � 1XL2m
� 0:714 � 2XE1e� 0:273 � 3XL1v
þ 0:631 � 4XE1vþ 0:459 � 5XDm ð2Þ


N ¼ 86 R ¼ 0:847 S ¼ 0:744 F exp ¼ 40:537


p < 10�5 q2 ¼ 0:679 Scv ¼ 0:793


q2LGO ¼ 0:652 SLGO ¼ 0:841


As a result of the orthogonalization process of variables
of model 1, three variables resulted in being statistically
not significant, and these were excluded in the final mod-
el (see Eqs. 1 and 2). These variables are P1m, P2s, and
Tu. The P1m is strongly correlated with L2m containing
89.12% of duplication. Also P2s is collinear with L2m
having a coefficient of correlation of 94.34. The L2m
was the variable taken as the first orthogonal descriptor,
and the rest of the descriptors were orthogonalized with
respect to it; therefore, those variables that have elevat-
ed correlation with it will have a major probability of
being excluded from the model.


Similar to the previous case, the Tu descriptor is highly
correlated with L1v (correlation coefficients of 91.61).
The Tu is a total size unweighted index; much related
to the index L1v that is the first component size direc-
tional WHIM index weighted by atomic van der Waals
volumes. This is probably the main cause for the lack of
Tu in the description of the VDR affinity.


The variables in the model (Eq. 2) encoded specific
structure information such as atomic distribution (E1v,
E1e, and Dm) and size (L1v and L2m) of the whole
molecular structure of the vitamin D analogues present
in this study.


This structure information could be very important in
the design of new ligands and had been proved previous-
ly in the X-ray crystal structure of VDR complex with
the vitamin D indicated, in addition to the cavity in
which the flexible C17 side chain moiety of this com-
pound is accommodated, the presence of an extra space
in the vicinity of the A-ring. It was suggested that sub-
stituents of synthetic A-ring analogues could occupy this
additional space. In this connection, another example of
the importance of the size and the atomic distribution in
this biological property was demonstrated by Fujishima
et al.22 These authors found that the simple introduction
of the second methyl group in a specific position can
cause approximately 100-fold reduction of the affinity
to VDR.


On the other hand, the variables in this model are relat-
ed to the electronegativity and the atomic mass. In a
general way, the electronegativity is the power of an
atom in a molecule to attract electrons itself. These elec-
tronegativity values are useful in determining the bond
polarity for the molecule. The bond polarity is a vector,
pointing from the atom with less electronegativity to the
atom with larger values. If the vector sum of bond polar-
ities of a molecule is not zero, the molecule is said to
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have dipole moment. The affinity of the VDR for these
compounds depends on the bond dipole moment. This
result is explained by the fact that when the total polar-
ity of molecules is increased, the hydrophobicity is low-
er, affecting the capacity of the molecule to permeate
across the biological membranes to reach intracellular
targets like VDR in different tissues and organs in the
body.


As we previously pointed out, one of the objectives of
the current work was to compare several kinds of molec-
ular descriptors for describing the property under study.
Consequently, we have developed three other models
using the same data set that was included in our QSAR
study with the WHIM descriptors. For this aim, the
BCUT, Galvez topological charge indexes, and 2D
autocorrelation descriptors were included. The results
of these models are shown in Table 2.


The statistical information for the best regressions of
affinity for VDR with these molecular descriptors shows
that the WHIM descriptors explain the experimental
variance of the data better than the other approxima-
tions. This behavior should be due to the fact that the
3D descriptors are better for modeling this biological
property than the 2D descriptors because it is well
known that the spatial configuration and the stereo-
chemistry of the ligands are determinant factors for
the affinity at the VDR.


On the other hand, the model presented by the 2D kinds
of descriptors included eight variables in their equations,
in comparison with only five in our model. From a
mechanistic point of view, inclusion of a variable into
a QSAR model suggests that the variable is related
directly as the chemistry of a molecule influences its bio-
logical activity. Whilst the affinity for VDR is certainly a
multivariate process, there are not an infinite number of
controlling factors, and QSAR would be expected to
have no more than a few factors controlling this biolog-
ical activity.


Finally, cross-validation LOO and LGO types were
developed, and it was possible to confirm that the
model obtained using the WHIM descriptors had a
greater coefficient of correlation ðq2LOO; q


2
LGOÞ and


showed a minor standard deviation (SLOO, SLGO) for
these tests (Table 2). For those reasons, we considered
that WHIM methodology can be a very useful tool for
the prediction of affinity for VDR of different vitamin
D analogues.


The prediction of affinity for VDR of vitamin D ana-
logues has been a goal of pharmaceutical companies
due to the importance of this biological property for
many pharmacological targets. For this reason, this in
silico method has been applied in order to predict this
property in the early stage of drug development and
some of them have become important tools in the selec-
tion of new drug candidates. In this study, WHIM
descriptor was used to predict this activity for a series
of compounds. The procedure has shown that a good
regression model can be obtained using the weighted

holistic invariant molecular descriptor weight by the
atomic Sanderson electronegativity, van der Waals vol-
ume, and atomic masses. The linear model developed
in the current work is easily calculated and suitable for
the rapid prediction of VDR affinity, and the cross-val-
idation of the final model supports this claim. This sug-
gests that the present method should be regarded as one
of the choices for lead optimization programs in the
drug discovery process.
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13. González, M. P.; Terán, C. Bull. Math. Biol. 2004, 66, 907.
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43. Randić, M. J. Mol. Struct. (Theochem) 1991, 233, 45.





		Quantitative structure -- activity relationship studies of vitamin D receptor affinity for analogues of 1 alpha ,25-dihydroxyvitamin D3. 1: WHIM descriptors

		Acknowledgments

		Supplementary data

		References and notes








Bioorganic & Medicinal Chemistry Letters 15 (2005) 5192–5196

Carbonic anhydrase inhibitors: Inhibition of the human
isozymes I, II, VA, and IX with a library of substituted


difluoromethanesulfonamides


Alessandro Cecchi,a Scott D. Taylor,b Yong Liu,b Bryan Hill,b Daniela Vullo,a


Andrea Scozzafavaa and Claudiu T. Supurana,*
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Abstract—An inhibition study of the human cytosolic isozymes I, and II, the mitochondrial isoform VA, and the tumor-associated,
transmembrane isozyme IX of carbonic anhydrase (CA, EC 4.2.1.1) with a library of aromatic/heteroaromatic/polycyclic difluoro-
methanesulfonamides is reported. Most of the inhibitors were derivatives of benzenedifluoromethanesulfonamide incorporating
substituted-phenyl moieties, or were methylsulfonamide and difluoromethyl-sulfonamide derivatives of the sulfamates COUMATE
and EMATE, respectively. Except for the methylsulfonamide-COUMATE derivative which behaved as a potent CA II inhibitor (KI


of 32 nM), these sulfonamides were moderate inhibitors of all isozymes, with inhibition constants in the range of 96–5200 nM
against hCA I, of 80–670 nM against hCA II, and of 195–9280 nM against hCA IX, respectively. Remarkably, some derivatives,
such as 3-bromophenyl-difluoromethanesulfonamide, showed a trend to selectively inhibit the mitochondrial isoform CA VA, show-
ing selectivity ratios for inhibiting CA VA over CA II of 3.53; over CA I of 6.84 and over CA IX of 9.34, respectively, although it is a
moderate inhibitor (KI of 160 nM). Some of these derivatives may be considered as leads for the design of isozyme selective CA
inhibitors targeting the mitochondrial isozyme CA VA, with potential use as anti-obesity agents.
� 2005 Elsevier Ltd. All rights reserved.

In contrast to the aromatic or heteroaromatic sulfon-
amides which generally act as very potent inhibitors of
the metalloenzyme carbonic anhydrase (CA, EC
4.2.1.1),1–3 the aliphatic derivatives have been consid-
ered for a long time to be ineffective CA inhibitors
(CAIs).4 Maren and Conroy5 then showed that perflu-
oro-/perchloro-alkylsulfonamides of the general formu-
la CnX2n+1SO2NH2, (X = F, Cl; n = 1, 2, 4) act as
potent CAIs against the physiologically most relevant
CA isozyme, the cytosolic CA II, but the best inhibi-
tor detected in their study, trifluoromethanesulfona-
mide, was observed to be chemically unstable, being
easily hydrolyzed to triflic acid and ammonia. Perflu-
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oroalkylsulfonamido-/carboxamido-tails were also at-
tached to the molecules or aromatic/heterocyclic
sulfonamides, leading to highly potent CAIs targeting
isoforms I, II and IV,6 which showed excellent water-
and liposolubility, and good activity as antiglaucoma
agents in an animal model of the disease.6,7 Further-
more, very recently we have also shown that aliphatic
sulfamates of the type CnH2n+1-OSO2NH2 (n = 2–18)8


and aliphatic N-hydroxysulfamides of the type
CnH2n+1-NHSO2NHOH (n = 8–12),9 also act as very
potent inhibitors of several physiologically important
isozymes, such as the cytosolic CA I and CA II or
the tumor-associated, transmembrane isoforms CA
IX and CA XII. Thus, it is now possible to design po-
tent CAIs belonging to a variety of classes of aliphatic
sulfonamides, sulfamates or sulfamides among others,
with many such compounds useful for the design of
antiglaucoma, antitumor or antiobesity pharmacologi-
cal agents among others.1–3,10,11
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Recently, Taylor�s12 and Blackburn�s13,14 groups report-
ed the synthesis of difluoromethane-sulfonamides
possessing the general formula RCF2-SO2NH2


(R = aromatic or heteroaromatic moiety). Blackburn�s
group demonstrated that a small number of such deriv-
atives, such as 1–3, were moderate to good inhibitors of
the bovine or human isozyme CA II exhibiting inhibi-
tion constants in the range of 15–208 nM, though, in
general, being somewhat less efficient CAIs as compared
to acetazolamide 4, the inhibitor par excellence of this
class of enzymes (KI of 10 nM).13,14 Considering the
interesting biological activity of derivatives 1–3, we
decided to investigate in more detail this new type of
CAIs. Here, we report an inhibition study of four phys-
iologically relevant CA isoforms, i.e., the cytosolic hu-
man isozymes hCA I and hCA II, the mitochondrial
isozyme hCA VA,15 and the transmembrane, tumor-as-
sociated isozyme hCA IX,16–19 with a library of substi-
tuted difluoromethanesulfonamides incorporated into
phenyl, coumarin or steroidal platforms.


Acetazolamide 4 (AZA) was from Sigma–Aldrich
(Milan, Italy), whereas EMATE 15 was prepared as pre-
viously reported.20 Compounds 1, 5–13 were prepared
as previously reported.12 Most of them (5–9) are deriva-
tives of the benzenedifluoromethanesulfonamide 1
reported by Blackburn�s group to act as a moderate
bCA II inhibitor,13 in which the phenyl moiety was
substituted in the 2-, 3- or 4-position with diverse groups
such as methyl-, nitro- or bromo. Derivatives 10 and 11
are analogous to COUMATE 14, a group of sulfamates
developed by Potter�s and Reed�s groups21 as inhibitors
of steroid sulfatase,22 but which also showed good CA
inhibitory properties.21 In the new coumarin derivatives
investigated here, the sulfamate moiety of COUMATE
has been replaced by the methylsulfonamide and difluo-
romethylsulfonamide moieties. Similarly, the new steroi-
dal derivatives investigated here, compounds 12 and 13,
may be considered as being derived from EMATE 15,
another steroid sulfatase inhibitor21,22 that was shown
to act as a very potent CAI against isozymes I, II, and
IX,22 and for which the X-ray crystal structure in the
adduct with hCA II has recently been reported by our

group.23 Again, the sulfamate moiety of EMATE has
been replaced by the isosteric moieties methylsulfona-
mide and difluoromethylsulfonamide in derivatives 12
and 13.24

Inhibition data of four physiologically relevant CA iso-
zymes, i.e., hCA I, II, VA, and IX with sulfonamides/
sulfamates 1, 4–13, and 15 and, the structurally related
to 1 phenylmethanesulfonamide (C6H5CH2SO2NH2)
1a and phenylsulfamate (C6H5OSO2NH2) 1b, and stan-
dard, clinically used inhibitors are shown in Table 1.25


The following should be noted regarding CA inhibition
data with this series of compounds: (i) the slow red cell
cytosolic isoform hCA I was inhibited by derivatives 1,
and 5–13, with inhibition constants in the range of 96–
5200 nM. The polycyclic methanesulfonamide 10 and
difluoromethanesulfonamide 13 were the strongest
inhibitors (KI-s of 96–98 nM), being more efficient than
acetazolamide (KI of 250 nM) but approximately one-
third as effective as the sulfamate inhibitor EMATE, a
strong CA I inhibitor (KI of 37 nM). The structurally
related (to 10 and 13) compounds, 11 and 12, as well
as the 4-bromophenyl-difluoromethanesulfonamide 9
and the lead molecule 1, were moderate inhibitors
(KI-s in the range of 116–415 nM). Other substitution
patterns of the phenyl moiety in 1 (derivatives 5–8) lead
to a drastic decrease of the inhibitory potency (KI-s in
the range of 952–5200 nM). It is interesting to note that
for compounds 1, 1a, and 1b possessing the isosteric
replacements CF2, CH2 and O, the most potent CA I
inhibitor was the sulfamate 1b (one of the most effective







Table 1. hCA I, II, VA and IX inhibition data with sulfonamides/sulfamates 1, 4–15
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Compound R KI (nM) a


hCA Ib hCA IIb hCA VAb hCA IXc


4 (AZA) — 250 12 60 25


1 H 357 156 785 8500


1a — 1250 645 1580 9300


1b — 2.1 1.3 nt 63


5 4-Me 952 348 128 250


6 4-O2N 1130 113 153 2420


7 2-Br 5200 112 714 9280


8 3-Br 1095 565 160 1495


9 4-Br 273 98 982 7730


10 H 98 32 8600 240


11 F 415 104 1516 195


12 H 116 80 1464 208


13 F 96 670 129 1725


14 (COUMATE) — nt 25d nt nt


15 (EMATE) — 37 10 nt 30


aMean from three assays (errors in the range of 5–10% of the reported value); nt = not tested.
b Human, full-length recombinant enzymes.
c Catalytic domain of the human cloned isozyme.
d From Ref. 21.
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CA I inhibitors ever reported),20 whereas the phenyldi-
fluoromethanesulfonamide 1 and phenylmethanesulf-
onamide 1a were much less effective inhibitors; (ii)
against the cytosolic rapid isoform hCA II (one of the
physiologically most important CA isozymes),1–4 deriv-
atives 1, 5–13, showed inhibition constants in the range
of 32–670 nM. Only the methanesulfonamide analogue
of COUMATE, compound 10, showed properties of po-
tent CAI against this isozyme, but its inhibition constant
is 2.6–3.2 times higher than that of acetazolamide or
EMATE, two very potent CA II inhibitors (Table 1).
It is also important to note that COUMATE itself had
a slightly better potency (KI of 25 nM)21 as compared
to the sulfamoylmethyl derivative 10. It is surprising
that replacing the OSO2NH2 functionality of EMATE/
COUMATE with the isosteric CH2SO2NH2 moiety
(inhibitors 10 and 12) leads to a loss of activity (eight-
fold in the case of the EMATE derivative, and only
1.3 times in the case of the COUMATE derivative),
whereas replacement with the CF2SO2NH2 moiety
(inhibitors 11 and 13) leads to an even greater (67-fold
for EMATE and approximately 4-fold for COUMATE)
loss of activity. Also, for the COUMATE type of com-
pounds 10 and 11, the difluoromethanesulfonamide 11
was 3.25 times less effective as a CA II inhibitor as com-
pared to the corresponding dihydro derivative 10. Our
data also show phenyldifluoromethanesulfonamide 1
to be a modest hCA II inhibitor, with an inhibition con-

stant around three times higher than that reported ear-
lier with the bovine isozyme by Blackburn�s group13,14


(Table 1). This may be due to the different source of en-
zymes used (human in our study, bovine in the previous
study)13 or to the different assay methods employed in
the two studies. We have recently documented that bo-
vine and human CAs sometimes show quite diverse inhi-
bition profiles by sulfonamides.26 It is interesting to note
that as for hCA I, for compounds 1, 1a, and 1b, the best
inhibitor is the sulfamate 1b (KI of 1.3 nM), followed by
the difluoro derivative 1, which in turn was much more
active as compared to the dihydro derivative 1a. Also,
the substituted-phenyl congeners of 1, compounds 5–9,
did not show very good CA II inhibitory properties,
the best inhibitors being the 4-bromo-, 2-bromo-, and
4-nitrophenyl-derivatives (KI-s in the range of 98–
113 nM), which were approximately 10 times less effec-
tive than acetazolamide 4. The 3-bromo- and 4-methyl-
phenyl-derivatives 5 and 8 were the least effective hCA II
inhibitors in this subset of compounds (KI-s in the range
of 348–565 nM); (iii) The mitochondrial isoform hCA
VA was moderately inhibited by the compounds investi-
gated here with KI-s in the range of 128–8600 nM. The
best inhibitors were the 4-methyl-, 4-nitro-, and 3-brom-
ophenyl-difluoromethanesulfonamides 5, 6, and 8, as
well as the difluoromethyl analogue of EMATE 13,
which showed KI-s in the range of 128–160 nM, being
2–3 times less effective as acetazolamide (KI of 60 nM).







A. Cecchi et al. / Bioorg. Med. Chem. Lett. 15 (2005) 5192–5196 5195

However, an important observation was made regarding
the inhibition profiles of 5 and 8, which showed the
highest selectivity for the mitochondrial isoform hCA
VA over the cytosolic or transmembrane isozymes
hCA I, II, and IX. In fact, these are the first CAIs ever
reported to show this type of selectivity trend for the
inhibition of the mitochondrial isozyme, which may be
the target of the anti-obesity agents of the topiramate/
zonisamide type.27,28 Indeed, for 8, the selectivity ratios
for inhibiting CA VA over CA II, CAI, and CAIX were
3.53, 6.84, and 9.34, respectively. Usually, CA II has a
much higher affinity for sulfonamide/sulfamate inhibi-
tors as compared to the mitochondrial isozyme (for
example, the selectivity ratio of acetazolamide for inhib-
iting CA VA over CA II is 0.2). As isozyme-selective or
isozyme-specific CAIs have rarely been reported,1–3 this
type of difluoromethanesulfonamide derivatives may be
extremely useful for the possible design of CA VA-selec-
tive inhibitors, even if the potency of the compounds
investigated up to now is moderate. Much more modest
CA VA inhibitory properties were exhibited by com-
pounds 1, 7, and 9 (KI-s in the range of 714–982 nM),
whereas derivatives 10–12 behaved as quite weak inhib-
itors (in the micromolar range, see Table 1); (iv) the
transmembrane, tumor-associated isozyme hCA IX
was also modestly inhibited by the new sulfonamides
investigated here. The best inhibitors were 5, and 10–
12, showing KI-s in the range of 195–250 nM, typically
7.8–10 times higher than those of acetazolamide, which,
similarly to EMATE, behave as potent CA IX inhibitors
(KI-s in the range of 25–30 nM). The other investigated
derivatives inhibited CA IX in the high micromolar
range (KI-s in the range of 1495–9280 nM). It is again
important to note that for the structurally related deriv-
atives 1, 1a, and 1b, the best hCA IX inhibitor was the
sulfamate 1b (KI of 63 nM),20 whereas phenylmethane-
sulfonamide and phenyldifluoromethanesulfonamide
were quite ineffective inhibitors (135–147 times less po-
tent as compared to 1b) (Table 1).


In conclusion, an inhibition study of the human cytosol-
ic isozymes CA I, and II, the mitochondrial isoform CA
VA, and the tumor-associated, transmembrane isozyme
CA IX with a library of aromatic/heteroaromatic/poly-
cyclic difluoromethanesulfonamides is reported. Most
of the inhibitors were derivatives of benzenedifluorome-
thanesulfonamide incorporating substituted-phenyl
moieties, or were methylsulfonamide and difluorometh-
yl-sulfonamide derivatives of the sulfamates COU-
MATE and EMATE, respectively. Except for the
methylsulfonamide-COUMATE derivative which be-
haved as a potent CA II inhibitor (KI of 32 nM), these
sulfonamides were moderate inhibitors against all inves-
tigated CA isozymes, with inhibition constants in the
range of 96–5200 nM for hCA I, of 80–670 nM for
hCA II, and of 195–9280 nM for hCA IX, respectively.
Remarkably, some derivatives, such as 3-bromophenyl-
difluoromethanesulfonamide, showed a trend to selec-
tively inhibit the mitochondrial isoform CA VA, show-
ing selectivity ratios for inhibiting CA VA over CA II
of 3.53; over CA I of 6.84 and over CA IX of 9.34,
respectively, although the compound is a moderate CA
VA inhibitor (KI of 160 nM). Some of these derivatives

may thus be considered as leads for the design of isozy-
me selective CA inhibitors targeting the mitochondrial
isozyme CA VA, with potential use as anti-obesity
agents.
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Abstract—A small library of 20 trisubstituted pyrimidines were synthesized and evaluated for their in vitro antimalarial and
antitubercular activity. Out of the total screened compounds, 16 compounds have shown in vitro antimalarial activity against
Plasmodium falciparum in the range of 0.25–2 lg/mL and 8 compounds have shown antitubercular activity against Mycobacterium
tuberculosis H37Ra, at a concentration of 12.5 lg/mL.
� 2005 Elsevier Ltd. All rights reserved.

Malaria is the most serious and widespread parasitic dis-
ease because of its prevalence, virulence and drug resis-
tance, having an overwhelming impact on public health
in developing regions of the world. Each year, more
than 500 million people are infected and close to two
million die because of malaria. Plasmodium falciparum
is the main cause of severe clinical malaria and
death. Endemic map indicates that P. falciparum
and Plasmodium vivax account for 95% of the malaria
infections.1 There are a number of effective drugs
available that interact in different ways with the bio-
chemical life cycle of the parasite (quinine, chloroquine,
primaquine, cycloguanil, pyrimethamine, and progua-
nil), but as the parasites rapidly develop permanent
resistance against the different subclasses, there is a great
urge to develop new and effective drugs attacking crucial
targets in the metabolism of the malaria pathogen.
Development of active and selective chemotherapeutic
agents could be achieved by rational drug design taking
into consideration the biochemical machinery of the
parasite.2 One of the targets for drugs against malaria
is the enzyme dihydrofolate reductase (DHFR). DHFR
has received considerable attention, as it is the target of
pyrimethamine (I) and other antifolates used for the
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prophylaxis and treatment of P. falciparum infection.
The role of DHFR is to catalyse the NADPH dependent
reduction of dihydrofolate to give tetrahydrofolate, a
central component in the single carbon metabolic path-
way. The tetrahydrofolate is methylated to methylene
tetrahydrofolate, which is directly involved in thymidine
synthesis (assisting the methylation of deoxyuridine
monophosphate to give thymidine monophosphate)
and indirectly implicated in the metabolism of amino
acids and purine nucleotide. Inhibition of DHFR thus
prevents biosynthesis of DNA leading to cell death.3
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In both lead identification and lead optimization process
there is an acute need for new organic small molecules.
Traditional methods of organic synthesis are orders of
magnitude too slow to satisfy the demand for these com-
pounds. To meet the increasing requirement of new
compounds for drug discovery, speed is of essence,
which can be met by combinatorial chemistry. Combi-
natorial chemistry is a powerful tool to generate a large
number of compounds for the screening of functional
molecules. In the field of combinatorial chemistry, solid
phase organic synthesis has been accepted as an efficient
method for high throughput screening. In recent years
the design and synthesis of structurally diverse
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multifunctional libraries of small organic molecules on
solid supports has been the central claim of combinato-
rial chemistry. Among small molecules heterocyclic
structures have received special attention in combinato-
rial synthesis as they belong to a class of compounds
with proven utility in medicinal chemistry.4


As part of our ongoing program devoted to the synthesis
of diverse heterocycles as anti-infective agents,5 we had
previously reported antimalarial activity in substituted
triazines, pyrimidines and quinolines.6 Previously, we
have reported solid supported synthesis of quinolones,7


substituted pyrimidines8 and pyrimido[4,5-d]pyrimidines
as anti-infective agents.9 In this communication, we
have synthesized trisubstituted pyrimidines on solid sup-
port as antimalarial and antimycobacterial agents.


Polymer-bound aldehyde (1) was synthesized by reacting
Merrifield resin with 4-hydroxy benzaldehyde in DMF
in the presence of sodium hydride at 80 �C. The polymer
bound aldehyde was further reacted with different
substituted acetophenones to give polymer bound chal-
cones (2–6) (Scheme 1).10 The polymer bound chalcones
were reacted with different substituted amidines in the
presence of sodium methoxide in DMF to give resin
bound pyrimidines (7–11, 17–21, 22–26, and 37–41).
The resin bound pyrimidine derivatives were further
subjected to cleavage in a 1:1 mixture of TFA and
DCM to afford the final compounds. (Schemes 2–4).
All the synthesized compounds are well characterized
by spectroscopic method as IR, mass, NMR and ele-
mental analysis.14


In Scheme 2 the chalcones 2–6 were cyclised with mor-
pholine-4-carboxamidine hydrochloride (synthesized by
refluxing morpholine with S-methylisothiourea sulphate

N
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a


Scheme 2. Reagents and conditions: (a) morpholine-4-carboxamidine hydro


1 h.

in water11) in the presence of sodium methoxide in DMF
at 80 �C for 30 h. The mixture was then three times
washed successively with DMF, water, methanol,
DCM and finally methanol to give resin bound pyrimi-
dines 7–11. The resin bound pyrimidine derivatives were
further subjected to cleavage in a 1:1 mixture of TFA
and DCM to afford the final compounds 12–16.


In Scheme 3 the chalcones 2–6 were cyclised with N-(3-
morpholin-4-yl/3-imidazol-1-yl-propyl)-guanidine hydro-
chloride (synthesized by refluxing 3-morpholin-4-yl-
propylamine/3-imidazol-1-yl-propylamine with S-meth-
ylisothiourea sulphate in water) in the presence of sodium
methoxide in DMF by the same procedure as in Scheme 2
to afford the polymer bound compounds 17–26 which on
cleavage gave compounds 27–36.


In Scheme 4 the chalcones 2–6 were cyclised with N-(4-
diethylamino-1-methyl-butyl)-guanidine hydrochloride
(synthesized by refluxing 2-amino-5-diethylamino pen-
tane with S-methylisothiourea sulphate in water) in the
presence of sodium methoxide in DMF by the same pro-
cedure as in Scheme 2 to afford the polymer bound com-
pounds 37–41which further yielded compounds 42–46.


The library was tested for their antimalarial activity12


(against P. falciparum NF-54 strain) and antitubercular
activity13 (against Mycobacterium tuberculosis H37Ra)
(Table 1).


In the library of trisubstituted pyrimidines the variation
have been done at the 2nd and 4th position and the 6th
position of pyrimidine ring is constant. Out of 20 syn-
thesized compounds, 16 compounds have shown in vitro
antimalarial activity in the range of 0.25–2 lg/mL. In
compounds (12–16) having morpholine ring at the 2nd
position of pyrimidine ring, exhibited antimalarial activ-
ity in the range of 0.5–2 lg/mL. The compound 12 hav-
ing phenyl ring at 4th position exhibited a MIC of 2 lg/
mL. Substituting the phenyl ring with methyl group (13)
had no effect on the activity whereas substitution with
methoxy group (14) increased the activity having a
MIC of 1 lg/mL. Disubstitution of methoxy group on
the phenyl ring (15, 16) further enhanced the activity
having a MIC of 0.5 lg/mL. On further substitution at
the 2nd position of pyrimidine ring with 4-(3-aminopro-
pyl)morpholine, the compound 27 has shown a MIC of
2 lg/mL. Substituting the morpholine ring in compound
27 with imidazole ring the activity of compound 32
increased having a MIC of 0.5 lg/mL. In general
on substituting the phenyl ring with methyl group
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Table 1. Biological activity of trisubstituted pyrimidines


Compound R P. falciparum


MIC (lg/mL)


M. tuberculosis


MIC (lg/mL)


12 H 2 —


13 4-Me 2 —


14 4-OMe 1 —


15 3,4-diOMe 0.5 —


16 2,5-diOMe 0.5 —


27 H 2 12.5


28 4-Me 2 —


29 4-OMe 1 12.5


30 3,4-diOMe 0.5 25


31 2,5-diOMe 0.5 25


32 H 0.5 25


33 4-Me 2 —


34 4-OMe 1 12.5


35 3,4-diOMe 0.25 12.5


36 2,5-diOMe 0.25 12.5


42 H 10 25


43 4-Me 50 —


44 4-OMe 10 12.5


45 3,4-diOMe 2 12.5


46 2,5-diOMe 10 12.5


MIC of pyrimethamine, 10 lg/mL.
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decreased the activity whereas substitution with meth-
oxy group increased the activity. Disubstituting the
phenyl ring with methoxy group further increased the
activity of compounds.


In antitubercular activity against M. tuberculosis H37Ra,
12 compounds out of the 20 compounds have shown
activity at a concentration of 25 lg/mL. Eight com-

pounds have also shown activity at a concentration of
12.5 lg/mL. Compounds 12–16 having morpholine
group at the 2nd position of the pyrimidine ring did
not showed any activity. Replacing the morpholine
group with 4-(3-aminopropyl)morpholine the com-
pound 27 having phenyl group have shown a MIC of
12.5 lg/mL. Substituting the phenyl ring with methyl
group (28) decreased the activity whereas substitution
with methoxy group (29) retained the activity. Disubsti-
tution with methoxy group (30, 31) decreased the activ-
ity having a MIC of 25 lg/mL. In compounds (32–36)
having 4-(3-aminopropyl)imidazole chain at the 2nd po-
sition of the pyrimidine ring the compound 32 have
shown a MIC of 25 lg/mL. Disubstitution of the phenyl
ring with dimethoxy group the compounds 35 and 36
exhibited a MIC of 12.5 lg/mL in contrast to com-
pounds 30 and 31 where activity decreased on disubsti-
tution of methoxy group. In compounds 42–46 the
compounds 42 having phenyl ring showed a MIC of
25 lg/mL and activity increased on disubstituting the
phenyl ring with methoxy group. In general the com-
pounds showed increase in activity on substituting the
phenyl ring at 6th position with methoxy group, whereas
activity decreased on substitution with methyl group.


The twenty 2,4,6-trisubstituted pyrimidines were
synthesized as pyrimethamine analogues. Out of the 20
synthesized compounds, 16 compounds have shown
antimalarial activity in the range of 0.25–2.0 lg/mL,
whereas 12 compounds have shown antitubercular activ-
ity at a concentration of 25 lg/mL. These compounds are
5–40 times more potent than pyrimethamine. These iden-
tified pyrimidines are new leads in antimalarial chemo-
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therapy. These molecules can be very useful for further
optimization work in malarial chemotherapy.
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Abstract—In an effort to prepare novel inhibitors of bacterial aminopeptidase N (PepN), the phosphinate, propenylphosphinate,
decylphosphinate, sulfonate, and sulfonamidate analogs of Ala–Ala were synthesized and tested as inhibitors. Phosphinate 1 was
shown to inhibit PepN with a Ki of 10 lM, and propenylphosphinate 2 and decylphosphinate 3 inhibited PepN with a Ki of
ca. 1 lM. Sulfonate and sulfonamidate analogs did not inhibit PepN.
� 2005 Elsevier Ltd. All rights reserved.
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Aminopeptidases are ubiquitous hydrolases that are in-
volved with protein maturation, activation, and degra-
dation.1,2 These enzymes can hydrolyze the N-terminal
amino acid(s) from a peptide by using active site serine
or cysteine residues or by using metal ion catalysis.
The most common metal ion found at the active site
of aminopeptidases is Zn(II); however, there are known
aminopeptidases that utilize Fe(II), Mn(II), or Co(II).1


The aminopeptidases have also been grouped according
to their substrate specificities, physical and mechanistic
properties, and amino acid sequences.1,3


One particularly interesting enzyme is aminopeptidase
N (PepN). In mammals, PepN is membrane-associated
and has been identified as a receptor for several viruses
and in the activation mechanism of collagenolysis that
allows for tumor cell invasion.4–6 Since PepN apparently
is involved in a number of biomedically important pro-
cesses, a large number of inhibitors of mammalian PepN
have been reported. For example, several natural prod-
uct dipeptides, bestatin, phebestin, probestin, and
amastatin, have been shown to be potential inhibitors
of PepN, leucine aminopeptidase, methionine amino-
peptidase, and aminopeptidase A.7–9 Bartlett and co-
workers synthesized and tested phosphinate analogs of
bestatin as inhibitors of leucine aminopeptidase.10
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In bacteria, PepN is cytosolic,1 and the enzymes from a
number of Lactococcus and Lactobacillus strains have
been studied in detail because of the roles of PepN in
the making of cheese and other dairy products.1,11 In
Escherichia coli, PepN has been identified as the sole ala-
nyl aminopeptidase and is the major aminopeptidase in-
volved in ATP-independent processing during cytosolic

H2N P
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O OH
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O


Propylphosphonate


Figure 1. Structures of compounds described in this study.
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protein degradation.12 Given these roles, PepN and
other bacterial proteases have been recently identified
as potential antibiotic targets.13


In this work, we have tested a number of phosphinate,
sulfonate, and sulfonamidate analogs of alanyl–alanine
as inhibitors of PepN from E. coli (Fig. 1).


Previous studies have demonstrated that similar analogs
are transition state analog inhibitors of peptidases,14–17


and these inhibitors are typically tight binding and
specific.

Table 1. Inhibition constants for compounds 1–5a


Compound Ki (lM) Mode of inhibition


1 10 ± 2 Competitive


2 1.0 ± 0.2 Competitive


3 1.1 ± 0.1 Competitive


4 >300


5 >300


aKi values and modes of inhibition were determined as previously


described and using LL-ala-p-nitroanilide as substrate and PepN from


E. coli as the enzyme in 50 mM Hepes, pH 7.0, at 25 �C.20
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Scheme 1. Synthesis of propenylphosphinate 2 and decylphosphinate 3.

Propylphosphinate 1 was previously reported to be an
inhibitor of the aminopeptidase VanX18,19 and was syn-
thesized as previously described.20 This compound was
shown to be a competitive inhibitor of PepN from E. coli
with a Ki value of 10 ± 2 lM (Table 1). The comparable
phosphonate analog (Fig. 1) of 119 did not appreciably
inhibit PepN at concentrations up to 200 lM (data not
shown). We reasoned that the P–X–C bond angle (ideally
109.5� in 1 and 104� in the phosphonate analog) may play
a role in the relative binding strengths of these com-
pounds. Therefore, a compoundwith a large P–X–Cbond
angle was tested as an inhibitor. (1-Aminoethyl)(2-car-
boxy-1-propenyl) phosphinic acid 2 was synthesized as
shown in Scheme 1 and as described in supplementary
materials. The overall yield of this synthetic strategy
was 27%. Propenylphosphinate 2was a competitive inhib-
itor with a Ki of 1.0 ± 0.2 lM (Table 1). As we hypothe-
sized, the lengthening of the P–X–C bond angle resulted
in tighter binding of the inhibitor.


In an effort to improve the binding affinity of these phos-
phinate dipeptide analogs to PepN, a hydrophobic sub-
stituent (C8H17) was attached to the b-carbon of 1 to
yield decylphosphinate 3. We reasoned that 3 would
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be a bifunctional inhibitor in which the substituent
would provide additional points of attachment to PepN.
(1-Aminoethyl)(2-carboxy-1-decyl) phosphinic acid 3
was synthesized in 34% overall yield as shown in Scheme
1 and as described in supplementary materials. Dec-
ylphosphinate 3 was shown to be a competitive inhibitor
of PepN with a Ki of 1.1 ± 0.1 lM (Table 1). The inclu-
sion of the hydrophobic substituent on phosphinate 1
did result in improved binding affinity. Unfortunately,
efforts to synthesize a decylphosphinate analog of pro-
penylphosphinate 2 have been unsuccessful.


Previously, phosphinate analogs of peptides have been
reported to be very tight binding inhibitors of several
peptidases with Ki values reported as low as
10�15 M.16 The relative weaker binding to PepN sug-
gested that these compounds may not be good transition
state analogs. Nonetheless, we attempted to improve the
binding of the dipeptide analogs by preparing sulfonate
and sulfonamide analogs of Ala–Ala. We reasoned that
the sulfonate and sulfonamide analogs would require
less desolvation than the phosphinate analogs, and the
reduced desolvation energy would result in relatively
tighter binding.


1-Aminoethyl-O-1-carboxyethyl sulfonate 4 and 1-ami-
noethyl-N-1-carboxyethyl sulfonamidate 5 were synthe-
sized as shown in Scheme 2 and as described in
Supplementary materials. Inhibition studies revealed
that neither compound inhibited PepN at concentra-
tions up to 300 lM.


These studies demonstrate that the value of the P–X–C
bond angle in phosphinate analogs of Ala–Ala plays a
role in the relative binding affinity of these compounds
to PepN. In addition, the presence of a hydrophobic
substituent on the b-carbon of the inhibitor also im-
proves the binding affinity of the compounds. Recently,
Grembecka et al.21 reported that the phosphinate analog
of PheTyr is a tight binding inhibitor (Ki of 36 nM
for diastereomeric mixture) of mammalian PepN. The
work presented herein suggests that the binding affinity
of this compound could be improved by ca. 100-fold if

a double bond and a hydrophobic substituent are
included in the phosphinate dipeptide. These studies
also show that the use of sulfonate/sulfonamide analogs
to replace phosphinates is not an effective strategy to im-
prove the binding strength of the compounds.
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Abstract—A series of 2-hydroxy-aminoalkyl derivatives of diaryloxy methano phenanthrenes were synthesized from nucleophilic
opening of oxirane with different amines. These compounds were evaluated for their antitubercular activity against Mycobacterium
tuberculosis H37Rv in vitro and showed MIC in the range of 3.12–25 lg/ml.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction


Despite having modern and sophisticated methods of
prevention, early detection, diagnosis, and thereafter
treatment for TB patients, the appearance of multi-
drug-resistant (MDR) strains, with the threat of global
human immunodeficiency virus (HIV), has led to declare
tuberculosis as �global emergency� by WHO (World
Health Organization).1–4 Resistance has been surfaced
for all old drugs and for newly appearing drugs.5,6 The
funds for developing antituberculosis agents are increas-
ing enormously from academic and pharmaceutical
institutions. Thus, there is an urgent need for anti-TB
agents having new mechanism of action, which will be
able to minimize the chances of MDR strains.


Phenanthrene and their substituted analogs are well
known to exhibit various biological activities such as
antimicrobial,7 cytotoxic,8 antifungal,9 and antimalari-
al.10 Recently, we have reported that diaryloxy methan-
ophenanthrenes and anthracene derivatives having
enough hydrophobicity through a number of aryl rings
served as a lead for developing antitubercular agents.11


This result prompted us to take diaryloxy methanophe-
nanthrenes as an active pharmacophore for further
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diversification. However, several amino alcohol deriva-
tives 2, 3, 4, 5, and 6 along with ethambutol 1 are well
known to have antitubercular activity (Fig. 1).12 Consid-
ering antitubercular activity of amino alcohol deriva-
tives, we incorporated this moiety on diaryloxy
methanophenanthrene pharmacophore and thus de-
signed to synthesize 7 as our target molecule.

2. Chemistry


In our program toward synthesizing 2-hydroxy-amino
alkyl derivatives, the compound 811a was reacted with
epichlorohydrin in the presence of K2CO3 to furnish
the oxirane 9 in good yield (86%). The oxirane was then
reacted with selected primary and secondary amines to
furnish a variety of 2-hydroxy amino alkyl derivatives
(10a–m), Scheme 1 (see Table 1).
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Table 1. Synthesis of 2-hydroxy-amino alkyl derivatives (10a–m)


Compound Amines (RH) Yield 10a–m (%)


10a Cycloheptylamine 73


10b Cyclohexylamine 84


10c Cyclopropylamine 74


10d n-Butylamine 69


10e Morpholine 73


10f N-Methyl-piperazine 70


10g N-Benzyl-piperazine 60


10h Piperidine 96


10i Diethylamine 72


10j Pyrrolidine 75


10k 1-(3-Aminopropyl)imidazole 76


10l 1-(2-Aminoethyl)-pyrrolidine 67


10m 4-(2-Aminoethyl)-morpholine 74
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All the 2-hydroxy-amino alkyl derivatives 10a–m were
active against Mycobacterium tuberculosis (Table 3).
We became interested in synthesizing their bis-2-
hydroxy-amino alkyl derivatives to evaluate their antitu-
bercular activity. Toward this objective, the bis-phenolic
derivative 1111a was reacted with epichlorohydrin in the
presence of K2CO3 to furnish the bis-oxirane 12 (90%).
Nucleophilic addition of different amines gave bis-2-
hydroxy-amino alkyl derivatives (13a–d), Scheme 2
(see Table 2).

3. Biology


3.1. Determination of antitubercular activity in vitro


The activity of the compounds (10a–m and 13a–d)
against M. tuberculosis H37Rv was determined through
agar microdilution technique,13 and standard BACTEC
radiometric growth assay13 and their results are shown
in Table 3.

3.2. Structure/activity relationship


In our earlier paper,11a it was noted that diaryloxy meth-
ano phenanthrene derivatives showed antitubercular
activitywithMIC ranging from6.25 to 12.5 lg/mL. Inter-
estingly, introducing 2-hydroxy-amino-alkyl moiety on
the diaryloxymethanophenanthrene pharmacophore
gave better antitubercular activity in compounds 10a–m
and 13a–d. Among all the compounds tested, two com-
pounds 10a and 10k showed MIC of 3.12 lg/ml and six
compounds 10b, 10d, 10i, 10m, 13a, and 13c showed
MIC of 6.25 lg/ml. Compound 10c having cyclopropyl
amine gaveMIC 25 lg/ml, whereas cyclohexyl and cyclo-
heptyl amine containing compounds 10b and 10a showed
MIC of 6.25 and 3.12 lg/ml, respectively, implying that
increasing the ring size of the amines gave a lower order
of MIC for antitubercular activity. Compounds contain-
ing n-butylamine 10d and diethyl amine 10i showed MIC
of 6.25 lg/ml, whereas compounds containing piperidine
10h and pyrrolidine 10j gave MIC 12.5 lg/ml. Thus,
change of cyclic amines to acyclic amines gave better
antitubercular activity. Compound 10e containing mor-
pholine ring showed MIC of 25 lg/ml. Introduction of
4-(2-amino ethyl) chain ontomorpholine in 10m gave bet-
ter activity (MIC 6.25 lg/ml). Further, replacement of
morpholine with imidazole in 10k gave MIC of 3.12 lg/
ml. Thus, incorporation of imidazole ring with a longer
aliphatic chain gave better activity. Introduction of
another 2-hydroxy-aminoalkyl group on diaryloxymeth-
ano phenanthrene in 13a–d does not have much effect on
activity.


In conclusion, a series of 2-hydroxy-amino alkyl
derivatives of diaryloxy methano phenanthrenes that
have been synthesized demonstrated significant antitu-
bercular activity. Compounds containing cycloheptyl
amine 10a and imidazole ring with long aliphatic chain
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Table 3. In vitro antituberculosis activity of 10a–m and 13a–d against


M. tuberculosis H37Rv


Compound MIC (lg/mL)


Agar micro dilution method BACTEC method


9 25 ND


10a 3.12 3.12


10b 12.5 6.25


10c 25 25


10d 6.25 6.25


10e 25 ND


10f 12.5 12.5


10g 25 ND


10h 12.5 12.5


10i 6.25 6.25


10j 12.5 12.5


10k 3.12 3.12


10l 25 25


10m 6.25 6.25


13a 6.25 12.5


13b 12.5 12.5


13c 6.25 12.5


13d 12.5 12.5


Rifampin 0.1 0.2


Isoniazid (INH) 0.05 0.025


ND means not done in that particular test system.


Table 2. Synthesis of bis-2-hydroxy-amino alkyl derivatives (13a–d)


Compound Amines (RH) Yield (%)


13a Piperidine 94


13b Pyrrolidine 64


13c Cyclohexylamine 66


13d N-Methyl-piperazine 72
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10k seem to have an encouraging effect on activity. This
suggests that incorporation of amino alcohol moiety
through opening of oxirane with various nitrogen con-
taining nucleophiles might be a suitable pharmacophore
for optimizing antitubercular activity of diaryloxy meth-
ano phenanthrenes.

4. Experimental


4.1. Typical procedure for 10a–10m


The compound 9 (300 mg, 0.67 mmol) and amine
(1.05 mmol) were taken in ethanol (20 mL) and refluxed

for 7 h. The ethanol was removed and the residue was
column chromatographed over silica gel and elution
with 5% methanol in chloroform furnished the com-
pounds 10a–10m.

4.1.1. 1-Cycloheptylamino-3-{4-[(4-Methoxy-phenyl)-phe-
nanthren-9-yl-methyl]-phenoxy}-propan-2-ol 10a. Pale
yellow solid, 275 mg (74%), mp 72 �C. IR (KBr): 3370,
2923, 1603, 1507, 1246, 1177, 1033, 801, 746 cm�1. 1H
NMR (CDCl3, 200 MHz): d 8.70–8.60 (m, 2H), 8.01 (d,
1H, J = 7.8 Hz), 7.63–7.45 (m, 5H), 7.13–7.01 (m, 5H),
6.82–6.77 (m, 4H), 6.11 (s, 1H), 4.15–4.01 (m, 1H),
3.92–3.90 (m, 2H), 3.74 (s, 3H), 3.00 (br s, 1H), 2.90–
2.64 (m, 3H), 1.84–1.80 (m, 2H), 1.64–1.38 (m, 10H).
MS: 560 (M+1). Anal. C38H41NO3; Calcd: C, 81.54; H,
7.38; N, 2.50%. Found: C, 81.59; H, 7.42; N, 2.55%.


4.1.2. 1-Cyclopropylamino-3-{4-[(4-Methoxy-phenyl)-
phenanthren-9-yl-methyl]-phenoxy}-propan-2-ol 10c. Pale
yellow solid, (275 mg, 94%), mp 60 �C. IR (KBr): 3344,
3015, 2936, 1607, 1508, 1243, 1178, 1037, 832, 743 cm�1.
1H NMR (CDCl3, 200 MHz): d 8.73–8.62 (m, 2H), 8.03
(d, 1H, J = 8.1 Hz), 7.69–7.44 (m, 5H), 7.14 (s, 1H), 7.03
(d, 4H, J = 8.4 Hz), 6.82 (m, 4H, J = 8.4 Hz), 6.14 (s,
1H), 4.07–4.03 (m, 1H), 3.95–3.88 (m, 2H), 3.78 (s,
1H), 2.94–2.82 (m, 2H), 2.38 (br s, 2H), 2.20–2.14 (m,
1H), 0.47–0.36 (m, 4H). MS: 504 (M+1). Anal.
C34H33NO3; Calcd: C, 81.08; H, 6.60; N, 2.78%. Found:
C, 81.12; H, 6.65; N, 2.83%.


4.1.3. 1-{4-[(4-Methoxy-phenyl)-phenanthren-9-yl-meth-
yl]-phenoxy}-3- morpholin-4-yl-propan-2-ol 10e. Pale yel-
low solid, 260 mg (73%), mp 72 �C. IR (KBr): 3417,
2928, 1609, 1504, 1243, 1174, 1113, 1032, 747 cm�1. 1H
NMR (CDCl3, 200 MHz): d 8.73–8.63 (m, 2H), 8.03 (d,
1H, J = 8.1 Hz), 7.69–7.44 (m, 5H), 7.14 (s, 1H), 7.05
(d, 4H, J = 8.3 Hz), 6.86–6.80 (m, 4H), 6.14 (s, 1H),
4.13–4.06 (m, 1H), 3.97–3.95 (m, 2H), 3.78 (s, 3H),
3.74–3.70 (m, 4H), 2.68–2.63 (m, 2H), 2.56–2.42 (m,
4H). MS: 534 (M+1). Anal. C35H35NO4; Calcd: C,
78.77; H, 6.11; N, 2.62%. Found: C, 78.81; H, 6.17; N,
2.67%.
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Abstract—Herein, we report the discovery of the potent and selective biaryl diamide derived MCH-R1 receptor antagonist 1, which
was identified upon modification of a previously disclosed biaryl urea series. This paper describes one of the strategies incorporated
to remove the highly mutagenic biarylaniline present in an otherwise promising biaryl urea series.
� 2005 Elsevier Ltd. All rights reserved.

Melanin concentrating hormone (MCH) is a 19-amino
acid cyclic peptide found in the brains of all vertebrate
species which serves as an important mediator in the
regulation of food intake and energy balance.1,2 An
icv injection of MCH in rats stimulates food intake,3


and chronic administration leads to increased body
weight.4 Mice overexpressing the MCH gene are hyper-
phagic, mildly obese, hyperglycemic, and insulin resis-
tant.5 In contrast, mice that lack the gene encoding
MCH are lean and hypophagic.6 These observations
suggest that MCH antagonists could be useful for the
treatment of obesity. Several companies have published
their efforts in identification of small molecule MCH
receptor antagonists.7–9


We recently reported the MCH-R1 antagonist 2,10


which showed excellent in vitro and moderate in vivo
activity; however, further studies with this compound
were discontinued due to the presence of a highly muta-
genic, Ames positive biarylaniline subunit.11 Although 2
is non-mutagenic, and there is no evidence to suggest
that the biarylaniline is generated in vivo, the risk of
possible exposure to this highly mutagenic intermediate
at any stage in the development of the series was consid-
ered unacceptable. Therefore, we turned our attention to
identify an MCH-R1 antagonist lacking the mutagenic

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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biarylaniline. One strategy that we followed was to re-
place the central phenyl ring of biaryl aniline with a
bicycloalkyl group. This study resulted in discovery of
the novel, orally active MCH-R1 antagonist 3
(Fig. 1).12 We report herein a different approach to mod-
ifying the biaryl aniline portion of 2, which resulted in
discovery of biaryl diamide 1, a potent and selective
MCH-R1 receptor antagonist.


The synthesis of biaryl methylene ureas is outlined in
Scheme 1. Suzuki coupling between p-bromobenzalde-
hyde and 3-cyanophenyl boronic acid followed by
reductive amination with aminoethyl pyrrolidine or
aminopropyl pyrrolidine afforded compound 4. Treat-
ment of resulting amines with aryl isocyanates afforded
the desired products 7–12.


The synthesis of biaryl methylene diamides and biaryl
ethylene diamides proceeded via Scheme 2. Suzuki cou-
pling between amine 5 and 3-cyanophenyl boronic acid
followed by treatment of resulting biaryl amine with a-
bromophenyl acetylamide afforded compound 6. Acyla-
tion of 6 with chloroacetyl chloride followed by nucleo-
philic substitution with various amines afforded
compounds 1, 13–18, and 23–24. The compound 6 was
then coupled with chloropropionic acid, followed by
subsequent reaction with various amines to give com-
pounds 19–22 and 25–28.


To eliminate any possibility that 4-aminobiphenyl could
be generated in vivo, we replaced the biarylaniline with a
biarylmethylene amine. Table 1 shows the MCH-R1
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Table 1. MCH receptor binding for biaryl methylene ureas


N
N
n


O NH


R
CN


Compound n R h-MCH-R1a Ki (nM)


7 1 3,5-diCl 151 ± 29


8 1 3-Cl, 4-F 287 ± 4


9 1 4-F, 3-CF3 159 ± 40


10 2 3,5-diCl 48 ± 3


11 2 3-Cl, 4-F 48 ± 2


12 2 4-F, 3-CF3 70 ± 1


aMean values (n = 3) ± SEM. h-MCH-R1 denotes human MCH-R1.


Affinity at h-MCH-R2 > 3 lM for all compounds.
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activities of several representative biaryl methylene
ureas containing modifications at the urea phenyl. The
propyl linker was preferred over the ethyl linker. The
3,5-dichloro and 3-chloro-4-fluorophenyl substitutions
(10 and 11) were the best among the several disubstitut-
ed ureas prepared and tested. Note that the 4-fluoro-3-
trifluoromethyl substitutions which was one of the best
in the biaryl aniline series, showed 50-fold less MCH-
R1 affinity in the biarylmethylene series. We speculated
that this considerable loss of activity with biarylmethyl-
ene series could be due to changes in the orientation of
the biaryl as well as the hydrogen bonding interaction
provided by urea N–H with the receptor.


After the limited success with biarylmethylene com-
pounds, we next explored alterations to the urea function-
ality by introducing diamides instead of changing the







Table 2. MCH receptor binding for biarylmethylene diamides


N


NHO


CN


O N
R1


n


X Y


ClCl


Compound X,Y n R1 h-MCH-R1a Ki (nM)


13 H, H 1 H 35 ± 2


14 H, H 1 (R)-OH 61 ± 8


15 H, H 1 (S)-OH 27 ± 4


16 Me, H 1 (S)-OH 31 ± 0.5


17 H, Me 1 (S)-OH 16 ± 1


18 Me, Me 1 H 131 ± 2


19 H,H 2 H 21 ± 5


20 Me, H 2 (S)-OH 23 ± 0.5


21 H, Me 2 (S)-OH 18 ± 1


22 Me, H 3 (S)-OH 76 ± 5


aMean values (n = 3) ± SEM. h-MCH-R1 denotes human MCH-R1.


Affinity at h-MCH-R2 > 3 lM for all compounds.


Table 3. MCH receptor binding for biarylethylene diamides


N


NHO


O N
R1


n


ClCl


NC


Compound n R1 h-MCH-R1a Ki (nM)


23 1 H 19 ± 5


24 1 (R)-OH 15 ± 1


1 1 (S)-OH 3.7 ± 0.1


25 1 (R)-NHCOMe 82 ± 9


26 2 H 10 ± 2


27 2 (R)-OH 12 ± 2


28 2 (S)-OH 7.2 ± 0.2


aMean values (n = 3) ± SEM. h-MCH-R1 denotes human MCH-R1.


Affinity at h-MCH-R2 > 3 lM for all compounds.
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orientation of the biaryl unit and the interaction of the
urea N–H with the receptor. Table 2 summarizes the
SAR of the MCH-R1 binding of several biarylmethylene
diamides with benzylic and pyrrolidine side-chain varia-
tions. The unsubstituted pyrrolidine 13, which was the
first compound prepared in this series, showed promising
MCH-R1 activity. The SAR at the pyrrolidine side chain
very much paralleled that observed in the biarylanilino-
urea series.10 The (S)-OH pyrrolidine 15 showed MCH-
R1activity of 3-fold better than enantiomer 14. Benzylic
methyl substitution gave slightly better MCH-R1 bind-
ing, with a preference observed for (S)-stereochemistry.
In contrast to the urea series described in Table 1, the car-
bon chain extended compounds (19–22) did not provide
any enhancement in MCH-R1 binding.

To further improve the MCH-R1 affinity, we studied the
replacement of the biarylmethylene with a biarylethylene
linker. Table 3 showsMCH-R1binding of selected biaryl-
ethylene amides. The unsubstituted pyrrolidine 23 gave
slightly better activity for MCH-R1 than the correspond-
ing biarylmethyelene amide 13. Again, similar to biarylm-
ethylene diamide series, the (S)-OH pyrrolidines 1 and 28
showed betterMCH-R1 affinity than (R)-OH isomer and
unsubstituted compounds 23 or 26. Compound 1 was
identified as a potent and selective MCH-R1 antagonist,
which was selected for followup studies.


In summary, a systematic SAR modification strategy of
compound 2 resulted in the identification of several
structurally novel, non-biarylaniline containing MCH-
R1 antagonists. Compound 1 showed excellent in vitro
activity; further in vivo studies with this compound will
be reported in due course.
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Abstract—There is a growing demand for compounds with specificity for the serotonin transporter protein (SERT) that can be
conjugated to cadmium selenide/zinc sulfide core shell nanocrystals. This letter describes the design and synthesis of two different
biotinylated SERT antagonists that can be attached to streptavidin-coated cadmium selenide/zinc sulfide core shell nanocrystals.
� 2005 Elsevier Ltd. All rights reserved.

Cadmium selenide/zinc sulfide core shell nanocrystals or
�quantum dots� are novel semiconducting crystals that
have unique physical properties that differ significantly
from those of bulk material.1 They have fluorescence
line widths in the visible region of the electromagnetic
spectra and do not rapidly photobleach. Our research
efforts are based on applications of quantum dots as
fluorescent tags for receptors and transporter proteins:
Quantum dots have several distinct advantages over
conventional fluorescent dyes, such as narrower
emission spectra and increased brightness.2–4 Several
groups have reported attaching antibodies, nucleic
acids, and proteins to quantum dots.5–9


Our approach has been to attach neurotransmitter and
drug derivatives to nanocrystals.10–12 We hope to be
able to use such conjugates to image biological systems
in vitro.10,13 The emission spectra of quantum dots are
size-tunable thus enabling the possibility of experiments
where several biological targets are studied simulta-
neously and their increased photostability should enable
experiments that can be run over significantly longer

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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periods of time than is currently achievable with conven-
tional dyes.


Specifically, we are developing systems to study the sero-
tonin transporter protein based on derivatives of known
compounds that can be attached to quantum dots. We
hope to use such conjugates to gain greater insights into
the biological mode of action of selective serotonin reup-
take inhibitors. Also by dynamic and static fluorescent
imaging, we hope to gain more knowledge about the
distribution and localization of the serotonin reuptake
protein within neuronal cell cultures.


In our early studies, we synthesized a derivative of sero-
tonin (1).14 This ligand was attached directly to the sur-
face of a quantum dot via an acid–base interaction
between a thiol in the ligand and the zinc on the surface
of the nanocrystal. This ligand was shown to be biolog-
ically active and had an IC50 of 115 lM, when assayed
against HeLa cells transiently transfected with human
serotonin transporters (hSERT) (see Fig. 1).


Unfortunately, (1) lacked high affinity and specificity for
hSERT. For our studies we required ligands with bio-
logical activities in the nanomolar region and specificity
for SERT. Therefore, we designed and synthesized new
ligands with high affinity and specificity for SERT that
could be attached to quantum dots.
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A review of the literature showed that the indole15 deriv-
ative 3-(1,2,3,6-tetrahydropyrindin-4-yl)-1H-indole (2)
can be derivatized giving a biologically active compound
3.16–18 From these results, we reasoned that the pyridi-
nyl nitrogen in 3-(1,2,3,6-tetrahydropyrindin-4-yl)-1H-
indole (2) occupies a region of steric tolerance. We
decided to attach linker arms to the nitrogen atom in
the tetrahydropyridinyl indole derivative (2) resulting
in 4. X in compound 4 is a functionality that can be
attached to the quantum dot (see Fig. 2).


We have observed that the fluorescence of quantum dots
decreases (quenches) when thiols are attached directly to
the surface of the quantum dot. We hoped that a ligand
that contained another functionality may not quench
the fluorescent emission of the dot. For this reason, we
decided to attach biotin to the end of our linker arm
as the point of attachment to quantum dots.


Our first biotinylated ligand was N-(2-(4-(1H-indol-
3-yl)-5,6-dihydropyridin-1(2H)-yl)ethyl-5-(2-oxohexahy-
dro-1H-thieno[3,4-d]imidazol-4-yl)pentanamide (5) and
this was synthesized as shown in Scheme 1. Initially, in-
dole was reacted with 4-piperidone monohydrate mono-
hydrochloride in refluxing methanolic KOH for 6 h to
give 2 in a 81% yield. The tetrahydropyridinyl nitrogen
was alkylated by refluxing 2 in acetone with
N-(2-bromoethyl)phthalimide in the presence of potassium
carbonate for 18 h resulting in 2-(2-(4-(1H-indol-
3-yl)-5,6-dihydropyridin-1(2H)-yl)ethyl)isoindoline-1,3-
dione (6) in a 20% yield. The phthalimide group was
removed using hydrazine monohydrate in ethanol at
room temperature giving (7) in a 40% yield and
this was coupled to biotin using DCC and NHS in
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Figure 2. SERT selective ligands.

methylene chloride by stirring for two days at room
temperature, resulting in 5 in a 21% yield.


We thought that the short linker arm in (5) may reduce
the biological activity of the compound when it was
bound to streptavidin. There may be considerable steric
interactions between the surface of the dot and the
SERT transporter protein. In order to determine if this
was happening, we synthesized 8. The synthetic route
of (8) is outlined in Scheme 2. In this route, 2-(4-(1H-
indol-3-yl)-5,6-dihydropyridin-1-(2H)-yl)ethanamine (7)
was dissolved in methylene chloride and stirred at room
temperature for 18 h with a NHS-biotinylated PEG
derivative (9) that was purchased from the Nektar
Therapeutics Corporation of HuntsvilleAlabama. The
polyethylene glycol in this linker arm was large and
the molecular mass of 9 was 3400 g wt. The methylene
chloride was removed under reduced pressure and the
crude biotinylated material was attached to quantum
dots.


Streptavidin-conjugated quantum dots were obtained
from the Quantum Dot Corporation of Haywood Cali-
fornia, and compounds 5 and 8 were attached to these
dots. Compound (5) was dissolved in DMSO and added
to a borate buffer solution containing quantum dots at a
known concentration. This mixture was stirred over-
night at room temperature and purified via column
chromatography on a Sephadex column. The fluorescent
band was collected and assayed against HEK293 cells
transfected with hSERT. The concentration of the dots
was measured using a UV–vis spectrophotometer19 and
the IC50 value for the conjugate is based upon the con-
centration of dots. The conjugate of 8 was prepared in a
similar manner to the conjugate of 5; however, the DMF
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was replaced with borate. Where appropriate the IC50 of
the free ligand was also determined.


Table 1 shows the biological activities of the conjugated
ligands 5 and 8 as well as free ligand 5. IC50 values for
the parent drug (2) and our initial compound (1) in free
solution and conjugated to dots are also shown. When
ligands were conjugated to the streptavidin conjugated
dots, there was no observable decrease in the fluorescent
intensity of the dots. However, when the ligand 1 was at-
tached to quantum dots, there was a significant reduc-
tion in fluorescence that could be observed by the
naked eye. These observations indicated that the thiol
in 1 may be quenching the dots and consequently
ligands with a thiol attached to a linker arm should be
avoided whenever possible. Also, the proximity of the
ligand to quantum dots does not appear to have a detri-
mental effect on the biological activity of the conjugate.


In conclusion, we have prepared two biotinylated li-
gands (5 and 8) that may be attached to streptavidin-
conjugated quantum dots. These ligands have high affin-
ity for hSERT when in solution and bound to dots, and
the length of the linker arm between the ligand and the
dot doesnot appear to significantly affect the biological

Table 1. IC50 values for free ligands and ligands bound to quantum


dots against the SERT transporter protein


Compounds Free ligand inhibition


IC50 (nM)


Bound ligand inhibition


IC50 (nM)


1 115,000a 99,000a


2 80b na


5 2 30


8 1c 100


a Values were obtained using HeLa cells.
b Literature value (na = not applicable).
c IC50 value of crude ligand.

activity of the conjugate. These ligands have higher
affinities for hSERT than our first ligand and we ob-
served no quenching when the ligand was bound to
the dot. We hope to be able to use these conjugates in
fluorescent imaging assays in future studies.
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