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Abstract—We report a novel approach to enhance the efficient accumulation and utilization of anticancer drug daunorubicin on
cancer cells through the combination with CdS nanoparticles. Our observations using confocal fluorescence scanning microscopy
as well as electrochemical analysis methods demonstrate that CdS nanoparticles can readily bind with daunorubicin on the external
membrane of the targeted cells and facilitate the uptake of drug molecules in the human leukemia K562 cells. Besides, our results
also indicate that the competitive binding of CdS nanoparticles with accompanying anticancer drug to the membrane of leukemia
K562 cells could efficiently prevent the drug release by the drug-sensitive and drug-resistant leukemia cells and thus inhibit the pos-
sible multidrug resistance of cancer cells, which could be further utilized to improve the future drug efficiency in respective tumor
chemotherapies.
� 2006 Elsevier Ltd. All rights reserved.

The efficient cure of cancers is still a hot topic in the rel-
ative biomedical areas involving in the disease diagnos-
tics and treatments as well as patient care. The detection
and identification of pathogens are often painstaking in
the clinic due to the low abundance of diseased cells in
sputum, blood, and other clinical samples. Besides, the
multidrug resistance is another major obstacle in cancer
therapies. Nevertheless, the new drug design and selec-
tion technology offer the efficient alternatives for the
respective cancer diagnostics and tumor target treat-
ments.1–7 Some reports have demonstrated that the drug
coated polymer nanospheres and nanoparticles could
efficiently increase the intracellular anticancer drug
delivery.8–10 Recently, researchers have paid much
attention to the use of nanoparticles as a ‘solid phase’
surface for biosensing or early cancer diagnostics since
nanoparticles could present a versatile scaffold for the
recognition of biomolecular surface.10–13 Thus, in this
report, we have explored the possibility to utilize nano-
particle-based receptors to recognize biomacromolecules
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or modulate some important biological process by merg-
ing the biomolecules and cadmium sulfide (CdS) nano-
particles through the specific interaction of anticancer
drug, daunorubicin, and nanoparticles to the target
leukemia K562 cell lines.


Cadmium sulfide nanoparticles (CdS NPs), typical semi-
conductor quantum dots (QDs), have been widely used
in molecular recognition, nanoscale biosensors, cellular
labeling, deep-tissue imaging, etc.14–18 Some water-
soluble, biocompatible semiconductor quantum dots
(QDs) micelles have been reported recently, which could
be utilized as the good probes for investigating intracel-
lular transport and other cellular signaling pathways in
living cells.18–21 In our recent study, CdS NPs were syn-
thesized according to the sol–gel method,22 which are
superfluous of Cd2+ on the nanoparticle surface with
the diameter of about 5 nm. These CdS NPs were intro-
duced to the biomolecular recognition and the drug
binding process pertaining to the biopolymer DNA/
DNA bases, which demonstrated that CdS NPs could
remarkably enhance the selectivity and binding affinity
of the respective biomolecular recognition process.23


Recently, some studies have illustrated that in live
cells, some cellular component and membrane proteins
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(such as nucleus proteins, cytokeratin, serotonin
transport proteins, P-glycoprotein, and others) could
be labeled with QDs.18,21,24–26 Since P-glycoprotein
plays an important role in mediating the drug absorp-
tion to cancer cell (like a mediator of multidrug
resistance),24–28 it is possible to further utilize the respec-
tive nanoparticles to merge with the biomolecules to
inhibit the drug resistance of target cancer cells. Consid-
ering the unique properties of CdS nanoparticle as well
as the broad interest in its potential application in biol-
ogy, in this study we have explored to utilize CdS NPs to
efficiently improve the drug uptake of daunorubicin
(DNR), one of the most important anticancer drugs in
the clinic, into the target cancer cells (including the hu-
man lymphoid–leukemia cell line (K562/B.W) and its
adriamycin-resistant subline (K562/ADM) cells). Our
observations indicate that CdS NPs could obviously
facilitate the uptake of DNR into the respective drug-
sensitive and drug-resistant leukemia cells, suggesting
that the interaction between CdS NPs and biologically
active molecules could provide a new strategy to inhibit
the drug resistance in cancer chemotherapy.


Initially, the confocal fluorescence scanning microscopy
was utilized to image the intracellular fluorescence result-
ing from the uptake of DNR in different kinds of leuke-
mia cells. Figure 1 illustrates the typical images of the
cellular confocal fluorescence microscopy of the uptake
of DNR by drug-sensitive leukemia K562 cells in the ab-
sence and presence of CdS NPs. As shown in Figure 1, it is
obvious that after incubating the drug-sensitive leukemia
cells with the drug, DNR molecules can approach and
enter into the cell so that the cell’s image could be
observed through the relative fluorescence of absorbed
DNR. Besides, it was found that the fluorescence intensi-
ty of the drug-sensitive leukemia cells (K562/B.W) was
much stronger than that of the drug-resistant cells
(K562/ADM) under the identical experimental condi-
tions (see Supplementary data), which is consistent with
the cell’s intrinsic characteristics.


While CdS NPs were introduced into the respective
drug-sensitive leukemia cells (K562/B.W), the fluores-
cence intensity of the drugs accumulated in the cells
became significantly stronger than that without CdS

Figure 1. Confocal fluorescence microscopy (left) and respective fluorescence in


absence and presence of CdS NPs. (A) Daunorubicin treated K562/B.W cells w


CdS NPs. The scale bar represents 4 lm. The excitation wavelength is 480 nm

NPs. Moreover, the intracellular fluorescence was
observed to become stronger with the increase of the
accumulation time of CdS NPs with DNR on cancer
cells (shown in Fig. 2). After incubating the leukemia
cells with DNR for about 1 h, the intracellular drug
concentration may reach the highest level so that the
strongest intracellular fluorescence could be detected at
this time. The similar observations were also observed
for the drug-resistant K562/ADM cells. Since CdS NP
itself has almost no effect on fluorescence emission
spectroscopy of DNR under the related experimental
conditions (see Supplementary data), the above observa-
tions indicate that the specific association of CdS NPs
with biologically active molecules could efficiently pre-
vent the drug release by the drug-resistant and -sensitive
cells so that the drug uptake in the targeted cells could
be remarkably enhanced in the presence of CdS NPs.
Additionally, in the control experiment for normal
human cells, the intracellular fluorescence could not be
observed by using the confocal fluorescence scanning
microscopy even though the normal cells were treated
by daunorubicin (DNR) together with CdS NPs under
the identical experimental condition as that of respective
leukemia K562 cells, indicating that these nanoparticles
have almost no effect to the normal cells under our
experimental condition.


Meanwhile, the microscopic studies of the respective
cells in different experimental systems also demonstrate
the apparent distinguished difference of the extracellular
membrane when CdS NPs were introduced into the tar-
get leukemia K562 cell systems (see Supplementary
data). Hence it is clear from the above studies that
CdS NPs could facilitate the drug accumulation of
DNR on both drug-resistant and drug-sensitive leuke-
mia K562 cells.


Scheme 1 illustrates the possible synergistic effect of CdS
NPs on drug uptake of leukemia K562 cells. Since CdS
NPs used in this study are superfluous of Cd2+ on the
nanoparticle surface, the electrostatic interaction as well
as other possible cooperation binding forces between the
superfluous of Cd2+ on the surface of CdS NPs and the
respective cell membrane make it readily for CdS NPs to
approach to the cancer cells. Besides, because CdS NPs

tensity curves (right) of K562/B.W cells after incubating with DNR in the


ith free CdS NPs; (B) daunorubicin treated K562/B.W cells together with


. All images were obtained after incubating the cells for 1 h.







Figure 2. Confocal fluorescence microscopy of K562/B.W cells after incubating with daunorubicin in the presence of CdS NPs at different incubation


times. (A) Fluorescence image of leukemia K562/B.W cells after incubating with daunorubicin in the presence of CdS NPs for about 20 min; (B)


fluorescence image of leukemia K562/B.W cells after incubating with daunorubicin in the presence of CdS NPs for 1 h, where the scale bar represents


100 lm. ((a) and (b) represents the fluorescence image of a single cell from (A) and (B) system, respectively. The scale bar represent 4 lm.) The


excitation wavelength is 480 nm.


Scheme 1. Schematic drawing of the synergistic effect of CdS nanoparticles on drug (daunorubicin) uptake of leukemia K562 cells.
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here were fabricated with water-soluble organic com-
pounds as capping reagents (mercaptopropionic acid,
negatively charged species in physiological condition),

the formation of an ion pair between the negatively
charged species and the positively charged DNR may
also contribute to an increased diffusion of DNR across







Figure 3. Differential pulse voltammetry (DPV) of daunorubicin (DNR) residue outside cells in the absence and presence of CdS NPs (2.0 · 10�6 M):


(A) (a) DPV of DNR (1.0 · 10�4 M), (b) DPV of DNR residue outside K562/B.W with free CdS NPs, and (c) DPV of DNR residue outside K562/


B.W with CdS NPs; (B) (a) DPV of DNR (1.0 · 10�4 M), (b) DPV of DNR residue outside K562/ADM with free CdS NPs, and (c) DPV of DNR


residue outside K562/ADM with CdS NPs. Pulse amplitude: 0.05 V. Pulse width: 0.05 s. Pulse period: 0.1 s.
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the plasma membrane. Moreover, for the drug-resistant
leukemia K562 cells, the relative multidrug resistance
(MDR) is mainly due to the over-expression of the
membrane P-glycoprotein, which is capable of extruding
various generally positively charged drugs out of the
cell, thus the competitive binding of CdS NPs with
accompanying anticancer drug to the cell surface may
affect the activity of P-glycoprotein and other proteins
and facilitate the accumulation of more DNR molecules
in target cells. Therefore, considering those described
above, it appears that in the presence of CdS NPs, the
enhanced binding affinity of the DNR molecules to the
cell membrane of the leukemia K562 cells makes it pos-
sible for the efficient accumulation of DNR in cancer
cells, which could further lead to an effective drug con-
centration level in both drug-resistant and drug-sensitive
leukemia K562 cells. Furthermore, for drug-resistant
leukemia K562 cells, CdS NPs may also play as an
inhibitor of P-glycoprotein to efficiently inhibit the
respective multidrug resistance (MDR) of cancer cells.


Moreover, our electrochemical studies also afford addi-
tional evidence for the respective binding behavior of
DNR to leukemia K562 cells when combining with
CdS NPs. First, the cyclic voltammetry (CV) of
daunorubicin with both kinds of cells was explored
(see Supplementary data), which illustrates remarkable
positive shifts of the peak potentials and considerable
decrease of the peak currents after treated with the
relative cells, suggesting the efficient uptake of DNR
into the cells upon application of the external potentials
to the related systems. Figure 3 illustrates the differential
pulse voltammetry (DPV) of DNR residue outside cells
in the absence and presence of CdS NPs. As shown in
Figure 3A, for the drug-sensitive leukemia cells (K562/
B.W), the peak current of DNR remarkably decreases
after treated with DNR, accompanying with significantly
positive shift of the peak potential (ca. 100 mV). In

comparison, while CdS NPs were introduced together
with DNR into the target system, it is noted that com-
pared to that without CdS NPs, the relative peak current
of DNR had a much more remarkable decrease under
similar experimental conditions. Meanwhile, the similar
phenomenon was also observed for the system of the
drug-resistant K562/ADM cells. As shown in Figure
3B, when CdS NPs were introduced into the related tar-
get system of K562/ADM cells, the peak current of
DNR was found to have a more considerable decrease
in the presence of nanoparticles than that without nano-
particles. Since CdS nanoparticle itself has little affect to
the electrochemical behavior of DNR under similar
experimental conditions (see Supplementary data), the
results of our electrochemical studies are consistent with
those of our previous fluorescence studies, suggesting
that much more DNR molecules have been absorbed
into the respective cells when combined with CdS NPs.


In summary, it is clear from the above studies that the
presence of CdS NPs could efficiently prevent the drug
release by the drug-sensitive and -resistant leukemia cells
so that CdS NPs could facilitate the accumulation of
DNR on external membrane of leukemia cells and final-
ly improve the relative drug delivery efficiency in target
cancer cells. These observations demonstrate that the
specific interactions between CdS NPs and biologically
active molecules could provide a new sensitive way for
the early cancer diagnostics or as a new strategy to
inhibit the relative multidrug resistance (MDR) in can-
cer chemotherapy.
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Analogues of suberoyl anilide hydroxamic acid (SAHA) were prepared by replacing the Zn-binding group with squaric acid,


N-hydroxyurea, and 4-hydroxymethyl oxazoline, also varying the length of the aliphatic chain.


Structure–activity relationships for the linker in a series of pyridinyl-alkynes that are
antagonists of the metabotropic glutamate receptor 5 (mGluR5)


pp 4788–4791


Peter Bach,* Karolina Nilsson, Tor Svensson, Udo Bauer, Lance G. Hammerland,
Alecia Peterson, Andreas Wållberg, Krister Österlund, David Karis,
Maria Boije and David Wensbo
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Studies of structure–activity relationships for the linker in a new series of metabotropic glutamate receptor 5 antagonists are


presented together with in vitro and in vivo pharmacokinetic data.


A new series of pyridinyl-alkynes as antagonists of the metabotropic glutamate
receptor 5 (mGluR5)


pp 4792–4795


Peter Bach,* Karolina Nilsson, Andreas Wållberg, Udo Bauer,
Lance G. Hammerland, Alecia Peterson, Tor Svensson,
Krister Österlund, David Karis, Maria Boije and David Wensbo
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Synthesis and some structure–activity relationships for a new series of propargyl ethers as mGluR5 antagonists are reported.


Synthesis and biological activity of 5-aryl-4-(4-(5-methyl-1H-imidazol-4-yl)piperidin-1-yl)pyrimidine
analogs as potent, highly selective, and orally bioavailable NHE-1 inhibitors


pp 4796–4799


Karnail S. Atwal,* Steven V. O�Neil, Saleem Ahmad,* Lidia Doweyko,
Mark Kirby, Charles R. Dorso, Gamini Chandrasena, Bang-Chi Chen,
Rulin Zhao and Robert Zahler
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A series of potent inhibitors of the sodium hydrogen exchanger-1 (NHE-1) is described.


Structure–activity relationships identified the 3-methyl-4-fluoro analog 9t as a highly


potent (IC50 = 0.0065 lM) and selective (NHE-2/NHE-1 = 1400) non-acylguanidine


NHE-1 inhibitor. Pharmacokinetic studies showed that compound 9t has an oral


bioavailability of 52% and a plasma half life of 1.5 h in rats.
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Propionylpiperazines as human melanocortin-4 receptor ligands pp 4800–4803


Caroline W. Chen, Joe A. Tran, Wanlong Jiang, Fabio C. Tucci, Melissa Arellano,
Jenny Wen, Beth A. Fleck, Dragan Marinkovic, Nicole S. White, Joseph Pontillo,
John Saunders, Ajay Madan, Alan C. Foster and Chen Chen*


N


NH2


N


O
R-11a


Cl


Total synthesis and biological evaluation of ustiloxin natural products and two analogs pp 4804–4807


Pixu Li, Cory D. Evans, Erin M. Forbeck, Haengsoon Park, Ruoli Bai,
Ernest Hamel* and M. M. Joullié*
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In vitro study of drug accumulation in cancer cells via specific association with CdS nanoparticles pp 4808–4812


Jingyuan Li, Chunhui Wu, Feng Gao, Renyun Zhang, Gang Lv, Degang Fu,
Baoan Chen and Xuemei Wang*
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A novel approach is reported to enhance the efficient accumulation of daunorubicin on


cancer cells through the combination with CdS nanoparticles.


Resolution of fused bicyclic ketones by a recombinant biocatalyst expressing the Baeyer–Villiger
monooxygenase gene Rv3049c from Mycobacterium tuberculosis H37Rv


pp 4813–4817


Radka Snajdrova, Gideon Grogan and Marko D. Mihovilovic*
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In contrast to previously reported Baeyer–Villiger monooxygenases, kinetic resolution processes of fused cyclobutanones are


performed by engineered Escherichia coli expressing an enzyme from Mycobacterium tuberculosis.
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Synthesis of 2-amino-4-(7-azaindol-3-yl)pyrimidines as cyclin dependent kinase 1 (CDK1) inhibitors pp 4818–4821


Shenlin Huang,* Ronghua Li, Peter J. Connolly, Stuart Emanuel and Steven A. Middleton
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A novel series of 2-amino-4-(7-azaindol-3-yl)pyrimidines was discovered as cyclin dependent kinase 1 (CDK1) inhibitors. The core


structure was synthesized via Pd(II) catalyzed coupling reaction. A number of analogues showed good potency for CDK1 and


exhibited cellular antiproliferation activity. The structure–activity relationship is described.


Synthesis and antiproliferative activity of substituted
benzopyranoisoindoles: A new class of cytotoxic compounds


pp 4822–4825


Christiana Hadjipavlou, Ioannis K. Kostakis, Nicole Pouli, Panagiotis Marakos,*


Harris Pratsinis and Dimitris Kletsas
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R1= CH3CH2, RRNCH2CH2


R2= NO2, RRNCH2CH2NH
NRR= N(CH3)2, N(CH2CH3)2, N(CH2)4


Synthesis and anti-tumor evaluation of new trisulfide derivatives pp 4826–4829


Haoyun An,* Jenny Zhu, Xiaobo Wang and Xiao Xu
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New bis-aromatic and heterocyclic trisulfide derivatives 5, 7–10 were synthesized by optimizing lead dibenzyl trisulfide natural


product (4) to evaluate their anti-tumor activities. Five compounds 5–7, 9, and 10 exhibited potent anti-tumor activities against eight


different tumor cell lines with low cytotoxicity against HepG2. Initial SAR was discussed, and MOA of these anti-microtubule


agents was suggested based on cell kinetic response patterns observed on RT-CES system.


New spiro-piperidines as 5-HT2B receptor antagonists pp 4830–4833


Hugues Bienaymé, Laurent Chêne, Serge Grisoni,* Antonio Grondin, El-Bachir Kaloun,
Stéphane Poigny, Houcine Rahali and Eric Tam
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The synthesis of the compound 45 (IC50 = 1.8 nM) and its analogs is reported.
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Identification and structure-based optimization of novel dihydropyrones
as potent HCV RNA polymerase inhibitors


pp 4834–4838


Hui Li,* John Tatlock, Angelica Linton, Javier Gonzalez, Allen Borchardt, Peter Dragovich, Tanya Jewell,
Tom Prins, Ru Zhou, Julie Blazel, Hans Parge, Robert Love, Michael Hickey, Chau Doan, Stephanie Shi,
Rohit Duggal, Cristina Lewis and Shella Fuhrman
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The discovery and SAR of a novel series of HCV polymerase inhibitors are described.


Synthesis and receptor binding properties of chimeric peptides containing a l-opioid
receptor ligand and nociceptin/orphanin FQ receptor ligand Ac-RYYRIK-amide


pp 4839–4841


Susumu Kawano, Akihiro Ambo and Yusuke Sasaki*
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Development of a fluorescent intercalator displacement assay (G4-FID) for establishing
quadruplex-DNA affinity and selectivity of putative ligands


pp 4842–4845


David Monchaud, Clémence Allain and Marie-Paule Teulade-Fichou*
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A fluorescent intercalator displacement assay (G4-FID) has been designed based on thiazole orange displacement from a


quadruplex-forming oligonucleotide by putative quadruplex-ligands. It allows selection of high-affinity ligands, affinity ranking and


viable determination of quadruplex- over duplex-selectivity.


Carbonic anhydrase inhibitors. Inhibition of the cytosolic human isozymes I and II, and the
transmembrane, tumor-associated isozymes IX and XII with substituted aromatic sulfonamides
activatable in hypoxic tumors


pp 4846–4851


Franciszek Sączewski, Jarosław Sławiński, Anita Kornicka, Zdzisław Brzozowski,
El _zbieta Pomarnacka, Alessio Innocenti, Andrea Scozzafava and Claudiu T. Supuran*
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Bis-pyridiumaldoxime reactivators connected with CH2O(CH2)nOCH2 linkers between pyridinium
rings and their reactivity against VX


pp 4852–4855


Kyung-Ae Oh, Garp Yeol Yang, Daniel Jun, Kamil Kuca and Young-Sik Jung*
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New bis-pyridinium oxime reactivators connected with CH2O(CH2)nOCH2 linkers between two pyridinium rings were designed and


synthesized, and their reactivation potency was evaluated for AChE inhibited by organophosphorus VX agent.


Design and synthesis of APTCs (aminopyrrolidinetricarboxylic acids): Identification of a new
group III metabotropic glutamate receptor selective agonist


pp 4856–4860


Stephan Schann,* Christel Menet, Paul Arvault, Géraldine Mercier,
Mélanie Frauli, Stanislas Mayer, Nadia Hubert, Nicolas Triballeau,
Hugues-Olivier Bertrand, Francine Acher and Pascal Neuville
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APTCsA new family of mGlu receptor orthosteric ligands called APTCs was designed and


synthesized using parallel chemistry. Amongst them, 8a06 (FP0429) has been shown to


be a full mGlu4 agonist and a partial mGlu8 agonist.


Replacing the cyclohexene-linker of FR181157 leading to novel IP receptor agonists:
Orally active prostacyclin mimetics. Part 6


pp 4861–4864


Akira Tanaka,* Kouji Hattori, Kiyoshi Taniguchi, Osamu Okitsu, Seiichiro Tabuchi,
Mie Nishio, Yasunori Nagakura, Noriaki Maeda, Hidetsugu Murai and Jiro Seki
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The synthesis and biological activity of novel derivatives of our previously


reported IP receptor agonist FR181157, replacing the cyclohexene-linker, is


described. Compound 1i (FR207845) was identified as a potent non-


prostanoid PGI2 mimetic with a good oral bioavailability.


SAR of biphenyl carboxamide ligands of the human melanin-concentrating hormone receptor
1 (MCH R1): Discovery of antagonist SB-568849


pp 4865–4871


David R. Witty,* John H. Bateson, Guillaume J. Hervieu, Phillip Jeffrey,
Christopher N. Johnson, Alison I. Muir, Peter J. O�Hanlon, Geoffrey Stemp,
Alex J. Stevens, Kevin M. Thewlis, Shelagh Wilson and Kim Y. Winborn
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Discovery of potent and stable conformationally constrained analogues of the
MCH R1 antagonist SB-568849


pp 4872–4878


David R. Witty,* John Bateson, Guillaume J. Hervieu, Kamal Al-Barazanji, Phillip Jeffrey, Dieter Hamprecht,
Andrea Haynes, Christopher N. Johnson, Alison I. Muir, Peter J. O�Hanlon, Geoffrey Stemp,
Alex J. Stevens, Kevin Thewlis and Kim Y. Winborn
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Discovery of a novel series of inhibitors of human cytomegalovirus primase pp 4879–4883


T. D. Cushing,* J. Adrian, X. Chen, H. DiMaio, B. Doughan, J. Flygare, L. Liang,
V. Mayorga, S. Miao, H. Mellon, M.G. Peterson, J. P. Powers, F. Spector, C. Stein,
M. Wright, D. Xu, Q. Ye and J. Jaen


We have identified a new series of non-nucleoside inhibitors that are more potent than ganciclovir and cidofovir with a similar


toxicity profile. SAR studies suggest that these inhibitors are specific for hCMV primase.


Evaluation of antitumor properties of novel saframycin analogs in vitro and in vivo pp 4884–4888


Jeffrey R. Spencer,* Martin Sendzik, Jason Oeh, Peter Sabbatini, Stacie A. Dalrymple,
Catherine Magill, Hyunjin M. Kim, Penglie Zhang, Neil Squires, Katherine G. Moss,
Juthamas Sukbuntherng, Doris Graupe, John Eksterowicz, Peter R. Young,
Andrew G. Myers and Michael J. Green


CH3
N


N


OCH3


OH


H3C


H3CO


NH


HO


OCH3


OCH3


CH3


H
H


X
H


O


O Y


CH3
N


N


O


O


H3C


H3CO


NH


O


O


O


OCH3


CH3


H
H


CN
H


O O


O


Novel analogs of ())-saframycin A are described.


Analogs are shown to be potent inhibitors of the in


vitro growth of several tumor cells and active


antitumor agents in a solid tumor model (HCT-116).


Macrolactin N, a new peptide deformylase inhibitor produced by Bacillus subtilis pp 4889–4892


Jung-Sung Yoo, Chang-Ji Zheng, Sangku Lee, Jin-Hwan Kwak and Won-Gon Kim*
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A new 24-membered ring lactone, macrolactin N, was isolated from a culture broth of


Bacillus subtilis and its structure was established by various spectral analysis.


Macrolactin N inhibited Staphylococcus aureus peptide deformylase with an IC50


value of 7.5 lM.
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Synthesis and cardiac effects of 3,4-dihydropyrimidin-2(1H)-one-5 carboxylates pp 4893–4897


Kuppusamy Sujatha, Pachaiyappan Shanmugam, Paramasivam T. Perumal,*


Doraisamy Muralidharan and Melani Rajendran
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A series of 4-(substituted)-3,4-dihydropyrimidinone derivatives have been synthesized and evaluated for cardiovascular effects at


different dose levels. The interaction with b-blocker and calcium channel blocker was also investigated. Entry 4d emerged as the


most interesting compound in this series.


Pharmacophore-based virtual screening: The discovery of novel methionyl-tRNA synthetase inhibitors pp 4898–4907


Su Yeon Kim, Yeon-Sook Lee, Taehee Kang, Sunghoon Kim and Jeewoo Lee*
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Virtual screening of a chemical database of 508,143 commercially available chemicals was performed to search for new


methionyl-tRNA synthetase (MetRS) inhibitors.


Inhibitors of epidermal growth factor receptor tyrosine kinase:
Optimisation of potency and in vivo pharmacokinetics


pp 4908–4912


Peter Ballard, Robert H. Bradbury, Craig S. Harris, Laurent F. A. Hennequin, Mark Hickinson,
Jason G. Kettle,* Jane Kendrew, Teresa Klinowska, Donald J. Ogilvie, Stuart E. Pearson,
Emma J. Williams and Ingrid Wilson
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Structure–activity relationship study of 9-aminoacridine compounds
in scrapie-infected neuroblastoma cells


pp 4913–4916


Barnaby C. H. May,* Juanita Witkop, John Sherrill, Marc O. Anderson, Peter B. Madrid,
Julie A. Zorn, Stanley B. Prusiner, Fred E. Cohen and R. Kiplin Guy
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Tetrahydroisoquinolines as MCH-R1 antagonists pp 4917–4921


T. K. Sasikumar,* L. Qiang, W.-L. Wu, D. A. Burnett, W. J. Greenlee, K. O�Neill,
B. E. Hawes, M. van Heek and M. Graziano
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A series of potent and selective MCH-R1 antagonists have been discovered based on a


piperidine glycineamide series.


Synthesis and structure–activity relationships of retro bis-aminopyrrolidine urea (rAPU) derived
small-molecule antagonists of the melanin-concentrating hormone receptor-1 (MCH-R1). Part 2


pp 4922–4930


Sarah Hudson,* Mehrak Kiankarimi, Martin W. Rowbottom, Troy D. Vickers, Dongpei Wu,
Joseph Pontillo, Brett Ching, Wesley Dwight, Val S. Goodfellow, David Schwarz, Christopher E. Heise,
Ajay Madan, Jenny Wen, William Ban, Hua Wang and Warren S. Wade*


Ar


O


N


Me


N
O


N


N
R1


R2
*


*


The design, synthesis, and SAR of a series of retro bis-aminopyrrolidine ureas are described. Compounds from this series exhibited


considerable binding affinity (Ki = 1 nM) and functional activity at MCH-R1, acceptable CYP2D6 inhibition, and good rat brain


exposure.


Synthesis of cell-permeable peptide nucleic acids and characterization of their
hybridization and uptake properties


pp 4931–4935


Peng Zhou, Anca Dragulescu-Andrasi, Birendra Bhattacharya, Heather O�Keefe,
Paolo Vatta, Jens J. Hyldig-Nielsen and Danith H. Ly*


Correlation between brain/plasma ratios and efficacy in neuropathic pain models
of selective metabotropic glutamate receptor 1 antagonists


pp 4936–4940


Guo Zhu Zheng,* Pramila Bhatia, Teodozyj Kolasa, Meena Patel, Odile F. El Kouhen,
Renjie Chang, Marie E. Uchic, Loan Miller, Scott Baker, Sonya G. Lehto, Prisca Honore,
Jill M. Wetter, Kennan C. Marsh, Robert B. Moreland, Jorge D. Brioni and Andrew O. Stewart
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Monocyclic thiophenes as protein tyrosine phosphatase 1B inhibitors: Capturing
interactions with Asp48


pp 4941–4945


Zhao-Kui Wan,* Jinbo Lee, Weixin Xu, David V. Erbe,
Diane Joseph-McCarthy, Bruce C. Follows and Yan-Ling Zhang
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A series of monocyclic thiophenes was designed and synthesized as PTP1B inhibitors. Guided by X-ray co-crystal structural


information and computational modeling, rational design led to key interactions with Asp48 and improved inhibitory potency


against PTP1B.


Synthesis and evaluation of 3-aminopropionyl substituted fentanyl analogues for opioid activity pp 4946–4950


Ravil R. Petrov, Ruben S. Vardanyan, Yeon S. Lee, Shou-wu Ma, Peg Davis,
Lucinda J. Begay, Josephine Y. Lai, Frank Porreca and Victor J. Hruby*
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The synthesis and results of binding affinity and in vitro bioassays of novel fentanyl


analogues are reported.


Correlation of antibacterial activity of some N-[5-(2-furanyl)-2-methyl-4-oxo-4H-thieno-
[2,3-d]pyrimidin-3-yl]-carboxamide and 3-substituted-5-(2-furanyl)-2-methyl-3H-thieno-
[2,3-d]pyrimidin-4-ones with topological indices using Hansch analysis


pp 4951–4958


Balasubramanian Narasimhan,* Meena Kumari, Nitin Jain,
Avinash Dhake and Chandrasekaran Sundaravelan
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Correlation of antibacterial activity of some N-[5-(2-furanyl)-2-methyl-4-oxo-4H-thieno[2,3-d]pyrimidin-3-yl]-carboxamide and


3-substituted-5-(2-furanyl)-2-methyl-3H-thieno[2,3-d]pyrimidin-4-ones with topological indices using Hansch analysis indicated


the importance of topological parameter 3v in contribution to antibacterial activity.


Newly discovered orally active pure antiestrogens pp 4959–4964


Yoshitake Kanbe,* Myung-Hwa Kim, Masahiro Nishimoto, Yoshihito Ohtake, Takaaki Yoneya,
Iwao Ohizumi, Toshiaki Tsunenari, Kenji Taniguchi, Shin-ichi Kaiho, Yoshiaki Nabuchi, Hiroshi Araya,
Setsu Kawata, Kazumi Morikawa, Jae-Chon Jo, Hee-An Kwon, Hyun-Suk Lim and Hak-Yeop Kim
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Steroid derivatives bearing the carboxy moiety in the long side chain at the 7-a position exhibited remarkable antiestrogen activities


when administered orally.
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4,5-Disubstituted cis-pyrrolidinones as inhibitors of type II 17b-hydroxysteroid dehydrogenase.
Part 3. Identification of lead candidate
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Himbacine derived thrombin receptor (PAR-1) antagonists:
Structure–activity relationship of the lactone ring


pp 4969–4972


Yan Xia,* Samuel Chackalamannil, Tze-Ming Chan, Michael Czarniecki, Darı́o Doller,
Keith Eagen, William J. Greenlee, Hsingan Tsai, Yuguang Wang, Ho-Sam Ahn,
George C. Boykow and Andrew T. McPhail


O


O


Me H


H


H


H


Het


Lactone-Ring SAR:
PAR-1 IC50 = 18-7000 nM


The structure–activity relationship (SAR) of the lactone ring of himbacine derived


thrombin receptor (PAR-1) antagoinsts is described.
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Abstract—In order to investigate the effects of tricyclodecane-9-yl-xanthogenate (D609) on the survival of neural stem cells (NSCs),
which were isolated from rat forebrain, we treated the NSCs with D609 in the presence of basic fibroblast growth factor (bFGF). We
found that when NSCs were exposed to 18.76–56.29 lM D609, the viability of the cells remarkably declined and apoptosis occurred.
At the same time, the ROS level in NSCs was depressed. The data suggested that D609 was a powerful growth inhibitor and
apoptosis inducer in NSCs.
� 2006 Elsevier Ltd. All rights reserved.

D609 (tricyclodecane-9-yl-xanthogenate), a tricyclodec-
anol derivative of xanthic acid, has been reported to
have antiviral, antitumor, anti-inflammatory, and anti-
apoptosis properties.1,2 Most of these activities have
been largely attributed to the characterized competitive
inhibitory effect of D609 on phosphatidylcholine-specific
phospholipase C (PC-PLC).3 However, as a xanthate
derivative that can dissociate in solution to xanthate
anions and/or xanthic acid with a free thiol group,
D609 was a potent antioxidant. It has been reported
that D609 has the ability to inhibit ionizing radiation
(IR)-induced cellular oxidative stress and protects the
mice from IR-induced lethality.4 Recently, a zinc-inde-
pendent PtdCho-PLC was isolated from Pseudomonas
aeruginosa. This enzyme was insensitive to D609.5 These
data suggested that D609 had extensive effects on cellu-
lar processes, but the mechanism of its function needs to
be clarified.


In the previous studies, we found that D609 was
involved in the proliferation, apoptosis, and differentia-
tion of human umbilical vascular endothelial cells (HU-
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VECs), and human marrow stromal cells (hMSCs).6–9 In
addition, we discovered that 7.5–30 lM D609 blocked
the survival of mouse neural cells under normal condi-
tion.10 So we are interested in the effect of D609 on neu-
ral stem cells (NSCs), which are defined as progenitor
cells in central nervous system (CNS), and are capable
of both self-renewal and differentiation into neurons
and glial cells. Moreover, these cells can be cultured
in vitro and may provide an unlimited source of cells
for grafting into patients with Parkinson’s disease, Hun-
tington’s disease, and multiple sclerosis. Although,
D609 was widely studied due to its wide variety of func-
tions, there is no report about the effect of D609 on
NSCs. Therefore, in this research, we investigated the
roles of D609 in the survival and apoptosis of rat NSCs
under normal condition.


NSCs that we used were isolated from rat forebrain
and identified by the monoclonal antibody against
nestin. Moreover, the neurons derived from the
cells exhibited intensive positive neuron-specific enolase
(NSE), neurofilament-L (NF-L), and synapsin (Fig. 1).
These results ensured that the cells obtained were mul-
ti-potential NSCs consistent with previous report.10


When rat NSCs were exposed to 18.76–56.29 lM
D609 (these concentrations are similar to that used to
inhibit PC-PLC in other cells1,3,10) in the presence of
basic fibroblast growth factor (bFGF), the viability of
the cells dramatically declined within 72 h (P < 0.05
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Figure 1. Identification of NSCs. (A) The result from the immunocytochemical staining showed positive expression of nestin. (B, C, and D) The


neurons derived from NSCs exhibited, respectively, intensive positive NSE, NF-L, and synapsin.


Figure 2. The viability of NSCs treated with 0, 18.76, 37.53, and


56.29 lM D609 for 24, 48, and 72 h, respectively (*P < 0.05,


**P < 0.01, n = 3).
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to P < 0.01) (Fig. 2). The results showed that 18.76–
56.29 lM D609 inhibited NSC growth in concentra-
tion- and time-dependent manners.

Figure 3. The morphological changes and nuclear fragmentation of NSCs at 2


contrast microscope. (A) Cells in control group were cultured in the medium


medium with bFGF and 37.53 lM D609 (400·). C and D are the fluorescen


orange. (C) Cells in control group. (D) Cells in D609 treatment group.


Figure 4. Quantification of apoptotic cells by TUNEL assay. (A) Fluorescen


group. (b) Cells in D609 treatment group. (B) The quantity of apoptotic cel

As shown in Figures 3A and B, the specific morpholog-
ical changes of apoptosis could be observed under
a phase contrast microscope. Consistent with cell
morphological changes, nuclear condensation, DNA
fragmentation, and apoptotic body formation were ob-
served clearly (Figs. 3C and D). These results showed
that the death of NSCs belonged to a typical kind of
apoptosis. TUNEL assay further confirmed D609 could
induce apoptosis in NSCs (Fig. 4A). Compared with
the 09 treatment group showed an overwhelming major-
ity of apoptotic NSCs (Fig. 4B) (P < 0.01).


To understand whether D609 causes NSC necrosis, we
measured the lactate dehydrogenase (LDH) activity in
the cell culture medium. As shown in Figure 5, there
was no significant difference (P > 0.05) in LDH release
between control group and D609 treatment group. The
data suggested that 56.29 lM D609 did not induce NSC
necrosis within 72 h.

4 h. A and B are the morphological micrographs obtained under phase


with bFGF. (B) Cells in D609 treatment group were cultured in the


t micrographs which show nuclear fragmentation stained with acridine


t micrographs show the TUNEL staining of NSCs. (a) Cells in control


ls. (**P < 0.01, n = 3).







Figure 5. Effect of D609 on the release of LDH from NSCs (P > 0.05,


n = 3).
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Except as a specific inhibitor of PC-PLC, D609 is also
an antioxidant or reducer and could inhibit the accumu-
lation of reactive oxygen species (ROS). In order to
know the changes of endogenous ROS, we detected
the levels of intracellular ROS in the both groups. As
shown in Figure 6, compared with the control group,
D609 treatment group showed significantly lower fluo-
rescent intensity (P < 0.05). Our results showed that
D609 could pull down the level of intracellular ROS
significantly in NSCs.


Based on these results, we reported that D609 sup-
pressed cell survival and induced cell apoptosis in con-
centration- and time-dependent manners. Our results
showed that D609 had an important effect on NSC
growth under normal condition. It is known that bFGF
is absolutely necessary for NSC growth and prolifera-
tion. Early neural stem cells respond solely to bFGF,
and loss of bFGF leads to a significant reduction in stem
cell proliferation.11 Later appearing stem cells also
require bFGF for proliferation.12 So the survival signal-
ing triggered by bFGF is very important for NSC prolif-

Figure 6. The changes of intracellular ROS level in NSCs. (A) Fluorescent mi


(b) Cells in D609 treatment group. (B) The quantity of intracellular ROS le

eration. It has been reported that D609 inhibits bFGF-
stimulated cell proliferation by inhibiting PC-PLC and
sphingomyelin biosynthesis in primary astrocytes.13


Our results showed that when NSCs were incubated
with D609, the cell survival signaling stimulated by
bFGF was blocked, at the same time, apoptosis
occurred in the cells. The data suggested that D609
was a very useful tool for investigating the signal trans-
duction of NSC proliferation mediated by bFGF.


It is generally accepted that diacylglycerol (DAG) may
be formed by two phases. The initial phase is transient
(<1 min) and derived primarily from the hydrolysis of
phosphatidylinositol phospholipase C (PI-PLC). The
sustained phase is more prolonged, which is mediated
by PC-PLC or PC-PLD.14,15 There may be some func-
tional differences between the DAG molecule produced
from PI and that produced from PC.16,15 In the recent
reports in which the interaction of DAG and FGF
was investigated, DAG was primarily derived from the
hydrolysis of PI-PLC instead of PC-PLC.17,18 The inter-
action of FGF and PC-derived DAG is not clear.


It has been reported that D609 inhibits bFGF-stimu-
lated cell proliferation by inhibiting PC-PLC and
sphingomyelin biosynthesis in primary astrocytes.13


The PC-PLC pathway acted as a novel pathway down-
stream of the FGF receptors in retinal ganglion cells.19


Inhibition of PC-PLC by D609 reduces the intracellular
level of DAG.20,21 Furthermore, as an intracellular sec-
ond messenger that activates protein kinase C (PKC),
DAG stimulates cell proliferation and promotes cell sur-
vival.22,23 So the decrease in the level of DAG induced
by D609 might contribute to neural stem cell death.
Taken together with the previous report, our finding
indicated that D609 might block bFGF-mediated sur-
vival signaling by inhibiting PC-PLC and depressing
the level of DAG in NSCs.


Several studies indicate that ROS may play an essential
role as signaling molecules in regulating cell survival,
growth, and differentiation.24 It has been reported that
hydrogen peroxide (H2O2) induced acute cell apoptosis
in neural stem/progenitor cells.25 We previously found

crographs show the relative intensity of ROS. (a) Cells in control group.


vels (*P < 0.05, n = 3).
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that D609 could pull down the level of intracellular
ROS significantly in MNCs under normal condition,
and at the same time the survival of cells was
blocked.10 In this study, our data suggested that
D609 could inhibit NSC growth by depressing the level
of intracellular ROS significantly under normal condi-
tion. Taken together with the previous report,25 it be-
came evident that NSCs could not survive when the
ROS level was too high or too low.


In summary, the results of this study first showed that
D609 was a potent inhibitor of NSC growth and a
powerful inducer of NSC apoptosis. The results also
told us that D609 could block the cell survival signal-
ing stimulated by bFGF, suggesting that D609 was a
very useful tool for investigating the signal transduc-
tion of NSC proliferation mediated by bFGF. The
changes of intracellular ROS level induced by D609
indicated that a modest level of ROS might be indis-
pensable for NSC survival. These findings would lead
us to further investigate the mechanism by which
D609 blocks NSC survival by inducing apoptosis.
Moreover, the research on controlling NSC survival
and apoptosis would provide a novel strategy for neu-
rodegenerative diseases therapy.

Acknowledgments


This work was financially supported by National Natu-
ral Science Foundation of China (Nos. 30240044,
30370299, and 30470404) and Specialized Research
Fund for the Doctoral Program of Higher Education
(No. 200050422013).

Supplementary data


Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.bmcl.2006.
06.080.

References and notes


1. Li, Y. H.; Maher, P.; Schubert, D. Proc. Natl. Acad. Sci.
U.S.A. 1998, 95, 7748.


2. Amtmann, E. Drugs Exp. Clin. Res. 1996, 22, 287.

3. Andrei, C.; Margiocco, P.; Poggi, A.; Lotti, L. V.; Torrisi,
M. R.; Rubartelli, A. Proc. Natl. Acad. Sci. U.S.A. 2004,
101, 9745.


4. Zhou, D.; Lauderback, C. M.; Yu, T.; Brown, S. A.;
Butterfield, D. A.; Thompson, J. S. . J. Pharmacol. Exp.
Ther. 2001, 298, 103.


5. Stonehouse, M. J.; Cota-Gomez, A.; Parker, S. K.;
Martin, W. E.; Hankin, J. A.; Murphy, R. C.; Chen, W.;
Lim, K. B.; Hackett, M.; Vasil, A. I.; Vasil, M. L. Mol.
Microbiol. 2002, 46, 661.


6. Du, C. Q.; Zhao, Q. T.; Araki, S.; Zhang, S. L.; Miao, J.
Y. Endothelium 2003, 10, 141.


7. Miao, J. Y.; Kaji, K.; Hayashi, H.; Araki, S. Endothelium
1997, 5, 231.


8. Zhao, Q.; Araki, S.; Zhang, S. L.; Miao, J. Y. Toxicon
2004, 44, 161.


9. Wang, N.; Du, C. Q.; Wang, S. S.; Xie, K.; Zhang, S. L.;
Miao, J. Y. Acta Pharmacol. Sin. 2004, 25, 442.


10. Lv, X.; Wang, N.; Su, L.; Zhang, S. L.; Miao, J. Y. Dev.
Neurosci., accepted for publication.


11. Raballo, R.; Rhee, J.; Lyn-cook, R.; Leckman, J. F.;
Schwartz, M. L.; Vaccarino, F. M. J. Neurosci. 2000, 20,
5012.


12. Tropepe, V.; Sibilia, M.; Ciruna, B. G.; Rossant, J.;
Wagner, E. F.; van der Kooy, D. Dev. Biol. 1999, 208,
166.


13. Riboni, L.; Viani, P.; Bassi, R.; Giussani, P.; Tettamanti,
G. J. Biol. Chem. 2001, 276, 12797.


14. Lee, M. W.; Severson, D. L. Am. J. Physiol. 1994, 267,
659.


15. Li, F.; Wu, N.; Su, R. B.; Zheng, J. Q.; Lu, X. Q.; Cong,
B.; Li, J. J. Cell. Biochem. 2006, 5 [Epub ahead of print].


16. Ford, D. A.; Gross, R. W. J. Biol. Chem. 1990, 265, 12280.
17. Williams, E. J.; Furness, J.; Walsh, F. S.; Doherty, P.


Development 1994, 120, 1685.
18. Williams, E. J.; Walsh, F. S.; Doherty, P. J. Cell. Biol.


2003, 2, 481.
19. Webber, C. A.; Chen, Y. Y.; Hehr, C. L.; Johnston, H. J.;


McFarlane, S. Mol. Cell Neurosci. 2005, 30, 37.
20. Denis, U.; Lecomte, M.; Paget, C.; Ruggiero, D.; Wiern-


sperger, N.; Lagarde, M. Free Radic. Biol. Med. 2002, 33,
236.


21. Perry, R. J.; Ridgway, N. D. J. Lipid Res. 2004, 45,
164.


22. Meng, A.; Luberto, C.; Meier, P.; Bai, A.; Yang, X.;
Hannun, Y. A.; Zhou, D. Exp. Cell Res. 2004, 292,
385.


23. Harnett, K. M.; Cao, W.; Biancani, P. Am. J. Physiol.
Gastrointest. Liver Physiol. 2005, 288, 407.


24. Shibata, Y.; Branicky, R.; Landaverde, I. O.; Hekimi, S.
Science 2003, 5, 1779.


25. Lin, H. J.; Wang, X.; Shaffer, K. M.; Sasaki, C. Y.; Ma,
W. FEBS Lett. 2004, 570, 102.



http://dx.doi.org/10.1016/j.bmcl.2006.06.080

http://dx.doi.org/10.1016/j.bmcl.2006.06.080



		D609 blocks cell survival and induces apoptosis in neural stem cells

		Acknowledgments

		Supplementary data

		References and notes








Bioorganic & Medicinal Chemistry Letters 16 (2006) 4772–4776

Binding mode of new (thio)hydantoin inhibitors of fatty acid
amide hydrolase: Comparison with two original compounds,


OL-92 and JP104


Catherine Michaux,a,b,* Giulio G. Muccioli,a,c Didier M. Lamberta,c and Johan Woutersa,b


aDrug Design and Discovery Center, FUNDP, 61 rue de Bruxelles, B-5000 Namur, Belgium
bLaboratoire de Chimie Biologique Structurale, FUNDP, 61 rue de Bruxelles, B-5000 Namur, Belgium
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Abstract—Substituted (thio)hydantoins (2-thioxoimidazolidinones and imidazolidinediones) were reported as new potential revers-
ible inhibitors of fatty acid amide hydrolase (FAAH). Their binding mode to FAAH was explored to rationalize their activity and
give idea to design highly active inhibitors. Starting from the crystal structure of one of these molecules, docking studies provide us
with rational basis for the design of new inhibitors within the thiohydantoin family.
� 2006 Elsevier Ltd. All rights reserved.
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Fatty acid amide hydrolase (FAAH) is a membrane en-
zyme, responsible for the hydrolysis of signaling lipids,
including endocannabinoids like anandamide and 2-
arachidonoylglycerol.1–3 FAAH rat isoform was crystal-
lized4 and is the only characterized mammalian member
of the amidase signature superfamily of serine hydrolase
bearing a unique catalytic mechanism (Ser-Ser-Lys).5,6


Anandamide exhibits a range of biological properties
having clinical implications in the treatment of sleep dis-
orders, anxiety, epilepsy, cancer, and neurodegenerative
disorders.7–9 Inhibition of FAAH is therefore an inter-
esting and very promising therapeutic target.10 Some
FAAH inhibitors have already been disclosed.11 These
include a series of reversible (e.g., arachidonoyl trifluo-
romethyl ketone)12 and irreversible inhibitors (e.g.,
phenyl methylsulfonyl fluoride13 or methyl arachidonyl
fluorophosphonate (MAFP)14). More recently, two clas-
ses were identified: a series of irreversible aryl carba-
mates (e.g., URB597,15 JP10416) and reversible a-
ketoheterocycle-based inhibitors (OL-92).17 In our
group, (thio)hydantoins (2-thioxoimidazolidinones and
imidazolidinediones) were identified as potential revers-
ible and competitive FAAH inhibitors, devoid of affinity
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for the cannabinoid receptors.18 In order to understand
the structure–activity relationships (SAR) of this series,
characterize their binding mode in the FAAH, and pro-
pose potentially more active analogues, structural stud-
ies were performed on five selected compounds (Fig. 1).

Figure 1. Chemical structure of selected (thio)hydantoin compounds


with their inhibitory potency18 (pI50 = �logIC50, obtained using rat


brain homogenates and [3H]-anandamide).
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Figure 3. Proposed binding mode of 1 (pink) (a) in the active site of


rFAAH, superimposed with the co-crystallized irreversible inhibitor


MAFP (orange); (b) in the schematic active site of rFAAH.


C. Michaux et al. / Bioorg. Med. Chem. Lett. 16 (2006) 4772–4776 4773

Crystal structure of compound 1.


Crystal structure determination of 1 (Fig. 2) was carried
out in order to elucidate its structural properties, the po-
tential functional groups interacting with the target, and
give a stable conformation useful for docking studies.19


Both phenyl groups are orthogonal and the alkyl chain
is stabilized in an extended conformation. Intramolecu-
lar C15H� � �O1 bond restraints the orientation of phenyl
groups. In the crystal packing, H bond, CH� � �p and p–p
interactions are observed and can influence the binding
to the enzyme.


Binding mode of (thio)hydantoins by docking studies. Ac-
tive site of the rat FAAH (rFAAH) is formed by a
hydrophobic tunnel, called the acyl chain binding chan-
nel (ACB), leading from the membrane-bound surface
to the hydrophilic catalytic triad (Ser241, Ser217, and
Lys142). From the membrane, the ACB bifurcates into
a lipophilic bulge. A second tunnel, the cytoplasmic ac-
cess channel (CA), is exposed to the solvent and emerges
at about 80� angle from the ACB.4 The crystal structure
of rFAAH in complex with MAFP4 being the only
reported structure of the enzyme was chosen as target
for the docking studies even though MAFP is covalently
bound to the enzyme (PDB code: 1MT5). MAFP atoms
were removed and hydrogens were added to the protein
(pH 7.4). As shown in Figure 3, the proposed binding
mode of 1 (with the highest fitness score of GOLD,
i.e., 56.96, and the best ligand–enzyme complementarit-
ies) shows that the alkyl chain replaces the one of
MAFP in the ACB. One of the phenyl rings of 1 points
toward the catalytic triad. Here the thiohydantoin moi-
ety would play the role of the double bonds of MAFP to
correctly orientate the phenyl (nonlinearly curved
shape). The other phenyl group fills a lipophilic pocket
(Ile491, Phe194, Leu404, Leu192, Gly485, and Leu401)
unoccupied by the irreversible inhibitor. The 2-thioxo
group points just above Phe381. Such contact is also ob-
served in the crystal packing of 1. It is important to note
that no binding mode where the hydantoin moiety car-
bonyl interacts with the catalytic triad was proposed
since the conformation of the molecule does not allow it.


To test the proposed binding mode, less and more active
analogues of 1, compounds 2–5 (Fig. 1), were also
docked in rFAAH. The general binding mode is the
same as 1. For 2, both phenyl rings occupy the same

Figure 2. ORTEP view of 1 (50% probability level).

pocket as 1 but the hydrophobic bulge is no more filled
because the additional N-substituting phenyl rather
interacts with Phe381 (p–p interaction), flipping the
thiohydantoin moiety by 180�. Essential hydrophobic
interactions are therefore probably lost. Compound 4
is more active than 1 because the two additional carbons
of the alkyl chain can better occupy the hydrophobic
bulge where there is enough space to accommodate
longer chains.


Calculated interaction energy is in accordance with the
inhibitory potency (Table 1), with the exception of 3
and 5. In the case of 3, molecular mechanics cannot
reproduce the subtle difference between CO and CS
groups. Quantum mechanics was therefore used to ex-
plain the better activity of 1 compared to 3.


Molecular electrostatic potential (mep) maps of the 2-
thioxoimidazolidinone and imidazolidinedione moieties
were calculated and showed significant differences







Table 1. pI50 and interaction energy for compounds 1–5


Compound pI50 Interaction energya (kcal/mol)


1 5.35 ± 0.02 �32.8


2 4.53 ± 0.18 �26.4


3 5.02 ± 0.02 �33.0


4 5.52 ± 0.02 �35.8


5 3.23 ± 0.11 �29.0


a Interaction energy is the sum of columbic and VdW interactions.
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(Fig. 4). The negative zone around CS is less attractive
than the one around CO (�44.5 and �55 kcal/mol,
respectively) due to a smaller charge on the sulfur atom.
If we compare these maps with the one of a benzyl group
(mimicking Phe381 interacting with CO and CS), we
easily understand why CS is more prone to favorably
interact with Phe381 than CO. Even though CS mainly
interacts with the CH of a phenyl group, as shown in
Figure 5a (data from CSD databank, deduced from Iso-

Figure 4. Mep maps of imidazolidinedione moieties (magenta,


�30 kcal/mol) and 2-thioxoimidazolidinone (blue; �30 kcal/mol), in


comparison with the map of a benzyl group mimicking Phe381 (red,


�10 kcal/mol).


a b


Figure 5. (a) CS-phenyl interactions observed in the CSD databank.


The pink phenyl interacts with the thioxo group by CS. . .p bond; (b)


Mep map of a Phe-Br (�10 kcal/mol), mimicking the one of compound


5, facing Gly485 and Leu401 of the active site of FAAH.

star program20), CS� � �p bonds like the one between the
thiohydantoin and Phe381 are also observed (pink phen-
yl in Fig. 5a).


In the case of 5, one of the bromine atoms has unfavor-
able clashes with the size-limited lipophilic pocket, flip-
ping the phenyl group by 90� and destabilizing the
interaction energy. In addition, the electronegative part
of bromine atom, highlighted in the mep map (Fig. 5b),
faces the carbonyl of Gly485 and Leu401. Such repulsive
interaction is probably not correctly modeled thus
explaining the discrepancy between the pI50 and the
energy of interaction. All the results show the reliability
of the proposed binding mode which is in accordance
with SAR data.


Toward more active compounds.


Reference inhibitors, like JP104 and OL-92, depicted in
Figure 6 were also docked in the rFAAH and compared
with our new inhibitors. The binding mode observed in
GOLD for JP104 and OL-92 is in accordance with the
one proposed in the literature.16,17 Both compounds
were noncovalently docked to highlight the initial
molecular recognition between the inhibitor and the en-
zyme. The saturated chain ended by an alkyne or a
phenyl group in JP104 and OL-92, respectively, binds
the same pocket as the phenyl and alkyl chain of 1
(Fig. 7). In the case of OL-92 and like 1, the phenyl
group can also occupy the lipophilic pocket. The carba-
mate or the carbonyl group lies near the hydrophilic cat-
alytic triad, forming H bonds, and the biaryl
substituents or the keto heterocycle is in the cytoplasmic
access (CA) channel, unoccupied by 1. Interaction ener-
gies of both compounds are better than 1 (�36.6 and
�40.9 kcal/mol for OL-92 and JP104, respectively),
reflecting the higher activity of the compounds, there-
fore further validating the proposed docking model.
As a result, the new 2-thioxoimidazolidinone inhibitors
and the reference ones bind to common (i.e., lipophilic
bulge and lipophilic pocket) and different pockets (i.e.,
CA channel). In order to enhance the inhibitory potency
of 1, polar groups, like a carbonyl or an amide moiety,
could be para-substituted to the phenyl to gain interac-
tions with the hydrophilic catalytic triad (Fig. 8).
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Figure 6. Molecular structure of two reference FAAH inhibitors:


JP104 and OL-92, an irreversible and a reversible inhibitor,


respectively.
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Figure 7. Proposed binding mode of JP104 (gray) and OL-92 (blue),


superimposed to 1 (magenta), in the active site of rFAAH.
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The proposed molecule (Fig. 8) was docked in rFAAH
and shows a better interaction energy than 1
(�39.8. kcal/mol), due to additional H bonds.


In conclusion, binding mode of new potential (thio)hy-
dantoin inhibitors of FAAH was analyzed with the help
of crystallography and docking studies. The alkyl chain
binds to the ACB and one of the phenyl rings points to-
ward the catalytic triad. The other phenyl group fills a
lipophilic pocket often unoccupied by other reference
inhibitors. The present model is in accordance with
reported SAR of the series and will help to design more
active compounds.
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ray studies. Crystals of compound 1 were prepared by
growth under slow evaporation at room temperature of
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ethanol solution. Data were collected with a CAD4
Nonius diffractometer. The structure was solved using
direct methods and refined with the Shelxl97 program.21


Molecular modeling. All computational experiments were
conducted on a Silicon Graphics Octane2, running under
IRIX 6.5 operating system. Docking studies were carried
out using the genetic algorithm GOLD, performing
automatic docking of flexible ligands into proteins with
partial flexibility (Ser, Thr, Tyr, and Lys).22 Default
settings were used. GOLD is reported to have a good

docking accuracy.23 To take protein flexibility into
account, the DISCOVER3 program,24 from InsightII
software,25 was used to refine the complexes (CVFF
forcefield and dielectric constant = 1*r). Two steps of
energy minimization were applied: the Steepest Descent
algorithm (convergence: 10 kcal mol�1 �1) followed by the
Conjugate Gradient algorithm (convergence:
0.01 kcal mol�1 �1). Quantum mechanics calculations
were performed ab initio using 6–31 g* basis set (GAUSS-
IAN98 program).26
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Abstract—Infection by human cytomegalovirus (hCMV) remains a potent threat to susceptible people throughout the world. We
have discovered a series of imidazolyl-pyrimidine compounds, which were found to be irreversible inhibitors of the hCMV UL70
primase based on results from radiolabeling and SAR studies. Two promising analogs are described that rival ganciclovir and
cidofovir in antiviral potency and possess improved cytotoxicity profiles.
� 2006 Elsevier Ltd. All rights reserved.

In spite of advances in anti-hCMV therapy and the
introduction of (HAART),1 hCMV infection remains a
significant health problem.2 Cytomegalovirus (CMV) is
a common virus of the herpes family with estimated
infection rates of 50–85% of the United States popula-
tion. In the countries of Asia, Africa, and South Amer-
ica the incidence is upwards of 95%. Generally the virus
is dormant but in immuno-compromised patients, such
as HIV carriers, the infection rate can be as high as
90–95%, with hCMV disease manifesting itself in
30–40% of those cases. Patients undergoing transplants
often develop hCMV disease that may lead to graft
rejection, organ dysfunction, and, in the case of bone
marrow or heart–lung transplantation, interstitial pneu-
monia.3 Additionally, hCMV is the most common form
of congenital infection, with 40,000 infants affected year-
ly in the US alone; 10% of these will develop CMV dis-
ease with symptoms such as microcephaly and mental
retardation.4 Current therapy is hampered by the diffi-
culties associated with drug delivery, drug-resistant
hCMV strains,5 and pronounced side effects. Most ther-
apeutic agents are administered intravenously or have
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poor oral bioavailability.6 Side effects include neutrope-
nia, thrombocytopenia, and nephrotoxicity.7


In the course of high-throughput screening against
hCMV using an hCMV-luciferase replication assay8


we discovered the imidazolyl-pyrimidine 1. Medicinal
chemistry was initiated around the core of pyrimidine
1, varying the substituents at the 2-, 4-, 5-, and 6-posi-
tions in an effort to improve the potency and the physi-
co-chemical properties of the molecule.9 Figure 1
summarizes important aspects of the SAR results. The
anti-hCMV activity (IC50) of 1 was found to be 0.3
and 0.55 lM in the viral DNA replication (dot blot)
and luciferase reporter cell-based assays, respectively.10


In general, the potency of compounds in these two

Figure 1. Summary of the early SAR.
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Table 1. Anti-hCMV activity of early analogs
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assays was comparable, although the dot blot assay was
used for the initial evaluation of all compounds. In
addition, the cytotoxicity of all compounds was tested
against two different cell types (Jurkat cells and the
human foreskin fibroblasts (HFF) utilized for viral
infection).


The synthesis of the majority of the analogs is outlined
in Scheme 1. 2,4-Dichloro-6-methyl-5-nitropyrimidine
(3) was prepared in a modification of the known proce-
dure.11 We found that the yield of 3 could be enhanced
by the use of pre-dried tetraethyl ammonium chloride
and anhydrous acetonitrile. Compound 3 was hydro-
lyzed selectively with sodium acetate in acetic acid to
provide compound 4,12 which on treatment with various
amine or alcohol nucleophiles, followed by POCl3,
provided an intermediate chloro adduct 6. This material
was then subjected to a refluxing solution of the desired
imidazole to give the final product 7, usually in good
overall yield. Alternatively, the 2,4-dichloropyrimidine
3 was subjected to a controlled amount of an amine
and imidazole under refluxing conditions, to provide a
complex mixture of three main isomeric products, in
which the desired material was usually the minor
component.


Using the chemistry outlined in Scheme 1, a small
library of compounds was constructed in order to
evaluate the lead and optimize the contribution of the
2-anilino group. Some of these SAR results are shown
in Table 1. Most analogs tested were worse or similar
in potency to 1 except for benzyl amines such as the
N-methylbenzyl amine 9 and the indane-containing ana-
log 12. They inhibited viral replication (dot blot assay)
with IC50 values of 0.06 lM and 0.05 lM, respectively.
Additionally, 9 and 12 were found to inhibit viral
growth, as measured by a one-step viral yield assay, with
IC99.9 value of 0.2 lM and 0.1 lM, respectively.13 Viral
plaque formation was also completely inhibited with
IC99.9 value of 0.5 lM.14


These two compounds showed a significant improve-
ment in anti-CMV potency relative to the two marketed
drugs cidofovir (CDV) and ganciclovir (GCV). Their

Scheme 1. Reagents and conditions: (a) Et4NCl, dimethylaniline,


POCl3, CH3CN, 87%; (b) 1–2 equiv 2-methylimidazole, 2–4 equiv


amine, THF, �78 �C, 6–10%; (c) NaOAc, AcOH, EtOH, H2O, 79%;


(d) NaOAc, amine, EtOH, reflux (R1 = 1-aminoindane 66%); (e)


POCl3, 100 �C (R1 = 1-aminoindane 51%); (f) R2 = various imidazoles,


CH3CN, reflux (R1 = 1-aminoindane, R2 = 2-methylimidazole, 95%);


(g) NaOEt, EtOH, reflux, R1 = OEt, 79%.

cellular toxicity profiles also compared favorably to
those of GCV and CDV in Jurkat and HFF cells,15


and in the more sensitive bone marrow cell assay
(colony-forming unit of granulocyte/macrophage or
CFU-GM) providing a large window between cellular
toxicity and antiviral activity (Table 2).16


While 9 and 12 are more potent than the original com-
pound 1, and compare favorably to GCV and CDV in
terms of antiviral activity and cytotoxicity, their overall
physicochemical profiles are not optimal. They remain
poorly soluble and are metabolically labile. For exam-
ple, incubation of 9 with rat liver homogenates for 2 h
in the presence of NADPH led to 63% degradation
and formation of two adducts, one arising from the
demethylation of the N-methyl-benzyl moiety and
another arising from the hydroxylation of the phenyl
ring. Subsequent SAR studies were carried out without
the N-methyl group and with the oxidation sites
blocked. The stability of the cyclic analog 12 was much
greater than that of 9. After 2 h incubation with rat liver
homogenate, there was only a 10% loss of parent and a
single phenolic metabolite was formed.


Notwithstanding the improvement of antiviral potency,
a significant amount of our initial efforts were centered
on the imidazole/nitro group dyad. It was postulated
that the activity of these compounds might be the result
of covalent bond formation between a nucleophile on an
unknown viral protein and the pyrimidine ring by SNAr
displacement of the imidazole. Interestingly, most
changes in the 4-position of the pyrimidine had large
negative effects on potency, becoming more pronounced
as the substituent deviated further from the imidazole
core.


Table 3 contains analogs with various substituted imi-
dazoles, showing that activity decreases as the size of
the substituent at the 2 0-position is increased. The
2 0-phenyl imidazole analog 16 was 250 times weaker than
the imidazole-containing compound 13. Additionally,
the structurally similar but only weakly electrophilic







Table 3. Anti-CMV activity of imidazole analogs Table 4. Anti-CMV activity of variously substituted pyrimidines


Analog R Anti-hCMV


(Luc-activity)


IC50 (lM)


24 H 3.0


9 Me 0.039


25 Et 0.17


26 i-Pr 3.0


27 Cl >30


28 6.0


Table 2. Antiviral activity, cellular toxicity and bone marrow cellular toxicity comparison of 1, 9, 12, GCV (ganciclovir), and CDV (cidofovir)


Drug In vitro activity (IC99.9 (lM)) Cellular toxicity (IC50 (lM))


CMV yield Plaque reduction HFF toxicity Jurkat toxicity CFU-GM


1 2.0 2.5 100 80 30


9 0.2 0.5 >100 25 30


12 0.1 0.5 >100 100 40


GCV 5.0 10 >100 >100 30


CDV 1.0 2.5 >100 100 10
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benzimidazole 18 and the unreactive pyrrole 19 were
even less active. These results are consistent with the
postulate that this series of analogs act as covalent mod-
ifiers of a target molecule, presumably a protein. In
addition, there appears to be a steric limitation with
respect to the recognition of these molecules by the
viral target, as evidenced by the significantly decreased
potency of compound 17.


Compounds were synthesized in order to replace or
remove the nitro group, to further assess the electrophilic
requirements for this lead. Various alternate electron-
withdrawing groups were selected but they all proved to
be much weaker in potency, including nitrile 20 (Fig. 2).


An effort was then undertaken to explore the SAR
around position 6 of the pyrimidine ring, in conjunction
with a radiolabeling study (see below). It appeared that
the methyl group was required for anti-CMV activity, as

Figure 2. Analogs of 1 that lack the nitro group (all with IC50 > 30 lM).

removal or elongation beyond an ethyl group led to a
reduced effect on antiviral activity (Table 4).


Because the mode of action remained in doubt, a series
of biological experiments were designed to determine if
and where the inhibitors were covalently bound. Our
synthetic approach employed alkylation of 9 with
Eshenmocher’s salt, followed by quaternization of the
amine 28 and subsequent elimination to provide an
alkene product 29. This alkene was radiolabeled with
tritium via a controlled hydrogenation, taking advan-
tage of the more reactive primary alkene relative to
the hindered and less reactive nitro moiety. This proce-
dure provided a pure sample of tritiated (50 Ci/mmol)
[3H]2-25 after an HPLC purification to remove the
byproducts of over-reduction17 (Fig. 3).


The [3H]2-25 was delivered to HFF cells infected with
the rhCMVLuc wild type virus. A comparison of the
protein content of infected and uninfected cells on poly-
acrylamide gel under denaturing conditions showed one
unique band that was specific to the infected cells,







Figure 3. Synthesis of [3H]2-25.
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appearing after 48 h postinfection (Fig. 4). From this
and subsequent work, we determined that the protein
band was part of the viral helicase:primase complex.
Of the three proteins in this complex, UL102, UL105,
and UL70, it was determined through immunoprecipita-
tion experiments that the binding protein was the UL70
primase. A cartoon of this binding event is shown below
(Fig. 5).18


Interestingly, the group of analogs described here are
highly specific for hCMV. They have no effect on
the replication of other viruses, such as HSV, EBV,
HIV, HHV6, rat CMV, guinea pig CMV, or mouse
CMV. Rhesus CMV is the only other CMV virus

Figure 4. A phosphoimage of the SDS polyacrylamide gel showing the


covalent linkage between a 110 kDa protein (UL70 primase) and


3[H]2-25. hpi, hour postinfection.


Figure 5. Nucleophilic attack of hCMV UL-70 on compound 25.

tested that shows any sensitivity to these compounds,
typically with at least 10-fold decreased potency
compared to human CMV.


In summary, we have discovered a novel class of non-
nucleoside hCMV inhibitors, which bind in an irrevers-
ible manner to hCMV UL70 primase. Two compounds,
9 and 12, have been identified in this preliminary medic-
inal chemistry effort that possess optimized profiles of
antiviral potency and a promising therapeutic window
(antiviral activity vs cytotoxicity). Additional medicinal
chemistry will be reported on our efforts to improve the
overall PK profile of this series while retaining and
enhancing their potency.
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Abstract—A series of monocyclic thiophenes was designed and synthesized as PTP1B inhibitors. Guided by X-ray co-crystal struc-
tural information and computational modeling, rational design led to key interactions with Asp48 and improved inhibitory potency
against PTP1B.
� 2006 Elsevier Ltd. All rights reserved.

Protein tyrosine phosphatase (PTP1B) is an intracellular
protein tyrosine phosphatase expressed in insulin
responsive tissues1 and shown to be a negative regulator
of insulin signaling as evidenced by studies with PTP1B
knockout mice2 as well as studies using anti-sense oligo-
nucleotides.3 It is thus considered as one of the most
promising therapeutic targets2,3 among the large PTPase
family for potential treatment of type 2 diabetes and
obesity. Vast efforts toward the development of PTP1B
inhibitors have been disclosed.4,5 We have recently
reported ring-fused thiophenes as PTP1B inhibitors
(Fig. 1).6 A more potent and efficient monocyclic thio-
phene series is reported herein.


While the fused thiophenes were shown to be reversible
and competitive PTP1B inhibitors, close examination of
X-ray co-crystal structures suggested that the second
and the third fused ring might not be necessary for bind-
ing to the enzyme active site. Indeed, removal of the
fused rings from the parent compound 1 (R = H,
Ki = 230 lM) afforded the monocyclic thiophene 2 with
comparable activity (Ki = 160 lM, Fig. 2). Compound 2
was also shown to be a reversible and competitive
PTP1B inhibitor.

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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The X-ray co-crystal structure of PTP1B and 2 is
shown in Figure 3. In this structure, the WPD-loop
is in the catalytically competent closed conformation
and the aromatic thiophene ring is p-stacking between
Phe182 and Tyr46, while the C2 and C3 carboxylates
provide opportunities for a salt bridge formation with
Lys120 and Arg221, respectively. It was also observed
that the ether oxygen at the C3 position forms a net-
work of water-mediated hydrogen bonds with Ala217,
Arg221, and other residues in the active site. More
interestingly, compared to the fused thiophene sys-
tems, the C4 bromo group more tightly packs against
Ile219, likely contributing to the better inhibition
against PTP1B. Replacement of this group with small-
er or larger substituents led to diminished inhibitory
activity against PTP1B (Scheme 1 and Table 1) as pre-
dicted by modeling. Smaller groups such as H or Me
(Table 1) have reduced van der Waals and hydropho-
bic interaction with Ile219, while the larger groups are
not sterically accommodated as revealed by the X-ray
co-crystal structure and subsequent molecular
modeling.


In contrast, introduction of the C5-substitution turned
out to be much more productive. For instance, incorpo-
ration of an additional bromo group on the C5 position
gave compound 10 (Ki = 18 lM, Table 2) synthesized
according to the procedures in Scheme 1, displaying a
9-fold increase in inhibition against PTP1B in compari-
son with compound 2 (Ki = 160 lM, Table 1). Replacing
the bromo group with a phenyl ring in compound 11
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Figure 1. Bicyclic thiophenes as PTP1B inhibitors.


Figure 3. X-ray co-crystal structure of 2 and PTP1B (PBD code:


2HB1).
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Scheme 1. Reagents: (i) BrCH2CO2Me, K2CO3, DMF (99%); (ii)


Pd(PPh3)4, PhB(OH)2, KF, THF/H2O (78%); (iii) LiOH, THF/H2O


(90–99%).
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Figure 2. Reversible and competitive monocyclic thiophene 2 as


PTP1B inhibitor.


Table 1. The effect of C4-substitution on the inhibition against PTP1B.


S
O


HO


O


OH
O


R


Compound R Ki
a (lM)


2 Br 160


6 H >1000


7 Me >1000


8 Ph >1000


a Enzymatic assay6 was carried out at room temperature in 96-well


plates. To an assay buffer, containing 50 mM of 3,4-dimethyl gluta-


rate, 1 mM EDTA, 1 mM TCEP, and 0.01% Triton (pH 7.0 with an


ionic strength of 0.15 M adjusted by sodium chloride), were added


pNPP then compounds (at eight different concentrations). The


reaction was initiated by addition of PTP1B (1–299) at a final con-


centration of 10 or 100 nM. The initial rate of PTPase-catalyzed


hydrolysis of pNPP was measured by following the absorbance


change at 405 nm. IC50 value was determined under fixed pNPP


concentration of 1 mM. All the assays were carried out in duplicate


or triplicate and the average results are presented.
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(Ki = 3.2 lM, Table 2) led to another 5- to 6-fold
increase in potency.


A panel of aryl motifs was then examined. It was shown
that a variety of aromatic groups could be accommodat-
ed at the C5-position (Scheme 2 and Table 2). It was
also noticed that selective Suzuki coupling could be
accomplished with non-aqueous solvent such as THF.

C4,5-Di-aryl thiophene, that is, 16 (Ar = Ph), was some-
times the major product when aqueous THF was used.
16 did not show any inhibition against PTP1B.


The X-ray co-crystal structure of 11 and PTP1B was
successfully obtained (Fig. 4). It was found that the
binding mode of 11 was similar to that of compound 2
(Fig. 3). The structural information has provided guid-
ance for further optimization of this series of com-
pounds. It was envisioned that substitution off the
para position on the phenyl ring 7 would provide oppor-
tunities to capture interactions with Arg47 and Asp48
and thus enhance inhibition against PTP1B. In addition,
the possibility of achieving modest selectivity against
TCPTP by interacting with the residues in the YRD
motif (residues 46–48) has been reported before.


Arg47 and Asp48 are close to the catalytic site, interac-
tion of which has proven to be important in achieving
inhibitor selectivity over most of the PTPs as reported
by Zhang and co-workers.8 The para-position on the
C5-phenyl ring is 4.7 Å away from Asp48 (measured
from the para-carbon of the phenyl to the acid moiety
of Asp48) as revealed by X-ray co-crystal structure of
11 and PTP1B (Fig. 4). It was predicted by molecular
modeling that a hydrogen bond would exist between
the Asp48 and a donor at the para-position of the phen-
yl ring. In addition, it is also possible to introduce inter-
actions with Arg47 that has been shown to significantly
improve potency against PTP1B.9


To confirm this hypothesis, compound 17 (Table 3) was
synthesized according to Scheme 2. Indeed, a 10-fold in-
crease in potency was quickly realized (Table 3). The
existence of a hydrogen bond between the hydroxyl
group of 17 and Asp48 was confirmed by X-ray crystal-
lography (Fig. 5).







Table 2. The effect of C5-substitution on the inhibition against PTP1B


S
O


HO


O


OH


O


Br


R


Compound X R Ki
a (lM)


10 Br Br 18


11 Br 3.2


12 Br
S


1.4


13 Br N 4.0


14 Br 3.3


15 Br
O


5.0


a See Table 1 for enzymatic assay conditions.
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Scheme 2. Reagents and condition: (i) Pd(PPh3)4, PhB(OH)2, KF,


THF; (ii) Pd(PPh3)4, PhB(OH)2, KF, THF/H2O or dioxane/H2O; (iii)


LiOH, THF/H2O, rt.


Figure 4. A molecular surface on X-ray co-crystal structure of


compound 11 (PBD code: 2H4K). The surface is colored by lipophil-


icity with the more lipophilic regions shown in brown.


Table 3. The importance of a H-bond with Asp48


S
O


HO


O


OH
O


Br


Ar


Compound X Ar Ki
a (lM)


17 Br


OH


0.3


18 Br


OMe
3.0


19 Br
OH


1.0


20 Br
N
H


0.57


a See Table 1 for enzymatic assay conditions.
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Scheme 3. Reagents: (i) Pd(PPh3)4, ArB(OH)2, KF, THF/H2O


(70–78%); (ii) R 0COCl, or R 0SO2Cl or R 0–N@C@O or R 0OCOCl,


TEA, DCM (80–95%); (iii) LiOH, THF/H2O (80–99%).


Figure 5. X-ray co-crystal structure of 17 with PTP1B (PBD code:


2H4G).
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Table 4. The effect of the representative 5-para-substituted-phenyl


thiophenes on the inhibition against PTP1B


S
O


HO


O


OH


O


Br


R


Compound R Ki
a (lM)


23 NH2 1.6


24 N 9.0


25


H
N


O


0.50


26
H
N


O


O 0.62


27
H
N


O


N 0.82


28
H
N


O


0.60


29
N
H


O
2.5


30
H
N


S
OO


0.74


31
H
N


S
OO


CF3


0.20


32 N
S


OO


CF3Me
1.2


33


H
N


O


O
1.0


34


H
N


O


H
N


0.36


35


H
N


0.25


36


H
N


O O


OH 0.14


a See Table 1 for enzymatic assay conditions.


Table 5. Inhibitory activity of select compounds against various


protein tyrosine phosphatases*


Compound PTP1ba


Ki (lM)


TCPTPb


Ki (lM)


CD45c


Ki
d (lM)


LARe


Ki (lM)


24 1.6 1.0 64 (40) >1000


27 0.82 0.68 55 (67) 320


11 0.30 0.32 26 (87) >1000


36 0.14 0.18 33 (236) >1000


a PTP1B (residues 1–299) concentration: 20 nM.
b TCPTP (residues 1–299) concentration: 20 nM.
c CD45 (residues 484–1281, purchased from Biomol) concentration:


20 nM.
d Selectivity ratio is in parentheses.
e LAR (residues 1275–1613, purchased from Biomol) concentration:


20 nM.
* Enzymatic assay was carried out according to description on Table 1.
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Methylation of 17 in compound 18 reverted the potency
back to that of 11 (Table 3), which reassured the impor-
tance of the hydrogen bond. Consistent with modeling
prediction, a hydrogen-bond donor at the meta-position
in compounds 19 and 20 was less effective likely due to
less optimal directionality of hydrogen bond formation
(Table 3).

Other H-bond donors have been subsequently adopt-
ed to further optimize the hydrogen bond interactions
with Asp48 of PTP1B as well as balancing the overall
physical–chemical properties. An array of amines,
amides, sulfonamides, ureas, and carbamates were
thus synthesized (Scheme 3 and Table 4). The impor-
tance of a hydrogen-bond interaction between the
inhibitors and Asp48 was once again demonstrated.
For instance, elimination of hydrogen-bond donor
from 23 led to a more than 5-fold loss in potency
as observed in compound 24. Similarly, a 6-fold loss
was observed in compound 32 compared to parent
compound 31. In contrast, increasing the acidity of
the hydrogen-bond donor (NH group) strengthens
its H-bond interaction with Asp48 and thus improves
potency as in the case of amides (e.g., 25–27), sulfon-
amides (e.g., 30–31), carbamates (e.g., 33), and ureas
(e.g., 34). Consistently, the reversed amide 29 is 4-
fold less active than 28, presumably due to the loss
of the hydrogen bond between the amide NH and
Asp48.


Incorporation of a tetramethylcyclohexyl group in 35
led to 6- to 7-fold increase in inhibition, likely resulting
from additional van der Waals interactions with the
relatively lipophilic region of the protein surface formed
by the hydrocarbon part of the side chain of Asp48, Val
49, and Met258 as suggested by molecular modeling. A
carboxylic group in 36 was designed to target electro-
static interaction with Arg47. Indeed, the presence of
this carboxylic group resulted in significant improve-
ment in inhibitory activity (compound 36, Ki = 0.14 lM,
Table 4).


These PTP1B inhibitors have shown good selectivity
against other PTPases except for the highly homolo-
gous T-cell PTPase (TCPTP). Representative examples
are shown in Table 5. In general, greater than 1000-
fold of selectivity was observed against LAR (com-
pounds 11, 24, 27, and 36, Table 5), and the selectiv-
ity against CD45 increases with the potency against
PTP1B. For instance, more than 236-fold selectivity
against CD45 was achieved with compound 36
(Ki(PTP1B) = 0.14 lM, Table 5), while compound 24
(Ki(PTP1B) = 0.3 lM, Table 5) only has a 40-fold selec-
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tivity against CD45. Though it has been known that
interaction with the YRD motif could achieve modest
selectivity against TCPTP,8 there is no differentiation
in inhibitory potency against PTP1B and TCPTP with
this series of inhibitors.


In summary, a series of monocyclic thiophenes was dis-
covered to be competitive and reversible PTP1B inhibi-
tors with good potency and selectivity against other
PTPases with the exception of TCPTP. A key hydrogen
bond with Asp48 was proven to be pivotal in achieving
better inhibition against PTP1B. This interaction was
confirmed by X-ray co-crystal structures. Additional ef-
fort in further optimizing this monocyclic thiophene ser-
ies will be reported in due course.
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Abstract—We report here the discovery of a class of MCH R1 ligands based on a biphenyl carboxamide template. A docked-in
model is presented indicating key interactions in the putative binding site of the receptor. Parallel high throughput synthetic tech-
niques were utilised to allow rapid exploration of the structure–activity relationship around this template, leading to compound
SB-568849 which possessed good receptor affinity and selectivity. This compound proved to be an antagonist with stability in vivo,
an acceptable brain–blood ratio and oral bioavailability.
� 2006 Elsevier Ltd. All rights reserved.

The G-protein coupled receptor MCH R1 (11CBy)
was reported as a cognate receptor for the neuropep-
tide melanin-concentrating hormone (MCH) in
1999.1,2 MCH has been implicated in signalling cas-
cades related to the stress axis.3 When administered
by intracerebroventricular (icv) dosing, MCH has also
been shown to elicit an increased feeding response in
rats.4 Targeted deletion of the MCH gene in mice re-
sults in a lean and hypophagic phenotype.5 Several
pieces of data suggest that the effect of MCH on body
weight is mediated by MCH R1. Deletion of MCH R1
in mice results in animals that are of normal body
weight but reduced fat mass and which are less suscep-
tible to diet-induced obesity than their wild-type coun-
terparts. Furthermore, icv dosing of MCH does not
stimulate feeding nor cause obesity in the MCH R1
knockout animals.6,7 Thus, antagonists of this receptor
may have applications in the treatment of obesity, as
well as anxiety and depression.8–15
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A high throughput screen of the company compound
bank was conducted using a FLIPR assay, measuring
inhibition of calcium mobilisation effected by treatment
of the MCH R1 receptor with MCH.16 This resulted in
an antagonist hit, the biphenyl carboxamide 1, apparent
pKb 7.5. This was found to be consistent with the pKi


from a binding assay, also 7.5.17


Compound 1 showed >30-fold selectivity against a
range of aminergic receptors but possessed significant
affinity for the 5-HT2C receptor subclass with a pKi of
6.8. The compound was also evaluated in rat liver
microsomes and showed a moderate in vitro clearance18


of 9 mL/min/g and a solubility of 4 lg/mL at physiolog-
ical pH, which resulted in low oral bioavailability. The
structure of 1 was docked into an homology model of
MCH R1 based on the electron micrograph of bovine
rhodopsin, (a 7-trans-membrane receptor of the same
class). Its location was supported by site-directed muta-
genesis experiments. The model suggested a linear bind-
ing mode (Fig. 1) in a tight, generally lipophilic binding
site.19 An optimisation campaign was therefore initiated
to explore the SAR around this lead and to refine our
understanding of receptor binding, in order to optimise
both the affinity and developability properties of this
series.



mailto:david.witty@gsk.com





O


N
H


OMe


O N


1


Figure 1. Compound 1 (orange) docked in MCH R1, based on a


bovine rhodopsin E-micrograph homology model (only local residues


shown).
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HOAT, DMF, rt, 14 h.


4866 D. R. Witty et al. / Bioorg. Med. Chem. Lett. 16 (2006) 4865–4871

A outline of the differing routes to analogues of 1 is
described below. In addition to 1, target compounds
5a–5o, 8a–8f, 11a–11g, 12, 13, 15a–15f, 15h and 17
(Tables 1–3) were prepared by the methods described
in Schemes 1–4. Amides 5a–5o were prepared by the
routes described in Scheme 1: 2-N-diisopropyl-1-chloro-
ethane reacted with 4-nitro-2-methoxy-guiacol 2 to form
ether 3. Reduction of this material by hydrogenation
over a palladium/carbon catalyst in ethanol at room
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Scheme 1. Reagents and conditions: (i) (iPr)2 NCH2CH2ClÆHCl,


K2CO3, H2O, DME, rt; (ii) H2, 10% Pd on C, EtOH, rt, 24 h; (iii)


RCOCl, CH2Cl2, NEt3, rt or RCO2H, EDC, HOBT, DMF, rt; (iv)


Et3SiH, TFA, MDC, rt, 66%; (v) Pd(Ph3P)4, Na2CO3, PhH, EtOH,


(HO)2B–C6H4(4-CF3), reflux, 75%.

temperature and pressure afforded aniline 4. This was
used to form amides 1 and 5a–5m by reaction with
selected carboxylic acid chlorides under conditions of
base catalysis, or was coupled to the corresponding car-
boxylic acids directly using EDC in DMF. Compound
5o was prepared by reduction of the ketone carbonyl
of 5g with triethylsilane in TFA. A Suzuki coupling of
bromoamide 5c with 4-trifluoromethylphenylboronic
acid furnished analogue 5n.


Analogues of 1 bearing varied basic side chains were
prepared using the route described in Scheme 2. A set
of nitrophenylamines (6a–6f) was produced by nucleo-
philic substitution of a range of b-haloamines with
4-nitro-2-methoxyguiacol or, in the case of 6c, by a
Mitsunobu coupling of 2 with the N-methyl-N-benzyl-
aminoethanol. Hydrogenation of these compounds
under conditions of palladium catalysis afforded anilines
7a–7f. These were coupled to 4-biphenylcarboxylic acid
using EDC or reacted directly with the corresponding
acid chloride under conditions of base catalysis to form
amides 8a–8f in low to moderate yields.


Anilines 10a–10e were prepared in two steps from the
corresponding substituted 4-nitrophenols (9a–9d) by
nucleophilic displacement of N-(2-chloroethyl)diiso-
propylamine in the presence of aqueous potassium
carbonate, or in the case of 10e, by nucleophilic aromat-
ic substitution of 3-acetyl-4-fluoro-nitrobenzene (9f)
with 2-diethyamino-ethanol and sodium hydride in
DMF (Scheme 3). The nitro-ethers were either hydroge-
nated under conditions of palladium catalysis, or re-
duced by iron powder in an aq ammonium chloride
buffer to afford anilines 10a–10e. Reaction with 4-biphe-
nylcarboxylic acid chloride in dichloromethane and tri-
ethylamine afforded amides 11a–11e. The acetyl
compound 11e was reduced to the alcohol (11f) using
sodium borohydride in ethanol in quantitative yield.
Further reduction to the ethyl compound (11g) was
effected using triethylsilane in the presence of trifluoro-
acetic acid.


N-Methyl amide analogues of 1, and 15a–15g were pre-
pared from the unsubstituted anilines in a three step
process (Scheme 4). Reaction of the corresponding
unsubstituted aniline (4, 7b or 7d) with triethyl orthofor-
mate under conditions of acid catalysis formed an imi-
date, which was reduced using sodium borohydride to
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give the monomethyl anilines 14a–14c. These were
linked to a range of substituted benzoic acids either
through an EDC coupling or by reaction with the corre-
sponding acid chlorides, to afford amides 15a–15g.
Iodobenzamide 15g was converted to the 4-CF3-Ph
derivative 15h by a Suzuki coupling with the corre-
sponding boronic acid. Reaction of aniline 7b with trie-

thylorthoacetate and trifluoroacetic acid followed by
reduction with sodium borohydride afforded monoethy-
laniline 16, which was coupled with 4-biphenylcarboxy-
lic acid chloride to form tertiary amide 17. The N–H and
N-methyl sulfonamides (12 and 13) were prepared by
coupling the anilines (7d and 14a, respectively) with
4-biphenylsulfonyl chloride under conditions of base
catalysis.


A strategy was adopted of modifying the left-hand side
(LHS) aryl group and right-hand side (RHS) aniline
independently. An initial array of carboxamides (5a–
5o) was therefore targeted; specifically compounds
retaining the RHS aniline portion of compound 1. pKi


values are shown in the left column of Table 1. Disap-
pointingly, no compounds with significantly higher affin-
ity for MCH R1 were discovered, however several trends
became apparent. Affinity for the para biphenyl 1 was
much greater than for meta example 5a (pKi 5.3). Trun-
cation to the unsubstituted benzamide (5b) also reduced
affinity by >100-fold. Substitution around the terminal
aromatic ring led to a modest reduction in affinity, thus
a para CF3 substituent (5n, pKi 7.1) was more tolerated
than meta (5d, pKi 6.6). A methyl group was tolerated
at the ortho position (5e, pKi 7.4). Generally the LHS fa-
voured lipophilic substituents, thus the carbonyl contain-
ing 3-benzyl analogue (5g) showed low affinity. In
contrast, the para benzyl (5f, pKi 7.4) and meta phenyl
ether (5i, pKi 7.1) substituents retained affinity. Respec-
tive meta (5o) and para (5h) isomers bound slightly more
weakly. Affinity was lost if the terminal benzene ring was
replaced by a bromine (5c) or an acyclic alkyl group such
as t-Bu (5j). However, a para cyclohexyl substituent (5k,
pKi 7.6) afforded comparable affinity to 1. Both ortho
and meta (5m, 5l) methyl substituents in the benzoyl ring
of the biphenyl led to reduced affinity.


Four LHS groups: 4-biphenylcarboxylic acid, 4-benzyl-
benzoic acid, 3-phenoxybenzoic acid and 4-cyclohexyl-
benzoic acid (present in 1, 5f, 5i, and 5k) were
selected to prepare a two-dimensional array by coupling
with a group of substituted anilines. Over 300 analogues
were prepared, utilising MyriadTM and BohdanTM tech-
nologies. The resulting compounds showed a consistent
profile with the 4-biphenyl-carboxamide and 4-cyclo-
hexylbenzamides exhibiting approximately equivalent
affinity for the receptor. The benzyl and phenyl ether
analogues were between 0.2 and 0.6 log units less potent.
The RHS SAR is therefore adequately illustrated by
consideration of the biphenylcarboxamides, examples
of which, 8a–8f and 11a–11g, are shown in Table 1 (right
column).


First, the influence of changing the alkylamino substitu-
tion pattern was investigated. Holding the biphenylcarb-
oxamide LHS group constant, the RHS diisopropyl
group could be effectively replaced by other lipophilic
amines such as a diethyl group (8b) or by a cyclic amine
such as pyrrolidine (8d) with little loss of binding affin-
ity. Larger or smaller alkyl groups resulted in only mar-
ginally reduced affinity, a property also observed with a
relatively polar morpholine group (8f) (pKi 7.2). This
was shown across all amide series.







Table 1. Affinities of dialkylaminoethoxy-aniline amides for MCH R1
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5a 3-Ph–Ph 5.3 1 N(iPr)2 2-OMe 7.5


5b Ph <5 8a N(Me)2 2-OMe 7.3


5c 4-Br–Ph <5.2 8b N(Et)2 2-OMe 7.5


5d 4-[3-(CF3)-Ph]–Ph 6.6 8c NMeBn 2-OMe 7.3


5e 4-(2-Me–Ph)–Ph 7.4 8d 1-Pyrrolidine 2-OMe 7.5


5f 4-Bn–Ph 7.4 8e 1-Piperidine 2-OMe 7.4


5g 3-Bz–Ph <5 8f 1-Morpholine 2-OMe 7.2


5h 4-(PhO)–Ph 6.7 11a N(iPr)2 H 7.2


5i 3-(PhO)–Ph 7.1 11b N(iPr)2 2-Me 7.2


5j 4-(tBu)–Ph <5 11c N(iPr)2 2-F 6.4


5k 4-Cyclohexyl–Ph 7.6 11d N(iPr)2 3-Me 7.6


5l (3-Me-4-Ph)–Ph 6.8 11e N(Et)2 2-Ac 7.5


5m (2-Me-4-Ph)–Ph 6.9 11f N(Et)2 2-CH(OH)Me 6.6


5n 4-[4-(CF3)–Ph]–Ph 7.1 11g N(Et)2 2-Et 7.3
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Table 3. Series pharmacokinetic parameters
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1 H H N(iPr)2 9 67 2.7


8b H H N(Et)2 4 Not done Not done


8d H H Pyrrolidine 2 Not done Not done
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15b H Me N(Et)2 5 51 0.1


15c H Me Pyrrolidine 2 57 0.1


15h CF3 Me N(Et)2 4 16 1


Table 2. Affinity of substituted amides and sulfonamides
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12 SO2 NH Pyrrolidine <5 15d 4-c-Hexyl Me iPr 7.0


13 SO2 NMe NiPr2 <5 15e 4-Benzyl Me iPr 7.1


15a C@O NMe NiPr2 7.8 15f 3-Phenoxy Me iPr 6.4


15b C@O NMe NEt2 7.7 15h 4-(4-CF3)–Ph Me Et 7.7


15c C@O NMe Pyrrolidine 7.7 17 4-Ph Et Et 6.6
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Next, the SAR around the aniline ring was investigated.
Differing LHS amide series indicated that the methoxy
group meta to the aniline nitrogen in 1 conferred a
slightly higher affinity for the receptor compared with
the unsubstituted analogue. For example, with the
biphenylcarboxamide group fixed, 11a showed a pKi of

7.2. This trend was also true for the methyl (11b) and
ethyl (11g) analogues, though affinity was retained if
the methoxy moiety was replaced by acetyl (11e). Both
a hydrogen bond donor in the side chain (11f, pKi


6.6), and an electron withdrawing fluorine substituent
in the ring (11c, pKi 6.4), markedly reduced affinity. A
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methyl substituent ortho to the aniline nitrogen (11d)
was tolerated (Table 1, right column).


The initial SAR around 1 was consistent with the sug-
gested linear binding mode, but offered few clues to
improving the affinity of the ligand. However, a modest
trend for both higher binding affinity and receptor selec-
tivity was found for compounds in which the amide
nitrogen was methylated, for example, 15a, 15b and
15c, all with measured pKi values P7.7 (Table 2). Inter-
estingly, this change also resulted in significantly higher
selectivity over related classes of 7TM receptors.


One possible explanation for the effect on affinity is that
the methyl substituent changes the conformational pref-
erences of the carboxamide group. Both NMR studies
on 15a and 1, and ab initio calculations on model series
(Fig. 2), indicated that the lowest energy amide bond
dihedral angles differ for N–H and N-methyl amides:
transoid and cisoid, respectively.


Although bis-aryl sulfonamides are known to favour a
cisoid conformation between flanking aromatic
groups,20 sulfonyl analogues 12 and 13 proved to have
poor affinity for the receptor. Increasing the size of the
N-alkyl substituent to ethyl (17) (pKi 6.6) led to dimin-
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Figure 3. Suggested biphenyl amide binding conformation.

ished affinity, suggesting tight steric constraints. Curi-
ously, the affinity enhancing effects of N-methylation
were not observed with more flexible LHS benzoyl sub-
stituents such as 4-cyclohexyl (15d), 4-benzyl (15e), or
3-phenoxy (15f). It was interesting to note that, unlike
the trans forms, the cis forms of the N-methyl amides
could not be docked into the receptor model in a low
energy conformation.


We refined our binding model using a model based on
the X-ray structure of bovine rhodopsin.21 Receptor
docking studies suggested that linear amides, whether
N-methylated or not, might bind in a twisted-trans con-
formation in which neither the rings nor amide bond lies
in the same plane.


This hypothesis would be in agreement with the fact that
N-methylation benefits only the biphenyl series in which
the minimum energy conformation involves a dihedral
angle of �30� between the phenyl rings. Further calcula-
tions suggested that N-methylation would favour an
additional twist at the carbonyl, (‘twisted-trans’,
Fig. 3) enabling the terminal ring of 15a to adopt a con-
formation orthogonal to the C@O group without a large
energy penalty.


Compound 15a proved to have good solubility both in
water and artificial cerebrospinal fluid (ACSF)
(both >0.5 mg/mL), but suffered from lower in vitro
microsomal stability than the initial lead (CLi = 19 mL/
min/g, Table 3).17 Analogues of 1 containing smaller ba-
sic moieties such as diethylamino (8b) and pyrrolidinyl
(8d) in place of the diisopropylamino group had retained
receptor affinity and had also afforded greater in vitro
microsomal stability. This trend persisted with N-methyl
analogues 15b and 15c. Unfortunately both of these com-
pounds showed a poor brain to blood ratio in the rat, so a
range of compounds was prepared bearing additional
lipophilic substituents on the biphenyl group. Of these,
the trifluoromethyl analogue 15h retained affinity, dem-
onstrated greater in vivo stability (CLb = 16 mL/min/
kg) and showed an acceptable brain–blood ratio of 1.


Compound 15h, designated SB-568849, also showed
>30-fold selectivity over a wide range of monoamine
receptors and was an antagonist in the FLIPR assay
with a pKb of 7.7. Studies indicated that SB-568849
antagonised the effects of MCH on the neuronal hor-
mone CRF in rat brain tissue.24 This compound had a
solubility of 16 mg/mL in water and >6 mg/mL in ACSF
as the maleate salt, and showed 30% oral bioavailability
with an AUC of 142 ± 34 lM min determined in an
iv/po crossover study.25
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A series of biphenylcarboxamide ligands of MCH has
been discovered with good affinity for the MCH R1
receptor. Modelling of receptor–ligand interactions is
reflected in calculated conformational preferences and
aspects of the binding affinity SAR. SB-568849 is an
effective MCH R1 antagonist which exhibits low in vivo
clearance, and demonstrates both a good brain–blood
ratio and oral bioavailability in the rat.
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Abstract—A novel class of non-nucleoside HCV NS5B polymerase inhibitors has been identified from screening. A co-crystal struc-
ture revealed an allosteric binding site in the protein that required a unique conformational change to accommodate inhibitor bind-
ing. Herein we report the structure–activity relationships (SARs) of this novel class of dihydropyrone-containing compounds that
show potent inhibitory activities against the HCV RNA polymerase in biochemical assays.
� 2006 Elsevier Ltd. All rights reserved.

Hepatitis C virus (HCV) infects approximately 3% of
the global population and represents a major public
health problem worldwide. In the US, it has been esti-
mated that there are more than 4 million infections,
mostly with genotype 1a and 1b. Of those individuals
exposed to HCV, 80% become persistently infected,
and about 20–30% of the chronically infected popula-
tion eventually develops progressive liver diseases,
including cirrhosis, hepatocellular carcinoma (HCC),
and liver failure.1 The current standard care of treat-
ment for chronic hepatitis C is based on the combina-
tion of subcutaneous pegylated interferon-a and oral
nucleoside drug ribavirin. However, serious side effects
and poor response rates, particularly among patients
with genotype 1, render the development of novel anti-
HCV therapy an urgent need.2


HCV is a positive-sense, single-stranded-RNA virus.
The viral genome encodes a single poly-peptide with
about 3000 amino acid residues, which upon cleavage
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releases at least 10 structural and non-structural pro-
teins. The HCV NS5B protein has been characterized
as an RNA-dependent RNA polymerase (RdRp)3 and
is essential for viral replication. Because of the consider-
able differences as compared to human DNA and RNA
polymerases, the HCV NS5B is an attractive target for
selective anti-viral therapy.


Development of HCV NS5B polymerase inhibitors,
particularly at allosteric binding sites, has gained
increasing interests in recent years.4 A number of com-
pounds spanning multiple chemotypes have been report-
ed in the literature (Fig. 1). Based on both mutational
sites in the replicon system and protein crystallographic
studies, several different allosteric binding sites of the
HCV NS5B protein have been identified.5 Benzimid-
azole inhibitor 16 has been reported to bind to the
non-catalytic GTP site within the thumb domain. An
X-ray crystal structure with the indole analog 27 also
confirmed this allosteric binding site close to residue
Pro-495. Benzothiadiazine analogs, such as 3,8 inhibit
the initial step of RNA synthesis and induce a resistant
mutation M414T close to the base of the thumb domain.
Another allosteric binding site in the thumb domain was
reported with both substituted phenylalanine 49,10 and
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Figure 1. Selected HCV NS5B polymerase inhibitors.
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thiophene carboxylic acid derivatives 5.11,12 Recently
two new allosteric binding sites,13,14 the anchor grip
and the primer grip sites, were also reported. In this
paper, we report our own effort in the synthesis,
preliminary structure–activity relationship (SAR), and
biological properties of a series of dihydropyrones as
HCV NS5B polymerase inhibitors.


High-throughput screening (HTS) of a proprietary
collection of in-house compounds identified compound
6 (Fig. 2) as an HCV RNA polymerase inhibitor with
modest potency (IC50 = 0.93 lM). Subsequent biochem-
ical experiments demonstrated that compound 6 was a
specific, reversible inhibitor of the HCV NS5B polymer-
ase that bound non-competitively with respect to GTP.
An X-ray co-crystal structure15 of this compound with
NS5B (genotype 1b, BK strain, CD21) triple mutant
(Lys114Asn/Leu47Gln/Phe101Tyr) identified an alloste-
ric binding site close to the junction of thumb and finger
domain, approximately 30 Å away from the active site.
Upon inhibitor binding the protein structure underwent

Figure 2. Dihydropyrone lead (6) from high-throughput screening.

a conformational rearrangement. During this process
Met-423 and Leu-497 moved away from their original
positions, opening up a new hydrophobic pocket
(pocket A, Fig. 2). Examination of the X-ray co-crystal
structure revealed some key interactions between com-
pound 6 and the HCV polymerase protein. The enol/ke-
tone oxygen of the dihydropyrone forms a direct
hydrogen bond to the backbone amide NH of Ser-476
and a water-mediated hydrogen bond to the amide
NH of Tyr-477 (the donor–donor motif). The lactone
carbonyl of the dihydropyrone is involved in a water-
mediated hydrogen bond to Arg-501. The phenol
functional group forms another hydrogen bond with
Leu-497 through a water molecule, while the phenyl ring
occupies an otherwise hydrophobic pocket (pocket B).
The extension of an additional aromatic ring from the
dihydropyrone, through a sulfur linker, appears to make
limited interactions with the protein (pocket C, Fig. 3).


The preparation of dihydropyrone analogs is outlined in
Scheme 1. Two efficient synthetic approaches toward
key intermediate ketone 11 were utilized. The first start-
ed from substituted phenylpropanoic acids, which upon
reaction with dipyridyl disulfide and triphenylphosphine
at ambient temperature provided pyridyl thioester 8 in
good yields. Further reaction of intermediate 8 with
cyclopentyl magnesium bromide afforded the desired
ketone. The second method utilized a unique palladium
catalyzed Heck reaction protocol between 1-cyclopen-
tyl-2-propen-1-ol 10 and various aryl bromides (or tri-
flates) 9. After carbon–carbon bond formation and the
subsequent enol/ketone isomerization, this route provid-
ed the desired ketone 11 in one single step compatible
with broad R1 variation. Formation of the dihydropy-
rone ring from ketone 11 was straightforward. The
dianion formed from methyl acetoacetate (NaH
followed by n-BuLi) was treated with the ketone to
afford the open chain product 12, which upon reaction
with NaOH in aqueous THF provided the ring-closed
product 13. Chlorination of intermediate 13 at the 3-po-
sition was accomplished by reaction of SO2Cl2 in
CH2Cl2 with high regio-selectivity. The chloro-dihydro-
pyrone product 14 served as a versatile template and
reacted readily with various thiophenols under basic
conditions in DMF to provide sulfur-linked analogs of
general structure 15 in good yields.

Figure 3. X-ray co-crystal structure (2.2 Å resolution) of compound 6


bound to the HCV DC21 NS5B protein.







Table 1. Enzymatic potencies of dihydropyrones: pocket A optimiza-


tion


Compound R2 R3 IC50 (lM)


16 Me OH >100


17 n-Pr OMe >50


18 Cyclobutyl OH 93


19 Cyclopentyl OH 8.2


20 Cyclohexyl OH 52


Figure 4. X-ray co-crystal structure of compound 33 (1.58 Å resolu-


tion) bound to HCV NS5B DC21 protein.


Scheme 1. Synthesis of dihydropyrone derivatives. Reagents and


conditions: (a) PPh3, 2,2 0-dipyridyl disulfide, CH2Cl2; (b) cyclopentyl


magnesium bromide, THF, �78 �C; (c) Pd(PPh3)2Cl2, NaHCO3,


NMP, 140 �C; (d) NaH, methyl acetoacetate, followed by n-BuLi,


�78 �C; (e) NaOH, THF/H2O; (f) SO2Cl2, CH2Cl2; (g) Ar2SH, DMF,


50 �C.
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All compounds synthesized were assayed against HCV
genotype 1b (BK strain) NS5B DC21 enzyme to assess
their inhibitory activity (IC50) as previously
described.15


Early exploration was focused on evaluation of binding
features of compound 6 in pockets A and B. Truncation
of the sulfur-linked aniline of compound 6 (pocket C)
resulted in an 8 fold loss in potency in the enzymatic
assay (Table 1, 19). However, this unsubstituted dihyd-
ropyrone simplified chemical synthesis and served as a
good starting point for the further optimization of pock-
ets A and B. Comparison of the co-crystal structure of
compound 6 and the apo structure of the HCV NS5B
protein revealed that the cyclopentyl ring forced a reor-
ganization of residues Met-423 and Leu-497. This result-
ed in the placement of the cyclopentyl group, with a high
degree of complementarity, into the newly formed pock-
et A. As summarized in Table 1, substitutions at this
position with either larger or smaller groups proved to
be detrimental for activity against HCV NS5B enzyme
(compounds 16–18 and 20).


A close analysis of the pocket B binding site revealed
two smaller hydrophobic pockets, almost perpendicular
to each other (Fig. 4).16 Methylation of the hydroxyl

group of compound 19 at the para position of the phenyl
ring afforded analog 22 with almost equal potency, indi-
cating that a hydrogen bond acceptor is sufficient at this
position to provide the interaction with Leu-497
through a water-mediated hydrogen bond. Extension
from the oxygen with bulkier groups, such as Et or
i-Pr (Table 2, 23 and 24), further increased compound
potency, probably by providing more hydrophobic
interactions. Elimination of the oxygen atom from com-
pound 24 in pocket B resulted in a 3-fold loss of potency
(25, IC50 = 4.3 lM), which can be attributed to the loss
of hydrogen bonding and decrease in hydrophobic
interaction (Fig. 5).


Consistent with the X-ray co-crystal structure, substitu-
tions at the meta position of the phenyl ring in pocket B
were well tolerated and provided a second hydrophobic
interaction (Table 2, 26–29). A simple chlorine substitu-
tion (27, IC50 = 5 lM) afforded 10-fold potency
improvement over unsubstituted derivative 21
(IC50 = 48 lM) and slightly larger groups, such as Et
and i-Pr, further enhanced compound potency to 3.6
and 1.8 lM, respectively. In an attempt to evaluate the
combined substitution effects at both meta and para
positions, compounds 30–33 were prepared. It was
found that a smaller group at the meta position, such
as fluorine, in combination with para-alkyloxy substitu-
tion, afforded the most potent compound 33 with an
IC50 of 0.53 lM.







Table 3. Enzymatic potencies of dihydropyrones: pocket C optimiza-


tion


Compound R7 IC50 (lM)


35 0.56


36 0.13


37 0.28


38 0.14


39 0.038


Table 2. Enzymatic potencies of dihydropyrones: pocket B optimiza-


tion


Compound R4 R5 IC50 (lM)


21 H H 48


22 H MeO 9.7


23 H EtO 2.9


24 H i-PrO 1.7


25 H i-Pr 4.3


26 Me H 23


27 Cl H 5.0


28 Et H 3.6


29 i-Pr H 1.8


30 Cl MeO 1.0


31 F MeO 0.89


32 F EtO 0.79


33 F i-PrO 0.53


Figure 5. The importance of the enol hydrogen-bond donor.
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The dihydropyrone core was essential for the potency of
this series of compounds. Selective O-methylation of
compound 30 afforded compound 34, which was almost
30-fold less potent when compared with the free OH
analog. It is reasonable to assume that a substantial con-
tribution to this loss in potency of the racemate is
accounted for by that enantiomer which places the extra
methyl in the very constrained steric environment to
interfere with the water-mediated hydrogen-bonding
network between the dihydropyrone enol/ketone oxygen
and the donor–donor motif (Ser-476 and Tyr-477) in the
HCV NS5B protein.


With a 15-fold potency improvement from the pocket
B optimization, pocket C fragments were re-introduced
to further explore potency enhancement against HCV
NS5B. Examination of the X-ray structure revealed
that this portion of the molecule resided in a shallow
canyon on the protein surface, with a possible p–p
stacking interaction with His-475. A survey of various
arylthio moieties demonstrated that a simple phenyl
ring (Table 3, 35) provided a moderate 2-fold advan-
tage over the corresponding unsubstituted dihydropy-
rone 30. An additional hydroxyl group, at the para
position to the sulfur linker, afforded a 4-fold further

improvement (IC50 = 0.13 lM, Table 3, 36). Five-mem-
bered heterocyclic ring systems generally provided bet-
ter inhibitory potency against the HCV NS5B enzyme
and the N-methyl triazole 39 exhibited the best potency
within the series (IC50 = 0.038 lM).


All compounds were tested in replicon assays in the
Huh-7 hepatoma cell line harboring a self-replicating
HCV subgenomic replicon of genotype 1b.17 However,
none of them exhibited any significant antiviral activity
up to 10 lM.


In conclusion, we have described the identification of a
novel series of dihydropyrones as potent allosteric inhib-
itors of the HCV NS5B polymerase. Initial optimization
of the series has resulted in more than a 30-fold increase
in compound potency and led to analogs with nanomolar
IC50 against the enzyme. Further efforts to improve com-
pound enzymatic potency and physical/chemical proper-
ties to achieve antiviral activity in the cell-based
replicon system will be reported in future
communications.
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Abstract—We have performed virtual screening of a chemical database of 508,143 commercially available chemicals to search for
new methionyl-tRNA synthetase (MetRS) inhibitors. In this study, potent lead compounds with a novel skeleton, including
compound 27 with IC50 = 237 nM, were successfully identified as Escherichia coli MetRS inhibitors.
� 2006 Elsevier Ltd. All rights reserved.

An aminoacyl-tRNA synthetase (aaRS) is an enzyme
that catalyzes the binding of a specific amino acid to
its corresponding tRNA to form an aminoacyl-tRNA,
which is a substrate for translation in protein synthesis,
and is pivotal in determining how the genetic code is
interpreted as amino acids.1 Although the activities of
aminoacyl-tRNA synthetases are essential in all living
organisms, the selective inhibition of pathogen syntheta-
ses over their human cellular counterparts provides an
attractive antibacterial mode of action for discovering
novel classes of antibiotics, particularly for the treat-
ment of antibiotic-resistant bacterial strains, such as
methicillin-resistant Staphylococcus aureus (MRSA)
and vancomycin-resistant enterococci (VRE).2–4


The aminoacylation reaction is a two-step mechanism.
In the first step, the synthetase recognizes the appropri-
ate amino acid and activates it with ATP to form
the activated intermediate, an aminoacyl-adenylate
(aa-AMP). The second step transfers the aminoacyl
moiety onto the 3 0-hydroxyl of the CCA end of the
tRNA. The aminoacyl adenylate has been exploited as

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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a starting prototype in the search for novel aaRS inhib-
itors because of its tight-binding affinity, which is gener-
ally two or three orders of magnitude greater than those
of amino acid and ATP substrates.


Over the past few years, there have been comprehensive
attempts to search for compounds that can specifically
target bacterial aaRSs and resultingly inhibit bacterial
growth. Modifications of aminoacyl adenylates have
been extensively investigated for the purpose of improv-
ing their physico-chemical stability, binding affinity, and
pathogen selectivity. Many of the modifications have fo-
cused on three pharmacophoric regions, including the
adenine base, ribose ring, and acylphosphate moieties,
to discover stable and more potent surrogates of amino-
acyl adenylates as novel antibiotic candidates.5–16


Virtual screening of chemical databases is a fast emerg-
ing technique and an effective alternative to high-
throughput screening (HTS) in drug discovery. It mainly
consists of the handling and screening of large chemical
databases, in order to reduce the number of chemicals
for which the prediction of a specific biological activity
has been previously made, using clustering and similar-
ity searching.


As our continuing effort to discover the leads of aaRS
inhibitors, we have performed virtual screening of a
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chemical database of 508,143 commercially available
compound collections (ChemDiv Inc.) to find the
scaffolds of MetRS inhibitors based on the principal
pharmacophores of methionyl adenylate. The pharma-
cophore query used in the 2D-database search was
constructed as shown in Figure 1. It was postulated that
the A-, B-region, and R2 fragment of the query would
occupy the binding sites of MetRS by interacting with
the region comprising the adenine base to the ribose
ring, the acylphosphate moiety, and the amino acid side
chain of the methionyl adenylate, respectively. In the
query, the substituent R1 of the phenyl group has hydro-
gen-bonding characteristics similar to those of carboxyl-
ic acid, amide, sulfonamide, and nitric oxide, and may
act as the amine or ring-nitrogen of adenine group.
The lipophilic R2 is an optionally substituted aryl or het-
eroaryl ring that is supposed to mimic the lipophilic side
chain of methionine. X1 and X2 are linkers connecting
each pharmacophore.


The amide in B-region is a hydrophilic functional group
and may be a good surrogate for the acylphosphate moi-
ety of methionyladenylate.


A structure search was executed using the ChemoSoft
program (ChemDiv Inc.) and controlled by matching
minimal and maximal percentages of matching (100%:
full match, 0%: no matching). To retrieve similar com-
pounds from the 2D database, the minimal percentage
was set at approximately 95%. Virtual screening of the
ChemDiv diversity set with the query revealed 91 poten-
tial candidates with novel scaffolds as MetRS inhibitors.
The chemical structures are shown in Table 1. The com-
pounds were evaluated as inhibitors of Escherichia coli
MetRS, by measuring the decrease of the aminoacyla-
tion product, the [35S]methionyl tRNAMet of E. coli, in
the presence of different chemical concentrations, using
scintillation proximity assay (SPA) technology with
some modifications.17,18


The enzyme inhibitory activities of the tested com-
pounds ranged between nanomolar and micromolar
inhibition against E. coli MetRS as summarized in Table
2. The most potent compound (27) showed an IC50


value of 237 nM against E. coli MetRS. The pharmaco-
phoric analysis indicated that the 4-benzoic acid in 27

N


NN


N


NH2


O


OHHO


OPO
O-


O
O


NH3
+


S


A-region


B-region


Methionyl adenylate


Figure 1. Pharmacophore query used in the 2D-database search.

probably can function as the adenine base of the methio-
nyl adenylate. The carbonyl oxygen (C@O) and
hydroxyl group (OH) of benzoic acid appear to corre-
spond to the N1 atom (C6@N1) and N6 amine group
(NH2) of the adenine base, respectively. The hydrophilic
B-region (X1-amide-X2) was proposed to be a ribose-
acylphosphate surrogate, because of its hydrogen-bond-
ing characteristics. Since the terminal R2 part (thio-
phene) resembles a methionine side chain, in terms of
its physico-chemical properties and shape, the moiety
may act as an appropriate bioisostere for the ethylmeth-
ylsulfide in methionyl adenylate. Compound 24
(IC50 = 22.8 lM), where the thiophene ring is replaced
by a 3-bromobenzene, displayed a dramatic decrease
in the enzyme inhibition, ca. 100-fold, as compared to
that of compound 27. This result indicates that the
sulfur atom plays an important role and may interact
directly with MetRS. Recently, the 3D structure
of MetRS from E. coli complexed with methionyl
adenylate (Met-NHSO2-AMP) was determined by
X-ray crystallography.19 The methionine-binding pocket
was reportedly composed of residues Ala12, Leu13,
Tyr15, Trp253, Ala256, Pro257, Tyr260, Ile297,
His301, and Trp305. The sulfur atom of the methionine
interacts with the phenolic hydroxyl of Tyr260 and the
protonated N-epsilon atom of His301 by hydrogen
bonding. Compound 4, containing 2-benzoic acid (A-re-
gion), NHCOCH2CONH (B-region), and 6-bromo-1,3-
benzothiazole (R2), exhibited similar inhibition potency
as compound 24. The position of carboxylic acid at the
aryl moiety may not be critical for the interaction with
MetRS. Interestingly, the simple thiourea compound
(70) was also found to be effective in inhibiting the
function of MetRS. This result suggests that the struc-
tural modifications of two pharmacophoric features,
the A-region and the R2 fragment, may be significantly
more effective in revealing new drug candidates than
the B-region.


In order to investigate the detailed binding mode of the
potent compound 27 (IC50 = 237 nM) as a MetRS inhib-
itor, it was docked into the ligand-binding site of E. coli
MetRS.19 The 3D-structure of compound 27 was built
using the Sybyl molecular modeling program (Tripos,
Inc.), and then the geometry was fully optimized using
the Tripos force fields with the following non-default
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R2: Optionally substituted aryl or heteroaryl ring
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Table 1. 91 Compounds generated by the virtual screening approach
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Table 1 (continued)


Compound R1 X R2
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Table 1 (continued)


Compound R1 R2
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Table 1 (continued)


Compound R1 X1 X2 R2
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Table 1 (continued)


Compound R1 X Y R2
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Table 1 (continued)
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options (method: conjugate gradient, termination: gra-
dient 0.001 kcal/mol Å, and max iterations: 10,000).
The partial atomic charges were calculated by the
Gasteiger–Hückel method in the Sybyl 6.9 program.
Docking of the most potent compound (27) was carried
out using the FlexiDock function of the Sybyl program.
The active site of MetRS was defined as all of the amino
acid residues within a radius of 4 Å from the bound
methionyl adenylate (Met-NHSO2-AMP). Hydrogen

atoms were added to all of the residues of MetRS and
water molecules were removed. To estimate the interac-
tion energy between the ligand and the receptor-binding
pocket, the Tripos force fields were used along with
Gasteiger–Hückel and Kollman partial atomic charges
for the ligand and enzyme, respectively. The initial
location of compound 27 was pre-positioned using
least-squares fitting on three pharmacophoric features:
the N1 atom and N6 amine group of the adenine base







Table 2. Chemical structures and enzyme inhibitory activities of new MetRS inhibitors identified by virtual screening


Compound Chemical structure MW IC50
a (lM)


27 N


CO2H


H
N


O


N
H


O


S 331.25 0.237


24 N


CO2H


H
N


O


N
H


O


Br
404.21 22.8


4


CO2HH
N


H
N


OO


S


N
Br


434.26 30.5


70


SO2NH2


H
N


S


H
NF3C


403.44 47.7


a IC50 value against E. coli MetRS.
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and the sulfur atom of the methionine side chain in
methionyl adenylate were superimposed with the corre-
sponding types of features (the carbonyl and hydroxyl
group of the benzoic acid and the sulfur atom of thio-
phene) in compound 27, respectively. The torsions of
compound 27 were defined to fully consider the confor-
mational flexibility, while the MetRS remained rigid.
Compound 27 was docked into the binding pocket of
MetRS with 20,000 genetic algorithm (GA) runs
throughout the simulation. Based on the fitness score
(energy), only the energetically favorable structures were
analyzed and the lowest energy structure of compound
27 in the binding site of MetRS was selected for further
refinement. Then, the obtained complex was fully
optimized by energy minimization using Tripos force
fields with minimization criteria (Powell method with a

Figure 2. Proposed model of compound 27 bound to the E. coli MetRS bin

gradient of 0.01 kcal/mol Å). All computational work
was done on a Silicon Graphics O2 R10000 workstation.


The docked model of compound 27 is shown in Figure 2.
In the model, the carbonyl of the carboxylic acid group
acts as a hydrogen bond acceptor for the main-chain
N–H of Val326 (2.4 Å). The O–H of this group makes
bifurcated hydrogen bonds with the carboxylate group
of Asp296 (1.6 and 2.7 Å) and the amine group of
Lys332 (1.9 and 2.1 Å). This result indicates that the car-
boxylic acid group at the aryl moiety plays an important
role in the tight-binding with MetRS. The hydrophilic
B-region (CH@NANHCOCH2NHCO), which was
expected to act as a ribose-acylphosphate surrogate,
engages in hydrogen bonds to the amide proton of
Leu13 (1.7 Å) and the carboxylate oxygen atom of

ding site.







S. Y. Kim et al. / Bioorg. Med. Chem. Lett. 16 (2006) 4898–4907 4907

Glu27 (1.7 Å), respectively. In particular, the thiophene
ring formed a parallel stack with the benzene ring of
Trp253, with an interplanar stacking distance of 3.4 Å.


In summary, we have performed virtual screening of a
chemical database of 508,143 commercially available
chemicals to search for new methionyl-tRNA synthetase
inhibitors. We were successfully identified four novel
compounds for the inhibition of MetRS derived from
E. coli, and particularly compound 27 showed the most
potent inhibition, with an IC50 value of 237 nM against
E. coli MetRS. The docking study of compound 27,
performed in the X-ray structure of the binding pocket
of MetRS, revealed the important interactions with the
enzyme. A synthetic SAR investigation with the leads
is underway to find the optimal MetRS inhibitors.
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B.; Als-Nielsen, J.; Grübel, G.; Legrand, J.-F.; Lehmann,
M.; Cusack, S. Science 1994, 263, 1432.


15. Lee, J.; Kim, S. E.; Lee, J. Y.; Kim, S. Y.; Kang, S. U.;
Seo, S. H.; Chun, M. W.; Kang, T.; Choi, S. Y.; Kim, H.
O. Bioorg. Med. Chem. Lett. 2003, 13, 1087.


16. Kim, S. E.; Kim, S. Y.; Kim, S.; Kang, T.; Lee, J. Bioorg.
Med. Chem. Lett. 2005, 15, 3389.


17. Jo, Y. J.; Lee, S. W.; Jo, M. K.; Lee, J.; Kang, M.-K.;
Yoon, J. H.; Kim, S. J. Biochem. Mol. Biol. 1999,
32, 547.


18. Macarron, R.; Mensah, L.; Cid, C.; Carranza, C.; Benson,
N.; Pope, A. J.; Diez, E. Anal. Biochem. 2000, 284, 183;
The assay mixture (20 mM HEPES, pH 7.5, 0.1 mM
EDTANa2, 150 mM NH4Cl, 4 mM MgCl2, 0.1 mg/ml
BSA, 2 mM ATP, 0.4 mg/ml E. coli total tRNA, 5 lM
methionine, and 0.25 lCi [35S] methionine) was added to
96-well plate containing inhibitors. The reactions were
initiated by the addition of the diluted MetRS enzyme.
After a 10 min incubation at room temperature, the
reaction was stopped by the addition of 150 ll of a
continuously shaken suspension of YSi SPA beads
(Amersham Pharmacia Biotech) at 1 mg/ml in 167 mM
sodium citrate, pH 2. The beads were then allowed to
settle for at least 45 min, and the plates were counted in a
Microbeta (Wallac) liquid scintillator counter.


19. Crepin, T.; Schmitt, E.; Mechulam, Y.; Sampson, P. B.;
Vaughan, M. D.; Honek, J. F.; Blanquet, S. J. Mol. Biol.
2003, 332, 59.





		Pharmacophore-based virtual screening: The discovery of novel methionyl-tRNA synthetase inhibitors

		Acknowledgment

		References and notes








Bioorganic & Medicinal Chemistry Letters 16 (2006) 4856–4860

Design and synthesis of APTCs (aminopyrrolidinetricarboxylic
acids): Identification of a new group III metabotropic


glutamate receptor selective agonist


Stephan Schann,a,* Christel Menet,a,� Paul Arvault,a Géraldine Mercier,a
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Abstract—A new family of mGlu receptor orthosteric ligands called APTCs was designed and synthesized using a parallel chemistry
approach. Amongst 65 molecules tested on mGlu4, mGlu6 and mGlu8 subtypes, (2S,4S)-4-amino-1-[(E)-3-carboxyacryloyl]pyrrol-
idine-2,4-dicarboxylic acid (8a06—FP0429) has been shown to be a full mGlu4 agonist and a partial mGlu8 agonist. In addition,
8a06 was shown to be selective versus group I and II mGlu subtypes. A possible explanation for this efficacy difference is proposed
by docking experiment performed with molecular model of the receptor.
� 2006 Elsevier Ltd. All rights reserved.

COOHNH2
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Glutamate, the most commonly occurring neurotrans-
mitter in the CNS, plays a critical role in a large number
of physiological processes. It operates through two fam-
ilies of receptors: the ionotropic (iGlu) and the metabo-
tropic (mGlu) receptors. mGlu receptors have been
divided in three groups according to their sequence
homologies, pharmacological properties and signal
transduction pathways.1 Group III mGlu receptors in-
clude mGlu4, mGlu6, mGlu7 and mGlu8 receptors,
which are negatively coupled to cAMP formation. They
are mainly localised in the central nervous system with
the exception of mGlu6 which is found mostly in the ret-
ina. Their potential roles for the treatments of anxiety,
Parkinson’s disease and epilepsy have been suggested.2


mGlu receptor ligands can be classified in two families
according to their site of interaction: orthosteric ligands
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competing with glutamate in the venus fly trap (VFT)
domain and allosteric modulators interacting with the
transmembrane domain.3 To date, only few orthosteric
agonists have been described for group III mGlu
receptors. The most representative ones are L-AP4, R,
S-PPG,4 S-DCPG5 and ACPT-I6 (Fig. 1). They have
low-micromolar to sub-micromolar potencies for mGlu4,
mGlu6 and mGlu8 and high-micromolar potency for
mGlu7 receptor.


Because of their simple amino acid structures, mGlu
orthosteric ligands are not subject to parallel chemistry.
To our knowledge, there is no report of chemical
approach offering rapid access to a large number of such

HOOC COOH
PO3H2 COOH


COOHPO3H2


2


Figure 1. Structures of standard group III mGlu receptor agonists.
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Figure 3. 8a06 structure.
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polar derivatives. In this communication, we report the
design and the synthesis of a new orthosteric ligand fam-
ily named APTC (for aminopyrrolidine-tricarboxylic
acid), and the pharmacological characterization of
8a06 (FP0429), a hit showing micromolar potencies on
group III subtypes.


APTCs design is based on structural modifications of
tricarboxylic acid ACPTs, family of molecules in which
selective group III agonists were found.6 The aim was
to obtain a closed scaffold, that is, an a-amino acid
on a five-membered ring with highly polar side chains
attached to positions 3 and 4. These side chains could
interact with the highly basic distal binding pocket of
the receptors. In addition, our objective was also to
obtain a new scaffold amenable to parallel synthesis.
Just like ACPTs are ACPD’s analogues with an
additional COOH group, we anticipated that function-
alizing APDCs on the pyrrolidine nitrogen with polar
groups would afford the expected family of ligands
(Fig. 2).


In APTCs, two asymmetric centres are present. We
decided to control both by choosing the stereochemical
synthesis depicted in Scheme 1. Starting material was
either 2S,4R or 2R,4R hydroxyproline which were
converted into hydantoins 3a and 3b following similar
procedures used by Monn et al. for the synthesis of
APDCs.7 Diastereoisomers 3a and 3b were then
hydrolysed, esterified and separated using flash
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Figure 2. Design of APTC family.
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Scheme 1. Synthesis of APTCs. Reagents and conditions: (a) SOCl2, EtO


1—Oxalyl chloride, DCM, DMSO, �78 �C, 2—Et3N, �78 �C–rt, 92–96%;


2 M, reflux, 2—SOCl2, MeOH, reflux, 3—diastereoisomer separation by stand


diastereoisomers; (f) Boc2O, DCM, rt, 67–95%; (g) NH4HCO2, Pd-C 10%, M


2—AMPS, DCM, rt; (i) LiOH 2 M, THF, rt; (j) HCl 2 M in ether, AcOH,

chromatography to afford the four isomers 4a–d. These
aminoesters were boc-protected (5a–d) and hydrogenol-
ysed to the corresponding pyrrolidines 6a–d. The four
protected platforms were capped in parallel with electro-
philic species to give 7(a–d)XX using solid supported
reagents and scavengers. Final deprotections yielded
the desired APTCs 8(a–d)XX.8


Using 25 different R groups (Scheme 1), chosen in order
to introduce an additional polar group on the N-1 posi-
tion, a virtual library of one hundred APTCs was
designed. Half of these groups is made of a carboxylic
acid, where as the other half contains non-acidic polar
functions. Synthetic efforts led to the synthesis of 65
final compounds giving a success rate of 65% for the
library synthesis.


Synthesized APTCs were screened on three group III
mGlu receptors (mGlu4, mGlu6 and mGlu8) in func-
tional assays at 450 and 300 lM, for their agonist and
antagonist activities, respectively.9 8a06 (Fig. 3) was

N
H COOH


COOHNH2


N
COOH


COOHNH2


R


N


N
COOH


COOH


COOMe


COOMe


2S,4S
2S,4R
2R,4S
 2R,4R


f


01  - COCOOH
02  - COCH2COOH
03  - CO(CH2)2COOH
04  - CO(CH2)3COOH
05  - CO(CH2)4COOH
06  - COCH=CHCOOH (E)
07  - COCH=CHCOOH (Z)
08  - COPh(o-COOH)
09  - COPh(m-COOH)
10  - COPh(p-COOH)
11  - CH2COOH
12  - CH2CH2COOH


13  - COPh
14  - COCH2OH
15  - COPh(m-OH)
16  - COPh(p-OMe)
17  - CO(N-morpholinyl)
18  - CO(3-pyridinyl)
19  - COOMe
20  - COMe
21  - CONHCOOEt
22  - CO(2-furanyl)
23  - CO(2-pyrroyl)
24  - SO2Et
25  - SO2NMe2


R groups:


XX: 2S,4S
XX: 2S,4R
XX: 2R,4S
XX: 2R,4R XX refers to R groups as defined in table above 


H, reflux, 95–99%; (b) PhCH2Br, Et3N, DCM, reflux, 79–90%; (c)


(d) (NH4)2CO3, KCN, EtOH, H2O, 50–55 �C, 68–78%; (e) 1—NaOH


ard chromatography, 7–15% for cis diastereoisomers, 30–60% for trans


eOH, reflux, 57–95%; (h) 1—electrophilic agent, PS-DEA, DCM, rt,


rt, 5–50% for the three last steps.







4858 S. Schann et al. / Bioorg. Med. Chem. Lett. 16 (2006) 4856–4860

detected with strong agonist responses on mGlu4 and
lower one on mGlu6 and mGlu8 at 450 lM.10 It is inter-
esting to notice that amongst inactive APTCs on
mGlu4, some are structurally very close to 8a06. It is
the case of 8a03 or 8d06 which differ only by saturation
of the double bond or stereochemistry of the pyrrolidine
position 2, respectively. This result further illustrates the
particularly restricting feature of group III mGlu active
sites.


We then determined EC50 values for mGlu4, 6 and 8 and
selectivity against other mGlu subtypes (Table 1). 8a06
activates both mGlu4 and mGlu8 with micromolar
potency (EC50 = 48.3 lM and EC50 = 56.2 lM, respec-
tively) and mGlu6 with high micromolar potency
(EC50 = 378 lM). It shows also selectivity for group
III mGlu receptors as no agonist nor antagonist activity
was detected on subtypes mGlu1, mGlu5 and mGlu2 up
to 5 mM. Interestingly, although 8a06 shares a similar
potency on mGlu4 and mGlu8, its efficacy for the two
subtypes differs significantly. 8a06 is a full agonist on
mGlu4 with a maximal response almost comparable to
that of glutamate (Emax = 75%) and a partial agonist
on mGlu8 with a Emax value of 36% of glutamate
response (see Fig. 4).

Table 1. Activities of 8a06 and standard group III agonists on rat mGlu rec


Group I Group II


mGlu1 mGlu5 mGlu2 mGlu3


8a06a >5000 >5000 >5000 NT


L-AP4b >1000 >1000 >1000 >1000


RS-PPGc >500 >500 >300 >200


S-DCPGd ant @ 32 >100 >100 >100


ACPT-I ant @ 1000e >1000a >1000e NT


NT: not tested.
a Values are means of three independent experiments, standard deviation is
b Taken from Refs. 3 and 13.
c On human mGlu, taken from Ref. 4.
d On human mGlu, taken from Ref. 5.
e Taken from Ref. 6.
f Personal communication from Dr. Jean-Philippe Pin.
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Figure 4. 8a06 efficacies on mGlu4 and mGlu8. Intracellular calcium mob


conditions (white bars), 500 lM glutamate (grey bars) and 1 mM 8a06 (blac


8a06 on mock-transfected cells.

In order to further understand the interaction of 8a06
with mGlu4, a docking experiment was performed using
the receptor molecular model and docking protocol
recently described by Bertrand et al.11 This protocol
consists in the flexible fitting of the ligand within a rigid
receptor using the shape-based docking algorithm
LigandFit. The obtained poses were subsequently scored
using the LigScore scoring function. The best pose was
then energy minimized with CHARMm allowing full
flexibility for the ligand and only side-chain flexibility
for the receptor. All calculations were carried out in
the Discovery Studio 1.5 environment (Accelrys, San
Diego, California). Results show that 8a06 fits nicely
in a dense H-bond network, interacting with a dozen
amino acids of mGlu4 active site. The glycine entity of
8a06 is bound to the set of residues that build up the sig-
nature motif common to all proteins of the fold family
(S159, A180, T182, D202, Y230, D312).11,12 The distal
functions of 8a06, one amide and two acidic groups,
are bound to the same residues as ACPT-I one’s (K71,
K74, R78, S110, S157, R258, N286, S313, K317,
K405)11 (Fig. 5). Yet, because of conjugation, the
fumaric acid amide substituent is rigid, thus when all po-
lar bindings are fitted, one of the ethylenic protons is
found in close contact with those of G158 (2.6 Å)
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Figure 5. Agonist 8a06 docked at mGlu4 active site.
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(Fig. 5). Consequently, any bulkier residue as an alanine
would induce some distortion of the binding network.
Indeed, the corresponding amino acid of G158 in mGlu6
and mGlu8 is no longer a glycine but an alanine. In
addition, S157 to which 8a06 is also bound (Fig. 5) is
replaced by an alanine in mGlu8. These differences
may be responsible for the different behaviour observed
with 8a06 on these subtypes. The latter assumption
should be validated by using mGlu4, 6 and 8 mutants
where the crucial amino acids would be replaced.


In conclusion, a chemical library of new ligands was
designed and synthesized using parallel chemistry
approach. An agonist for group III was identified with
different efficacies for subtypes mGlu4 and mGlu8. This
ligand will be of great interest to further understand
pharmacological role and therapeutic potential of
mGlu4 subtype.
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Abstract—A systematic examination of the central aromatic portion of the lead (2S)-N-[3,5-bis(trifluoromethyl)benzyl]-2-(4-fluoro-
phenyl)-4-(1 0H-spiro[indene-1,4 0-piperidin]-1 0-yl)butanamide (9) led to the discovery of a novel class of CCR2 receptor antagonists,
which carry small alicyclic groups such as cyclopropyl, cylobutyl, or cyclopropylmethyl attached at C2 of the carbon backbone. The
most potent compound discovered, namely (2S)-N-[3,5-bis(trifluoromethyl)benzyl]-2-cyclopropyl-4-[(1R,3 0R)-3 0-methyl-1 0H-spi-
ro[indene-1,4 0-piperidin]-1 0-yl]butanamide (29), showed very high binding affinity (IC50 = 4 nM, human monocyte) and excellent
selectivity toward other related chemokine receptors. The excellent pharmacokinetic profile of this new lead compound allows
for extensive in vivo evaluation.
� 2006 Elsevier Ltd. All rights reserved.

Chemokines (Chemotactic cytokines) are small molecu-
lar weight (8–10 kDa) water-soluble proteins composed
of 340–380 amino acids that play a key role in immuno-
modulation and host-defense.1,2 Their multiple effects
are mediated through binding to a variety of related
7-transmembrane domain G-protein coupled receptors.3


The observation that some chemokines and their respec-
tive receptors are upregulated during both chronic and
acute inflammatory diseases, as well as in response to
challenge of the immune system, suggested that they
may present a viable target for drug intervention.4,5


Chemokines are classified as CC, CXC, CX3C, and XC
based on the sequential relationship of the first two of
four conserved cysteine residues.6 Most of them appear
to have redundant specificity since they bind to numer-
ous receptors within the same family.7 Monocyte Che-
moattractant Protein 1 (CCL2/MCP-1), a member of
the CC-subfamily, binds and activates the CC-chemo-
kine receptor 2 (CCR2).8 A large body of evidence accu-
mulated in the recent past strongly suggests the
involvement of the CCL2/CCR2 axis in arthritis,9 multi-
ple sclerosis, 10 and vascular disease11 offering a logical
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platform for therapeutic intervention.12 As a result of
intensive research a number of small molecule CCR2
antagonists have been described in the scientific litera-
ture13 and some representative examples from Take-
da,14,15 SmithKline,16,17 Roche,18 Teijin,19 Johnson
and Johnson,20 and Astra-Zeneca21 are shown in
Figure 1.


High throughput screening of the Merck Sample Collec-
tion produced the initial lead 7 with a binding affinity22


of 720 nM, Figure 2. Its optimization led to the discov-
ery of the piperidine analog 8 with threefold improved
potency.23 Subsequently it was established that the basic
nitrogen present in the backbone of the molecule can be
omitted without significant loss of activity.24 Intensive
synthetic effort focusing on the amine portion of the lead
structure produced further refinement of the piperidine
ring. The pertinent SAR study revealed that introduc-
tion of a (substituted) phenyl ring at position 4 of the
piperidine greatly enhances the observed binding affini-
ties. Particularly interesting was the discovery of the spi-
roindene structural motif such as in 9, which, albeit only
slightly more potent than 8, showed acceptable oral
bioavailability.25,26


Herein, we wish to describe the results of an SAR study
focusing on the central, aromatic portion of the lead
structure 9. This study was initiated by the observation
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that omission of the 4-fluorophenyl pharmacophore in
9 had caused a less than expected decrease in binding
affinity, approximately sevenfold. Furthermore, a properly

placed methyl group, such as in compound 13, led to al-
most full restoration of the activity, Figure 3.


We were interested to find out if the binding and func-
tional activity of 13 could be further improved by the
introduction of a pharmacophore with size and electron-
ic characteristics between those of the 4-fluorophenyl
group and a hydrogen atom.


The synthetic sequence utilized to access the desired
compounds in a racemic form is illustrated for the exam-
ple of the 2-cyclopropyl derivative 18, Scheme 1.


The dianion of the commercially available cyclopropyl
acetic acid (14) was alkylated with 2,2-dimethoxyethyl
bromide. The amide was introduced using a 1-[(3-di-
methylamino)propyl]-3-ethyl-carbodiimide (EDC) med-
iated coupling of acid 15 and the commercially
available 3,5-bis(trifluoromethyl)-benzyl amine. The
acetal was cleaved under acidic conditions at ambient
temperature, and the liberated aldehyde was reductively
aminated with spiro[indene-1,4 0-piperidine].27 Unfortu-
nately, this sequence was only poorly reproducible as
the intermediate aldehyde 17 readily underwent an
intramolecular cyclization (19) followed by elimination
of water (20) and decomposition.


In an attempt to block the lactam formation as well as
facilitate access to single enatiomers, the acid was react-
ed via its pivaloyl anhydride with (4R)-4-benzyl-1,3-
oxazolidin-2-one.28 The two diastereoisomers were read-
ily separated by flash column chromatography (silica
gel, ethyl acetate–hexanes/3:7). Unfortunately, an at-
tempt at hydrolytical cleavage of the oxazolidone failed
to produce the acid 22, as it readily underwent a c-lact-
onization during the workup (23, 24). To remedy this
problem, the amine was introduced before the removal
of the auxiliary, Scheme 2. Accordingly, the acetal was
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cleaved (93% yield) and aldehydes 25 and 26 were reduc-
tively aminated with (1R,3 0R)-3 0-methyl-spiro[indene-
1,4 0-piperidine].27 The auxiliary was removed under
standard conditions and the target compound 29 was
obtained in an EDC-mediated amide forming step,
Scheme 2.


The chiral oxazolidinone is uniquely suited to control
absolute stereochemistry at the newly formed C2-cen-
ter.29 We envisioned that replacing the 2,2-dimethoxy-
ethyl bromide with the more reactive allyl chloride

would further streamline the synthesis. This strategy is
illustrated in Scheme 3, which describes the preparation
of the methylene homolog of 29, compound 37.


To this end, the commercially available 4-pentenoic acid
(30) was coupled with (4S)-4-benzyl-1,3-oxazolidin-2-
one (vide ante) and the cyclopropyl group introduced via
a palladium-catalyzed cyclo-propanation of the olefin
with diazomethane.30 The LDA mediated allylation of
32 produced stereoselectively the (4S)-4-benzyl-3-[(2S)-
2-(cyclopropylmethyl)pent-4-enoyl]-1,3-oxazolidin-2-
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one (33). Hydrolytic cleavage of the oxazolidone with lith-
ium hydroperoxide afforded, albeit in low yield (27%), the
desired acid 34. The facile introduction of the amide (35)
was followed by an oxidative cleavage of the olefin (O3,
�78 �C). The intermediate ozonide could be reduced to
the respective aldehyde under standard conditions (e.g.,
with dimethyl sulfide), however the reaction was slow
allowing sufficient time for the unwanted intramolecular
cyclization (such as 19, Scheme 1) to prevail. On the other
hand, when the ozonide reduction was performed in the
presence of the amine component (sodium triacetoxy-
borohydride, ambient temperature) the formed aldehyde
was trapped as an enamine, and the subsequent in situ
reductive amination completed the synthesis.


The low-yielding lithium hydroperoxide mediated auxil-
iary cleavage was addressed during the synthesis of the
cyclobutyl derivative 46, Scheme 4. According to this,
the commercially available cyclobutyl bromide was
reacted with potassium cyanide in DMF at elevated
temperature, and the nitrile 39 was hydrolyzed. The chi-
ral auxiliary was attached under the usual conditions
and the LDA derived anion was allylated at �16 �C
overnight. Saponification of the oxazolidone 42 with less
nucleophilic potassium hydroxide required somewhat
forceful conditions, and we were pleased to find that
no scrambling at the C2-chiral center had occurred.
The synthesis of the cyclobutyl analog 46 was then com-
pleted as described above.


The synthesis of the hydroxyethyl derivative 54 utilized
a Lemieux–Johnson oxidation of the double bond in
51 to unmask the aldehyde group, Scheme 5. Due to
the presence of an intramolecular hydrogen bond be-
tween the ester oxygen and the amide nitrogen, no c-lac-
tam formation was observed and the aldehyde 52 was
isolated in nearly quantitative yield. An uneventful

reductive amination followed by a base-catalyzed ester
hydrolysis completed the synthesis of 54.


The target compounds in which the C2-substituent is
linked to the main backbone of the lead scaffold through
a nitrogen linker are depicted in Scheme 6. The commer-
cially available 1-amino-4-pentenoic acid (55) was
reacted with phthalanhydride and esterified with dia-
zomethane (57). The olefin was oxidatively cleaved,
and the ozonide was reduced at ambient temperature
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with dimethyl sulfide. A routine reductive amination
(59) was followed by ester hydrolysis and the amide
formed as described above. The phthalide protecting
group in 60 was cleaved with hydrazine at elevated tem-
perature, and 2-amino intermediate 61 was used then as
a synthetic relay to access the respective amides and/or
sulfonamides.


The synthesized target compounds were initially as-
sessed by their capacity to displace radiolabeled MCP-
1 from CCR2b receptors expressed in a CHO cell line.
Later, a human monocyte-based assay was employed.
The two respective data sets parallel each other quite

OH


O


NH2


55


OH


O


N OO O


N
H


O


N OO


N CF3


CF3


viii


vii


56


60


i ii


Scheme 6. Reagents and conditions: (i) phthalanhydride, toluene, reflux,


spiro[indene-1,4 0-piperidine], NaHB(OAc)3, dichloroethane; (v) aq LiOH, di


(vii) NH2NH2, EtOH, reflux, 30 min; (viii) acyl chloride or anhydride or RS

well, with the monocyte assay indicating approximately
a fourfold higher binding affinity.


The observation that compound 12 retained some activ-
ity (IC50 = 570 nM, Table 1), seemed to suggest that less
prominent, perhaps metabolically more robust groups
could take up the role of the aromatic ring in the 4-flu-
orophenyl derivative 9.


We were pleased to find that attachment of a simple
methyl group to the carbon-chain backbone at C2 in-
creased the binding activity by approximately twofold
(63, IC50 = 231 nM). Comparison of the activities of
the two stereoisomeric methyl derivatives 63 and 64
(Table 1) confirmed that the substituent has to be of
the same absolute orientation (R) as in the lead scaffold.
Further increasing the chain length to an allyl (65,
IC50 = 193 nM), or early branching (isopropyl, 66,
IC50 = 204 nM), had only a marginal effect. Similarly,
a lipophilic cyclohexyl group (69, IC50 = 160 nM, race-
mate) did not seem to offer an advantage.


Introduction of polar groups seemed to decrease poten-
cy regardless of the size. The activity of the small amino
analog 61 (Table 2) was quite low (IC50 > 1 lM) and
similarly ineffective were the small heterocycles. Only
the two smallest sulfonamides 74 (methanesulfonamide,
IC50 = 244 nM, racemic) and 75 (trifluoromethanesulf-
onamide, IC50 = 125 nM, racemic) showed some
activity.


On the other hand, small cycloalkyl groups, particularly
cyclopropyl (68, IC50 = 98 nM, Table 1), increased the
binding potency dramatically. These small alicycles, par-
ticularly in conjunction with the strategically placed
methyl group (3 0R on spiro[indene-1,4 0-piperidine]),
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Table 1. Spiroindene class: binding affinities


R1
N
H


O
CF3


CF3


N


R2


Compound


(stereo)


R1 R2 CCR2 IC50, nM


CHO hMonocyte


12 –H H 570 80%a


63R Methyl– H 231 37


64S Methyl– H 605 86


65R Allyl– H 193 37


66S iPropyl– H 204 47


67R iPropyl– H 349 72


18R/S cPropyl– H 69 38


68S cPropyl– H 98 15


69R/S cHexyl– H 160 73


70R/S


MeO2SN


H 783 70%a


71R/S


AcN


H 660 80


72R/S Benzyl– H 298 232


13 H Methyl 173 93


29S cPropyl– Methyl 14 4


73R cPropyl– Methyl 80 13


46S cButyl– Methyl 28 12


37S cPropylmethyl– Methyl 25 9


54R/S 1-Hydroxyethyl–b Methyl n/a 48


a % Inhibition at 1 lM.
b Both R and S isomers present within the side chain.


Table 2. Spiroindene class: C2-amides, binding affinities


NHX
N
H


O


CF3


CF3


N


Compounda X CCR2 IC50 (nM) CHO assay


61 H 33%b


74 MeSO2– 244


75 CF3SO2– 125


76 MeOCO– 805


77 –CH@O 25%b


78
S


SO2- 20%b


79
N


S
SO2-


AcHN
45%b


80
SO2-


7%b


81
HN


N
H


CO-


O
525


a All compounds in this series were racemic.
b % Inhibition at 1 lM.
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produced some of the most active antagonists of the
CCR2b receptor described to date, Table 4.


The C2-cyclopropyl analog 29 exhibited remarkable
activity of 14 nM (IC50, CHO assay) and it appeared
to be even more active (IC50 = 4 nM) in the hMonocyte
assay. Slightly less active were the respective cyclobutyl
(46, IC50 = 28 nM, CHO, IC50 = 11 nM hMonocyte)

Table 3. 4-Phenylpiperidine class: binding affinities


R1
N
H


O


CF3


CF3


N


R2


Compound R1 R2 CCR2 IC50, nM


CHO hMonocyte


82S cPropyl F 280 72


83S cPropyl H 285 129


84R nPropyl H 126 42


85R Allyl H 642 216


86S MeOCOCH2– H 42a n/a


87R MeOCOCH2– H 38a n/a


88R/S 1-Hydroxyethyl–b F n/a 462


a % Inhibition at 1 lM.
b Both R and S isomers present within the side chain.


Table 4. Functional activities of selected compounds


R1
N
H


O
CF3


CF3


N


R2


Compound R1 R2 Ca-Flux IC50 (nM)


29S cPropyl– Methyl 4


46S cButyl– Methyl 11


37S cPropylmethyl– Methyl 3


Table 5. Selectivity profile of the cyclopropyl analog 29


N
H


O
CF3


CF3


N


Receptor Inhibition (%) Concentration (lM)


hCCR1 �5 1


hCCR3 3 4


hCCR4 �18 2


hCXCR4 8 1


CCR5 (MIP1alpha) 38 1


CCR8 9 1







Table 6. Pharmacokinetic properties of the cyclopropyl derivative 29 (Sprague–Dawley rats)


N
H


O
CF3


CF3


N


Route Dose (mg/kg) AUCn (lM h) Clearance (mL/min/kg) Vol. Distrib. (L/kg) t1/2 (h) Cmax (lM) Tmax (h) F (%)


iv 1.00 4.17 7.36 2.19 4.11


p.o. 3.00 4.08 1.58 4.67 98
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and cyclopropylmethyl (37, IC50 = 25 nM, CHO,
IC50 = 9 nM hMonocyte) analogs.


The effectiveness of such small aliphatic substituents was
also evaluated in simpler 4-phenyl piperidines, Table 3.
In this series, the activities of the synthesized com-
pounds did not reach the level of those obtained in the
spiroindene class. The most potent compound in this
series (propyl, 84, IC50 = 126 nM, CHO, IC50 = 42 nM
hMonocyte) was approximately ten-fold less active, than
the best spiroindenes.


The functional activity of selected compounds was eval-
uated using the calcium flux based FLIPR assay.31 The
results are summarized in Table 4. Once again, in agree-
ment with the binding data, the cyclopropyl derivative
29 and its methylene homolog 37 exhibited particularly
high functional activities.


The cyclopropyl analog 29 also showed quite remark-
able selectivity against other closely related chemokine
receptors, Table 5. Except for the CCR5 receptor, which
it showed an inhibition of 38% at a concentration of
1 mM, affinities to all other chemokine receptors were
negligible.


The cyclopropyl derivative 29 was also evaluated
in a rat pharmacokinetic model. Excellent drug levels
were observed after both intravenous (1.0 mg/kg,
AUCn = 4.17 lM) as well as oral (3.0 mg/kg, AUCn =
4.08 lM) administration. The compound showed a slow
clearance rate of 7.36 mL/min/kg, low volume of distri-
bution (2.19 L/kg), and an outstanding oral bioavail-
ability of 98%, Table 6.


A systematic examination of the central part of the lead
structure 10 demonstrated that the aromatic ring can be
successfully replaced with small, alicyclic groups. The
present study led to the discovery of (2S)-N-[3,5-bis
(trifluoromethyl)benzyl]-2-cyclopropyl-4-[(1R,30R)-30-meth-
yl-10H-spiro[indene-1,40-piperidin]-10-yl]butanamide (29), a
high affinity antagonist of the CCR2b receptor with an
excellent selectivity profile and outstanding pharmacokinet-
ic properties.
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Abstract—A series of monocyclic thiazepine inhibitors of interleukin-1b converting enzyme (ICE) were synthesized in eight steps
from commercially available intermediates. In vitro biological evaluation showed the thiazepines to be moderately potent ICE inhib-
itors, with the most active compound exhibiting an IC50 value of 30 nM in an enzyme inhibition assay. Compounds of this class
possessed good selectivity against the related enzymes caspase-3 and caspase-8.
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1. Selected ICE Inhibitors.

The cytokine interleukin-1b (IL-1b) has been shown to
play an important role in a variety of disease processes,
including inflammation, septic shock, wound healing,
and arthritis.2 The IL-1 receptor antagonist KineretTM


has been approved for use in the treatment of rheuma-
toid arthritis (RA), indicating that modulation of IL-
1b activity provides a clinical benefit. IL-1b is produced
as an inactive pro-form 31 kDa precursor (pro-IL-1b),
which is cleaved to the biologically active 17.5 kDa cyto-
kine by the enzyme interleukin-1b converting enzyme
(ICE, caspase-1).3,4 The enzyme is a member of the cas-
pase (cysteine aspartate specific protease) family of cys-
teine proteases, and as such requires Asp116–Ala117
recognition from the substrate for activation and cleav-
age to the mature cytokine. As a result, ICE potentially
offers an attractive target for inhibition of IL-1b produc-
tion for a variety of disease indications.


To date, 15 mammalian caspases with varying biological
functions and substrate specificities have been reported.5


Using positional scanning libraries, the tetrapeptide
fragment Ac-YVADCHO (1, Fig. 1) was identified as
a potent and selective inhibitor (Ki � 5 nM) of ICE.6


Most small molecule inhibitors of ICE are peptidomi-
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metic compounds7 based on Ac-YVADCHO, which is
reported to block the release of IL-1b from human
whole blood cells with an IC50 of 4 lM. The major focus
in ICE peptidomimetics has been to restrict the Val–Ala
portion in the tetrapeptide, maintaining the important
interaction of the peptide backbone which results in
properly orienting the important P1 and P4 recognition
regions of the molecule in the enzyme pocket.3 One
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Figure 4. Molecular model of thiazepine 12e.
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notable example is Pralnacasan� (2), the prodrug form
of a reversible ICE inhibitor which constricts the
P2–P3 region of the molecule as a pyridazinodiazepine
and was progressed into late-stage clinical trials.8 The
free drug form of Pralnacasan� is 3.


In this paper, we report the synthesis and evaluation of
thiazepines as monocyclic peptidomimetic ICE inhibi-
tors. We theorized that we could achieve the required
conformation to maintain the interaction at P1 using
an aspartate group and at P4 with aromatic groups to
mimic Tyr. The sulfur of the thiazepine could point into
the S3 pocket to occupy space similar to the Val of
Ac-YVADCHO (see Fig. 2). In addition, the monocyclic
thiazepines should be more readily synthesized than
bicyclic scaffolds such as Pralnacasan�. The thiazepine
scaffold was studied in conjunction with a number of
other easily prepared scaffolds, including diazocans, pyr-
rolopyrimidinones, cycloalkyl carboxamides, and
caprolactams.9


Figures 3 and 4 compare the published crystal structure
of Ac-YVADCHO bound to ICE3 and a model of our
thiazepine based on the crystal structure of a previously
reported ACE inhibitor.10 Based on the single crystal
X-ray structure of the reported thiazolidinone ring, a
model of inhibitor 12e was constructed. The rotatable
bonds of the P1 and P4 moieties of the model were ori-
ented in low-energy conformations that overlapped with
the corresponding P1 and P4 substituents in the
AcYVAD-CHO structure from the crystal structure.
Finally, this model was docked into the active site of
the ICE protein crystal structure in place of the

Figure 3. X-ray structure of AcYVAD-CHO complexed to ICE.
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Figure 2. Thiazepine ICE Inhibitor.

AcYVAD-CHO structure. The monocyclic thiazepine
scaffold can potentially orient the P1 and P4 substituents
well for interaction with the enzyme similar to that of
Ac-YVADCHO while maintaining the desired H-bond
interactions of the peptidomimetic backbone.


In order to test our hypothesis, the thiazepine scaffold
was synthesized. LL-Cysteine methyl ester hydrochloride
and 2-chloroethylamine hydrochloride (Scheme 1) were
reacted using literature procedures to afford the
cyclized thiazepine scaffold 4,11 which was then pro-
tected using (Boc)2O and Et3N in methanol yielding 5
in 70–80% yield. Alkylation with ethyl bromoacetate
in THF using KHMDS as the base produced 6 in
yields of 50–70%. Boc-deprotection to 711 followed by
acylation with an aryl acid chloride or aryl acid affor-
ded 8,12 with 35–70% yields over two steps. Following
saponification of 8, the resulting acid 9 was coupled
with the aspartate trap 1013 using EDCI and HOBT,
to provide compound 11 (40–70%, two steps). At this
point in the synthesis, proton NMR showed the
presence of only two compounds (due to the racemic
acetal). This provided evidence that little or no
racemization took place in the earlier KHMDS
deprotonation. Hydrolysis of the ethyl acetal gave the
final sulfide compounds 1214 in 50–80% yield. Oxida-
tion of the ring sulfur of 11 using m-CPBA afforded 13
(50–65%), which was hydrolyzed yielding the final
sulfone compounds 1415 in 35–50% yield.


The thiazepine compounds showed generally good
potency in the ICE inhibition assay,16 ranging from 30
to 350 nM (see Table 1). They were generally P100-fold
selective for ICE over caspase-8 and were all inactive
against caspase-3. The analogs with fused bicyclic P4
substituents (12c–e) were more active than the monocy-
clic aromatics (12a–b). In the enzyme assay, we observed
a 4- to 5-fold decrease in the activity when moving from
the sulfides to the sulfones (for example, compare com-
pounds 12e and 14e). The compounds were also tested in
the THP-1 whole cell assay17 measuring the inhibition of
IL-1b production caused by exposure to the ICE inhib-
itor. In the THP-1 assay, most of the compounds had
IC50 values which were 5- to 15- fold higher than the
corresponding ICE enzyme IC50.
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Scheme 1. Reagents and conditions: (a) Et3N, MeOH, reflux; (b) (Boc)2O, Et3N, MeOH; (c) ethyl bromoacetate, KHMDS, THF; (d) TFA CH2Cl2;


(e) ArC(O)Cl, Et3N, THF or ArCO2H, DIC, DMAP, DMF; (f) LiOH Æ H2O, THF/H2O; (g) 10, (Ph3P)4Pd, 1,3-dimethylbarbituric acid, HOBT,


EDCI, CH2Cl2; (h) TFA, CH3CN/H2O; (i) mCPBA, NaHCO3, CH2Cl2.


Table 1. In vitro data for the thiazepine series


Comp Ar IC50 (nM)a IC50 (nM)b


ICE Casp-3 Casp-8 THP-1


12a Ph 350 >10,000 5200 1700


12b 3-CF3Ph 150 >10,000 >10,000 1000


12c 2-Benzo[b]thiophene 80 >10,000 9500 640


12d 1-Isoquinolyl 70 >10,000 7000 730


12e 2-Naphthyl 30 >10,000 9400 480


14a Ph 2300 >10,000 >10,000 3200


14b 3-CF3Ph Not tested Not tested Not tested 3400


14c 2-Benzo[b]thiophene 320 >10,000 8500 1700


14d 1-Isoquinolyl 130 >10,000 5000 1400


14e 2-Naphthyl 150 >10,000 >10,000 1100


3 Pralnacasan�18 3.6 1300 40 190


a Enzyme IC50 results are expressed as ±30% or less.
b Whole cell THP IC50 results vary approximately ±2-fold.
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In summary, a series of monocyclic thiazepines was pre-
pared as a new class of ICE inhibitors. These com-
pounds offer the advantage of a short (eight step)
synthesis while also reducing the number of chiral cen-
ters in the molecule. The thiazepines were moderately
potent ICE inhibitors possessing good selectivity against
caspase-3 and -8. This approach demonstrated that the
monocyclic scaffold maintained the key hydrogen-bond-
ing interactions of previously reported inhibitors and
presented the P1 and P4 substituents in the necessary
conformation. Although the better performing thiaze-
pines, such as compound 12e, were less active than the
clinical candidate Pralnacasan�, we have shown the
potential utility of monocycles as scaffolds for effective
ICE inhibition. Alternative monocyclic scaffolds may
provide opportunities for the design of more competitive
ICE inhibitors.
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Abstract—Optimization of a series of constrained melanin-concentrating hormone receptor 1 (MCH R1) antagonists has provided
compounds with potent and selective MCH R1 activity. Details of the optimization process are provided and the use of one of the
compounds in an animal model of diet-induced obesity is presented.
� 2006 Elsevier Ltd. All rights reserved.

Obesity has reached epidemic proportions in both the
United States and Western Europe. Obesity has been
linked to a number of comorbidities including type 2
diabetes, coronary artery disease, breast and colon
cancers, and hypertension. Clearly, effective therapies
to address obesity and its comorbidities are needed.


The evidence for the potential use of melanin-concen-
trating hormone receptor antagonists, and MCH R1
antagonists in particular, as agents for the treatment
of obesity is significant. This evidence includes reports
that (1) intracerebroventricular (icv) administration of
MCH stimulates feeding in rodents;1 (2) fasting upregu-
lates MCH mRNA in both lean and obese animals;1 (3)
transgenic animals lacking MCH feed less, have reduced
body weight, and increased leanness relative to their
wild-type counterparts;2 and (4) transgenic animals de-
void of MCH R1 are resistant to diet-induced obesity.3


This evidence supporting a role for MCH in the regula-
tion of feeding and body weight has led to the active
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pursuit of MCH R1 antagonists for the treatment of
obesity.4


We have previously described the biphenyl amide MCH
R1 antagonist 1 and detailed its optimization first to the
constrained quinazolinone 2 and later to the thienopyri-
midinone 3.5 We report herein our efforts at further
development of structure–activity relationships (SAR)
within these thienopyrimidinone analogs.
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Modification of the left-hand aryl substituent was


accomplished through two different synthetic methods.
For compounds 5a–c, coupling of acid 46 with 3-meth-
oxy-4-(2-pyrrolidin-1-ylethoxy)aniline provided amide
5. Subsequent nitro reduction and treatment with reflux-
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Scheme 1. Reagents and conditions: (a) 3-methoxy-4-(2-pyrrolidin-1-ylethoxy)aniline, HOBT, EtN(i-pr)2, CH2Cl2, 25 �C, 72 h, 31%; (b) SnCl2ÆH2O;


EtOH, 78 �C, 0.5 h; (c) formic acid, 100 �C, 1 h, 42% (two steps); (d) ArB(OH)2, Pd(dppf)2Cl2, 1 M Na2CO3, EtOH, THF, 75 �C, 0.5 h, 34-47%; (e)


POCl3, DMF, 0 �C, 1 h; (f) hydroxylamine hydrochloride, 1 h, 0 �C, 25–54% (two steps); (g) methyl mercaptoacetate, NaOMe, MeOH, 25 �C, 10 min,


50–96%; (h) DMF–dimethyl acetal, DMF, 100 �C, 15 h, 95–100%; (i) 3-methoxy-4-(2-pyrrolidin-1-ylethoxy)aniline, phenol, 140 �C, 1.5 h, 46–65%.


Table 1. MCH R1 functional activity (pIC50) of thienopyrimidinone


analogs 48
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Compound Ar MCH R1 pIC50


7a Ph 8.7


7b 4-F-Ph 8.9


7c 4-Cl-Ph 9.3


7d 4-OMe-Ph 9.0


7e 4-CF3-Ph 8.6


7f 4-NH2-Ph 7.9


7g 4-CN-Ph 7.7


7h 4-SO2Me-Ph 5.9


7i 4-NO2-Ph 8.3


7j 4-NHCOCH3-Ph 5.5


7k 3-Cl-Ph 8.2


7l 3,4-DiCl-Ph 8.8


7m 3-I-Ph 7.6


7n 2-Cl-Ph 8.3


7o 4-Pyridinyl 6.7


7p 3-Pyridinyl 5.8


7q 3-Thiophene-yl 7.6


7r 2-Thiophene-yl 7.0


7s H 5.4
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ing formic acid (Scheme 1) provided pyrimidinone 6. Su-
zuki coupling with the appropriate boronic acid then
provided the desired analogs 7a–c.


The analogs 7d–r were prepared through a sequence
involving conversion of the acetophenone derivatives 8
to the corresponding nitriles 9. Thiophene formation
was then accomplished by treatment of the nitriles with
the sodium anion of methyl mercaptoacetate. Conver-
sion to the amidines 11d–r was followed by a convenient
cyclization with 3-methoxy-4-(2-pyrrolidin-1-yleth-
oxy)aniline to provide the pyrimidinones 7d–r (Scheme
1).7 Compound 7s was made from commercially avail-
able methyl 3-amino-2-thiophenecarboxylate (10s,
Ar = H) using the same two-step sequence described
for compounds 7d–r.


The compounds were evaluated in a functional assay for
MCH R1 activity utilizing luciferase activity as a read-
out (Table 1).8 Several of the analogs substituted at
the 4-position of the aromatic ring proved to be more
potent than the unsubstituted phenyl analog 7a. These
compounds included the 4-flouro (7b, pIC50 8.9), 4-chlo-
ro (7c, pIC50 9.3), and 4-methoxy (7d, pIC50 9.0) deriv-
atives. It should be noted that not all of the 4-substituted
derivatives gained potency relative to 7a. Larger groups
at the 4-position of the aromatic ring proved especially
detrimental to activity (examples 7h,j). Small polar
groups such as amino, cyano, and nitro (examples
7f,g, and 7i, respectively) were not well tolerated. None
of the mono-substituted analogs with substitution at
either the 2- or 3-positions of the aromatic ring (exam-
ples 7k,m,n) proved to be as potent as the phenyl-substi-
tuted 7a. Several heteroaryl derivatives were synthesized
(examples 7o–r) and all of them had potencies less than
that of phenyl-substituted 7a. The preference for small,
lipophilic substituents in the 4-position of the aryl ring
suggests that the aryl ring may reside in a tight hydro-
phobic pocket within the receptor.


An investigation into the effects of altering the five-
membered ring fused to the pyrimidinone was investi-

gated. Thus, the furan, benzo, and thiazole analogs were
prepared with the remaining portions of the molecules
held constant.


Furan derivative 16 was synthesized as detailed in
Scheme 2. Using conditions adapted from those of Red-
man and co-workers, Mitsunobu reaction of 3-(4-chloro-
phenyl)-3-oxo-propanenitrile (12) with ethyl glycolate
was followed by sodium hydride-affected ring closure
to provide aminofuran 14.9 Treatment with DMF–
DMA provided amidine 15 which was then converted
to pyrimidinone 16 through heating with 3-methoxy-
4-(2-pyrrolidin-1-ylethoxy)aniline in ethanol at reflux.
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glycolate, 25 �C, 14 h, 34%; (b) NaH, THF, 25 �C, 3 h, 85%; (c) DMF–
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Table 2. MCH R1 functional activity of B-ring analogs8
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Compound X Y MCH R1 pIC50


7c S CH 9.3


16 O CH 6.9


21 CH@CH CH 8.2


25 S N 8.5
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The benzo derivative 21 was synthesized as detailed in
Scheme 3. Coupling acid chloride 17 with 3-methoxy-
4-(2-pyrrolidin-1-ylethoxy)aniline provided compound
18 which was then reduced with stannous chloride to
provide amine 19. Pyrimidinone formation was followed
by Suzuki coupling to provide analog 21.


Finally, thiazole derivative 25 was synthesized as
detailed in Scheme 4. Reaction of methyl 4-chloroben-
zenecarbodithioate (22) with cyanamide and potassium
methoxide in methanol yielded compound 23. Treat-
ment of compound 23 with methyl-mercaptoacetate
and triethylamine afforded thiazole 24 which was then
converted to pyrimidinone 25.


The difference in the MCH R1 antagonist activities of
the analogs was striking, with pIC50’s ranging from a
high of 9.3 for 7c to a low of 6.9 for furan 16 (Table
2). Molecular modeling was employed to identify key
differences between the analogs that might help to ex-
plain the differences in potency. Figure 1 shows the rela-
tionship of the benzo, thieno, and furan derivatives with
the C and D rings overlaid (the right-hand alkoxyamine
fragment has been omitted for clarity).10
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Scheme 3. Reagents and conditions: (a) 3-methoxy-4-(2-pyrrolidin-1-
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EtOH, 78 �C, 4 h, 97%; (c) formic acid, 100 �C, 3 h, 91%; (d) (4-
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1 M Na2CO3, THF, 70 �C, 3 h, 60%.


Figure 1. B-Ring comparison by molecular modeling. Red = furano


(16); green = thieno (7c); yellow = thiazolo (25); blue = benzo (21).

The ground state conformations reveal a marked differ-
ence in the orientation of the A-rings as dictated by the
corresponding B-rings (Fig. 1). Of particular note is the
central region in space occupied by the thiophene deriv-
ative 7c relative to the benzo and furo derivatives 21 and
16, respectively. This analysis implies that this orienta-
tion of 7c is optimal, and that the more ‘northerly’ ori-
entation of the A-ring as dictated by the furan derivative
is especially deleterious to MCH R1 activity.


We next turned our attention to determining if the
amide-like carbonyl of the pyrimidinone-containing
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analogs was necessary for MCH R1 antagonist activity.
Thus, we prepared analogs 28 and 32 as detailed in
Schemes 5 and 6. Benzothiophene 28 was prepared from
4-bromo-2-nitrobenzaldehyde 26 using the procedure of
Patel and co-workers.11 Suzuki coupling was followed
by amide reduction to provide analog 28. Thienopyr-
azine 32 was prepared through selective N-oxidation
of compound 29 followed by chlorination.12 Subsequent
Suzuki coupling and amide reduction provided the de-
sired analog 32 (Scheme 6).


Interestingly, analogs 28 and 32 demonstrated no signif-
icant MCH R1 activity. Thus, the carbonyl group of the
pyrimidinone appears to be critical for activity in this
series. We speculate that the carbonyl oxygen is acting
as a critical H-bond acceptor within this series of
MCH R1 antagonists. This result is consistent with
computational studies performed on related analogs.13


We sought to establish the utility of these MCH R1
antagonists in an animal model of obesity. The maleate
salt of compound 7c (GW803430) was deemed to be a
suitable compound for such a study given its good phar-
macokinetic properties (bioavailability = 31%, t1/2 =
11 h) and brain penetration (6:1 brain:plasma concen-
tration) in mice.14,15 Importantly, 7c was found to be
selective (>100·) over a battery of G-protein coupled

receptors, ion channels, and enzymes. The efficacy of
compound 7c in inducing weight loss was evaluated in
diet-induced obese AKR/J mice on a high fat diet
(58% kcal of fat, Research Diets #D12331).


As shown in Figure 2, during a 12-day treatment, oral
administration of compound 7c at 0.3, 3, and 15 mg/
kg once daily caused a sustained dose-dependent weight
loss of �6.2%, �12.1%, and �13.1%, respectively, rela-
tive to vehicle controls.17 In addition to compound 7c,
the marketed weight loss agent sibutramine (Meridia�)
was dosed at 3 mg/kg, resulting in a weight loss of
�1.9% relative to control animals.


In summary, a study of the structure–activity relation-
ships of a series of pyrimidinone-containing MCH R1
antagonists was conducted and critical structural
elements for MCH R1 activity were identified. One of
the compounds was shown to be active in an animal
model of obesity.
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Abstract—The design, synthesis, and SAR of a series of retro bis-aminopyrrolidine ureas are described. Compounds from this series
exhibited considerable binding affinity (Ki = 1 nM) and functional activity at MCH-R1, acceptable CYP2D6 inhibition, and good
rat brain exposure.
� 2006 Elsevier Ltd. All rights reserved.

F
(R)

Mammalian melanin-concentrating hormone (MCH) is
a 19 amino acid cyclic peptide1 which selectively binds
and activates two 7-transmembrane G protein-coupled
receptors, namely MCH-R1 and R2.2 Recent research
suggests that MCH-R1 is involved in the modulation
of energy homeostasis, food intake, and body weight.3


Animal models and other data suggest that, in man,
blockade of MCH-R1 may lead to a clinical treatment
for chronic obesity. A number of groups have recently
reported on their efforts toward the development of
selective small-molecule MCH-R1 antagonists.3,4


In the previous paper we discussed our efforts to opti-
mize the retro bis-aminopyrrolidine urea scaffold
(rAPU), a series of potent and functional MCH-R1
antagonists.5 This series was derived from the bis-
aminopyrrolidine ureas (APU)4i and had significantly
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less activity in the hERG patch-clamp assay. The series
also exhibited greater metabolic stability in human liver
microsomes which translated to greater oral bioavail-
ability in rat. Experiments to investigate the SAR of
the terminal aryl ring of the biaryl moiety revealed that
para lipophilic substitution was favored, resulting in a
dramatic increase in MCH-R1 potency. However, two
problems were identified: significant CYP2D6 inhibition
and low brain penetration. With these issues in mind,
the left- and right-hand sides of the rAPU were modified
to identify compounds equipotent to APU 1 (MCH-R1
Ki = 2 nM) with the same low liability for inhibition of
CYP2D6, while retaining the superior properties dem-
onstrated by previous rAPUs (Fig. 1).
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Figure 1. Aminopyrrolidine urea 1.
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To increase the efficiency of functionalizing both ends of
the rAPU core, the previously reported synthesis5 was
modified to generate the key intermediate 6 (Scheme 1).
(3S)-(�)-1-Benzyl-3-(methylamino)pyrrolidine (2)6 was
first protected as the tert-butylcarbamate using standard
conditions. Subsequent N-debenzylation followed by
reaction with 4-nitrophenyl chloroformate afforded car-
bamate 3 in good yield. Pyrrolidine 5 was prepared in
two steps from commercially available (3R)-(�)-1-ben-
zyl-3-aminopyrrolidine (4).7 Trifluoroacetamide protec-
tion followed by N-debenzylation afforded 5 in
quantitative yield. Coupling of carbamate 3 and pyrroli-
dine 5 yielded the orthogonally protected urea core 6.
Theoretically the two ends of the rAPU core could be
functionalized in either order; however, intermediates
first elaborated on the left-hand side were much easier
to purify. Scheme 2 depicts the chosen synthetic route
to compounds in Tables 1 and 2. Deprotection of the
amine with trifluoroacetic acid, coupling to the appropri-
ate carboxylic acid, followed by base promoted deprotec-
tion of the trifluoroacetamide afforded primary amines 7.
N-alkylation via reductive amination afforded rAPUs 8.
Alternatively, urea 6 deprotection followed by coupling
to 5-bromo-2-thiophene carboxylic acid using EDCI/
HOBt afforded 9 in good yield. Trifluoroacetamide
deprotection followed by reductive amination with 4,4-
dimethylcyclohexanone yielded the secondary amine 10.
Suzuki coupling of bromothiophene 10 with a variety of
arylboronic acids afforded rAPUs 11. The furan 12 was
synthesized in an analogous manner starting with 5-bro-
mo-2-furan-carboxylic acid.


For tertiary methyl amines, as exemplified by 14a–c, the
methylation step was conveniently performed at an ear-
lier point in the synthesis (Scheme 3). Trifluoroaceta-
mide 6 was methylated with methyl iodide in
quantitative yield. Carbamate deprotection, amide cou-
pling, a second deprotection, and a final reductive ami-
nation afforded rAPUs 14. The trifluoroethyl derivative
17 was prepared in four steps from 6. Borane reduction
of the trifluoroacetamide afforded amine 15. N-methyla-
tion using formaldehyde via reductive amination yielded
tertiary amine 16. Deprotection followed by amide cou-
pling afforded the desired trifluoroethyl derivative 17.
Scheme 4 was employed when reductive amination was

NNH
Me


N NH2
NH N


H
CF3


O


tBuO


O N N


Me O


O
a, b, c


d, b


2
3


4 5


Scheme 1. Reagents and conditions: (a) di-tert-butyl dicarbonate, TEA, DCM


2 h, 76% (3) and quantitative (5); (c) 4-nitrophenyl chloroformate, TEA, THF


quantitative; (e) TEA, DMF, 90 �C, 2.5 h, 66%.

not an option to prepare the tertiary amine of the
right-hand side (23a–f). Alcohol 21 was prepared in four
steps. Coupling of the arylcarboxylic acid to (3S)-(�)-1-
benzyl-3-(methylamino)pyrrolidine (2) afforded 18. N-
debenzylation of 18 yielded amine 19. Derivatization
with 4-nitrophenyl chloroformate afforded carbamate
20. The urea core was synthesized via 4-nitrophenol dis-
placement with (S)-(�)-3-hydroxypyrrolidine and affor-
ded alcohol 21 in 32% (four steps). Reaction of 21 with
methanesulfonyl chloride at low temperature afforded
mesylate 22. Displacement of mesylate 22 with a variety
of amines afforded rAPUs 23.8


The rAPUs described herein (Tables 1–3), obtained as
single diastereomers, were tested in the MCH competi-
tive binding assay.9 The functional antagonism was
measured of all compounds with Kis less than 10 nM,5


in general a 3-fold reduction in potency was observed.
Replacement of the biphenyl for phenyl thiophene in
the rAPU series did not result in the same dramatic in-
crease in potency as was achieved for the APU series (a
17-fold increase in binding affinity was observed for 1
compared to its biphenyl analog).4i Most of the rAPU
phenyl thiophene analogs were up to 3-fold less active
(Table 1). In addition, as demonstrated by 8a and 8b,
compounds with para-ethyl or para-methoxy substitu-
tion were about 3-fold more potent than the trifluoro-
methyl analog 8c, suggesting that electron-donating
substituents are favored.


Even though the introduction of the thiophene moiety
did not generally result in a large increase in potency,
it did result in highly potent compounds when combined
with the gem dimethylcyclohexyl right-hand side de-
scribed previously4i (as summarized in Table 2). Com-
pounds 11a and 11b, with left-hand side para-ethyl
and para-methoxy, respectively, highlight the impor-
tance of the para substitution. Both compounds have
an affinity equal to 1 nM, which is significantly better
relative to the unsubstituted analog, 11h, with an affinity
of 25 nM. Increasing the size of the para substituent also
led to a drop in affinity with the ethoxy analog 11g being
8-fold less potent than 11b. This supports the hypothesis
that the receptor binding pocket around the biaryl motif
is sensitive to sterics. Two other promising analogs are
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Scheme 2. Reagents and conditions: (a) TFA, DCM, rt, 1 h, quantitative; (b) 5-bromo-2-thiophene carboxylic acid, EDCI, HOBt, TEA, DCM, rt,


18 h, 85%; (c) potassium carbonate, 10% aqueous EtOH, 80 �C, 16 h, 71–95%; (d) 4,4-dimethylcyclohexanone, Na(OAc)3BH, MeOH, rt, 18 h, 69%;


(e) arylboronic acid, Pd(PPh3)4, toluene, EtOH, 2 M sodium carbonate, 80 �C, 18 h, 38–50%; (f) biarylcarboxylic acid, EDCI, HOBt, TEA, DCM, rt,


16 h, 63–72%; (g) aldehyde or ketone, Na(OAc)3BH or BH3–pyridine, MeOH, rt, 12 h, 20–60%.


Table 1. Binding affinities of rAPUs 8a–f toward MCH-R1


O


Ar
N


Me


N
N


O


N
H


(S)


(R)


Compound Ar Ki
a (nM) (pKi ± SEM)


8a


O


5.7 (8.3 ± 0.1)


8b 4.9 (8.3 ± 0.1)


8c


F3C


22 (7.7 ± 0.2)


8d SO 2.2 (8.7 ± 0.1)


8e
S


21 (7.7 ± 0.1)


8f
SF3C 60 (7.2 ± 0.2)


a Ki values (n = 2–6).9
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the 2-methyl-4-methoxy (11e) and the benzodioxane
(11d) compounds both of which had Ki = 2 nM.
Replacement of the thiophene with furan (11f
and 12) led to a 1000-fold loss of potency. This loss in

potency could be attributed to one of two features of
the furan ring: the increase in hydrophilicity or the de-
crease in ring size leading to a disfavored orientation
of the pendant aryl ring.


Unfortunately, whilst the reversal of the aminopyrroli-
dine had enabled us to identify compounds with simi-
lar potency to the original APU series, it had a
detrimental effect on CYP2D6 inhibition. rAPU 11f
had a CYP2D6 IC50 of 900 nM compared to 14 lM
for compound 1. Indeed, with the exception of 11g,
most of the compounds in this series showed low micro-
molar inhibition of CYP2D6 which remained a concern.
It was anticipated that brain/plasma ratios would likely
be below 1 for our initial compounds and thus higher dos-
es would be required to achieve adequate brain levels for
efficacy. The resulting peripheral concentration was
expected to reach levels which would significantly inhibit
CYP2D6.


Utilizing the most potent left-hand side, the p-ethyl biar-
yls, a final round of optimization was designed. The is-
sue of CYP2D6 inhibition was addressed in an
attempt to identify the most suitable compounds for fur-
ther development (Table 3). Lipophilicity is well docu-
mented10 as being an important contributory factor in
cytochrome P450 inhibition. Compounds 11a–h have
c logPs in the range of 5.0–6.8. Our first strategy was
to investigate this property by reducing the size of the
right-hand side substituent in order to reduce the c logP.
An additional strategy was to investigate tertiary
amines. One obvious difference between the APU series,
which is devoid of CYP2D6 inhibition issues, and the
rAPU series is the nature of the terminal amine. In the







Table 2. Binding affinities of rAPUs 11a–h, 12 toward MCH-R1
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Me
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N
H


(S)


(R)


Compound Ar Ki
a (nM) (pKi ± SEM) CYP2D6 IC50


b (lM)


(pIC50 ± SEM)


11a
S


0.7 (9.2 ± 0.01) 3.2 (5.5 ± 0.1)


11b
SO 0.9 (9.0 ± 0.1) 5.6 (5.3 ± 0.1)


11c
S


1.6 (8.8 ± 0.04) 3.5 (5.5 ± 0.1)


11d S


O


O
1.9 (8.7 ± 0.01) 4.5 (5.4 ± 0.1)


11e SO 2.4 (8.6 ± 0.2) 4.5 (5.4 ± 0.1)


11f
SF3C 3.7 (8.4 ± 0.00) 0.9 (6.1 ± 0.1)


11g SO 16 (7.8 ± 0.01) 12.5 (4.9 ± 0.02)


11h
S


25 (7.6 ± 0.2) 2.3 (5.7 ± 0.01)


12
OF3C 3600 (5.4 ± 0.1) ND


a Ki values (n = 2–6).9


b IC50 values (n = 2 or 3).14
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Scheme 3. Reagents and conditions: (a) methyl iodide, potassium carbonate, DMF, 80 �C, 14 h, 98%; (b) TFA, DCM, rt, 1 h, quantitative; (c)


biarylcarboxylic acid, EDCI, HOBt, TEA, DCM, rt, 16 h, 50–72%; (d) potassium carbonate, 10% aqueous MeOH, 70 �C, 16 h, quantitative; (e) aldehyde


or ketone, Na(OAc)3BH or BH3–pyridine, MeOH, rt, 12 h, 20–60%; (f) BH3, THF, DR, 6 h, 94%, (g) HCHO(aq), BH3–pyridine, MeOH, rt, 16 h, 65%.
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APU series this amine is exclusively tertiary by incorpo-
ration into the pyrrolidine ring, whereas in the rAPU
series previous analogs had predominantly been second-

ary amines. It has been reported11 that the presence of a
hydrogen bond donor on the ligand is crucial for bind-
ing and inhibition potency of the CYP2D6 enzyme.
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Conversion to a tertiary amine, even though it would
still be protonated at physiological pH, may alter the
steric environment of the amine enough to prevent this
key interaction.


The primary amine 7a had moderate affinity for the
MCH-R1 receptor with a Ki of 18 nM. In addition, it
did not inhibit CYP2D6. A significant increase in
MCH-R1 affinity was observed with a more lipophilic
secondary amine. Amines substituted with a saturated
ring such as cyclopentyl (8g) or pyran (23a, 8h) gave
rise to potent analogs, 65 nM. Branched acyclic side
chains also had good binding affinity, for example
23e. Removing the cyclic moiety and replacing it with
a less lipophilic substituent led to a drop in potency.
For example, the methylamine analog 14c and the iso-
propyl analog 8i were 3- and 5-fold less potent than 8g,
respectively. Extending the chain length by introducing
a methylene linker led to a 4-fold drop in potency
(compound 8k). As seen previously, some of the sec-
ondary amines exhibited significant CYP2D6 activity:
the cyclopentyl compound 8g had a CYP2D6 IC50 of
2.6 lM. An improvement to 5.1 and 5.8 lM was ob-
served when a pyran, with or without branching, was
introduced (23a and 8k, respectively), presumably due
to the presence of the more hydrophilic oxygen atom.
Small lipophilic substituents also decreased the
CYP2D6 activity; the isopropyl (8i) and methyl (14c)
secondary amines had IC50s of 9.2 and 18.7 lM, respec-
tively. Modification of the amines to give tertiary meth-
ylamines resulted in compounds with greatly improved
CYP2D6 activity. For example, 23a and 14a both had
Kis of around 2–3 nM and had CYP2D6 IC50s equal to
5.1 and >30 lM, respectively. This is probably due to
the removal of a favorable H-bonding interaction.
Unfortunately, the tertiary amines were generally less
metabolically stable than their parent secondary
amines. We rationalized that reducing the basicity of
the amine, either by the introduction of a b-oxygen
atom or trifluoromethyl substituent, may lead to a drop
in CYP2D6 activity. These effects have been observed
previously;12 for CYP2D6 substrates decreasing the
pKa of an amine from 9.5 to 4.5 by switching a b-meth-

yl to b-trifluoromethyl resulted in a 20-fold drop in the
CYP2D6 Km. In our case we were pleased to observe
the desired effect of decreasing the CYP2D6 activity,
but the decreases in basicity also resulted in moderate
to large drops in MCH-R1 binding affinity. The mor-
pholine derivative 23d was a relatively poor MCH-R1
binder compared to its piperidine analog. The branched
acyclic analog 23f retained some potency (14 nM) com-
pared to 23e. However, incorporation of the hydroxy-
ethyl moiety (compound 8l) led to a further drop in
potency to 32 nM. This could be attributed not only
to the lower basicity of the amine, but also to increased
hydrophilicity of the side chain. The most dramatic loss
in potency was observed with the trifluoroethyl substi-
tuted analog 17 which had a binding affinity of
500 nM. This is probably due to the decreased basicity
of the amine. The microsomal stability of compounds
with ethyl and methoxy left-hand side substitution
was lower than for para-trifluoromethyl. It was also
apparent that there was a decrease in stability for phen-
yl thiophene containing compounds; identical substitu-
tions had scaled intrinsic clearances of 83 mL/min/kg
for phenyl thiophene 8i versus 22 mL/min/kg for its
biphenyl analog 8j. The p-methoxy derivative 23b also
had higher scaled intrinsic clearances (91 mL/min/kg)
than 23a (55 mL/min/kg).


With the availability of a number of compounds having
good potency, we addressed the brain penetration issue.
One likely explanation for the low brain penetration in
this series relative to the APU series is the presence of
a secondary amine. Choosing compounds was compli-
cated by the lower microsomal stability of the tertiary
amines and thus brain/plasma levels were measured
by iv cassette dosing.13 Results for representative com-
pounds tested are shown in Table 4. Secondary amines
typically had low penetration as exemplified by 23a
and 8h, and the addition of even a methyl group was
enough to substantially improve the brain/plasma ratio,
as shown with 14a. In the 14a cassette, we also measured
the appearance of metabolite 23a in plasma and brain.
The amount of 23a in plasma was significant, 2.4 ng/g
compared to 6.7 ng/g for the parent compound, confirm-







Table 3. Binding affinities toward MCH-R1, CYP2D6 inhibition and predicted oral bioavailabilities of rAPUs
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(R)


1
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Compound Ar R1 R2 Ki
a (nM)


(pKi ± SEM)


CYP2D6 IC50
b


(lM) (pIC50 ± SEM)


Scaled intrinsic


clearance


(mL/min/kg)


7a H H 18 (7.7 ± 0.03) >30 ND


8g
S


] H 2 (8.8 ± 0.01) 2.6 (5.6 ± 0.1) 60


8h


O


H 5 (8.3 ± 0.1) >10 18


8i
S


H 11 (8.0 ± 0.1) 9.2 (5.0 ± 0.03) 83


8j H 11 (8.0 ± 0.00) 15.6 (4.8 ± 0.03) 22


8k
S


O H 8 (8.1 ± 0.1) 5.8 (5.2 ± 0.03) 43


8l
OH


H 32 (7.5 ± 0.1) >30 ND


14a
S


O


Me 3 (8.6 ± 0.1) >30 210


14b
S


Me Me 5 (8.3 ± 0.1) >30 240


14c
S


Me H 6 (8.2 ± 0.1) 18.7 (4.7 ± 0.04) 55


17
S


F


F


F
Me 500 (6.3 ± 0.2) >30 ND


23a
S


O


H 2 (8.6 ± 0.1) 5.1 (5.3 ± 0.02) 55


23b
SO


O


H 10 (8.0 ± 0.1) >30 91


(continued on next page)
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Table 3 (continued)


Compound Ar R1 R2 Ki
a (nM)


(pKi ± SEM)


CYP2D6 IC50
b


(lM) (pIC50 ± SEM)


Scaled intrinsic


clearance


(mL/min/kg)


23c
N
H


— 4 (8.4 ± 0.04) 10.4 (5.0 ± 0.00) 88


23d
N
H


O


— 69 (7.2 ± 0.1) >30 ND


23e H 4 (8.4 ± 0.1) 4.3 (5.4 ± 0.01) 150


23f
O


H 14 (7.9 ± 0.01) 24.5 (4.6 ± 0.01) ND


a Ki values (n = 2–6).9


b IC50 values (n = 2 or 3).14
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ing that 14a was indeed metabolically unstable in rats.
Brain levels were also measured and 23a was found to
be 60· less abundant (at 0.35 ng/g) than 14a. The best
compound, 23c, had comparable brain/plasma ratio
and potency to 1 but the microsomal stability was mar-
ginal and the plasma and brain levels in rats were both
about 4· lower than 1. We therefore placed this series
on hold in favor of generating efficacy and toxicology
data from the APU series.

Table 4. B/P ratios of rAPUs iv cassette PK
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Me


N


(S)


Compound Ar R1 R2


8h


O


H


14a
S


O


Me


23a
S


O


H


23c
N


—


a Average plasma and brain concentrations and brain/plasma ratios estimate

In summary, we have thoroughly explored the scope of
the rAPU series as potent and functional MCH-R1
antagonists. Extensive SAR was performed around the
biarylcarboxamide, p-ethyl biphenyl and p-ethyl phenyl
thiophene emerged as promising replacements for p-trif-
luoromethylbiphenyl. SAR carried out around the basic
nitrogen moiety highlighted some interesting com-
pounds. In particular, tertiary amines from this series
exhibited desirable CYP2D6 activity and rat brain expo-

N


O


N
R


R
(R)


1


2


Average plasma


concna (ng/g)


Average brain


concna (ng/g)


B/P ratioa


14.5 5.1 0.4


6.7 21.8 3.4


30.5 17.3 0.6


6.2 38.3 6.5


d by the cassette dosing procedure.13
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sure and the best compound was the piperidine deriva-
tive 23c.
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Abstract—Guanidine-based peptide nucleic acid (GPNA) monomers and oligomers containing all four natural (adenine (A), cyto-
sine (C), guanine (G), and thymine (T)) and two unnatural (2-thiouracil (sU) and 2,6-diaminopurine (D)) nucleobases have been
synthesized. Thermal denaturation study showed that GPNA oligomers containing alternate D-backbone configuration bind
sequence-specifically to DNA and, when incubated with mammalian cells, localized specifically to the endoplasmic reticulum (ER).
� 2006 Elsevier Ltd. All rights reserved.

Peptide nucleic acid (PNA) is a synthetic analogue of
DNA and RNA, developed more than a decade ago in
which the naturally occurring sugar phosphate back-
bone has been replaced by the N-(2-aminoethyl) glycine
units.1 PNA can hybridize to complementary DNA or
RNA strand through Watson–Crick base-pairing;2 but
unlike DNA or RNA which is susceptible to enzymatic
degradation, PNA is not easily degraded by proteases or
nucleases.3 These properties make PNA an attractive
reagent for biotechnology applications.


While several PNA-based applications have been
successfully developed,4–6 the full potential of PNA for
in vivo applications has not yet been realized—much
of which could be attributed to its poor cellular uptake
property. Considerable effort has been vested in the last
decade trying to develop means to transport PNA into
cells. Several strategies,7,8 including microinjection,9


electroporation,10 DNA-mediated transduction,11 and
covalent attachment to cell-penetrating peptides
(CPPs),12,13 have been developed, but for the most part
they are limited to small-scale experimental setups. The
latter approach, although promising since no delivery
system is required, is presently limited by uptake effi-
ciency and intracellular distribution. Most PNAs deliv-
ered this way are trapped in the endocytic vesicles.7
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In addition, since these PNA–CPP constructs are
amphipathic in nature, they could cause cytotoxic effects
since most amphipathic peptides found in nature, such
as magainin and mellitin, are known to be cytotoxic.14


Recently, we have shown that arginine-derived, polythy-
mine PNA oligomers (commonly known as GPNAs)
were readily taken-up by mammalian cells.15 Herein,
we report the synthesis of GPNA monomers for all four
natural (A, C, G, and T) and two unnatural (sU and D)
nucleobases and the corresponding oligomers, along
with their hybridization and cellular uptake properties.
The synthetic strategy reported herein has two distinct
advantages over the conventional design, where the
transduction domains are covalently linked either to
the C- or N-terminus of PNA. First, it minimizes the
amphipathic character of the resulting complex, thereby
reducing its cytotoxic effects. And second, it eliminates
the extra synthetic steps required for appending molecu-
lar transporters to the termini of PNAs. GPNAs
containing alternate N-(2-aminoethyl) DD-arginine
and N-(2-aminoethyl) glycine backbone units bind
sequence-specifically to DNA (and RNA),16 and are
taken-up by mammalian cells and localized specifically
to the endoplasmic reticulum (ER).


GPNA monomers were synthesized according to the
procedure outlined in Scheme 1. A similar procedure
has been reported previously,17,18 but this particular
protocol employed dicarboxybenzyl (diCbz)-protection
for the arginine side chain and was limited to thymine
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4932 P. Zhou et al. / Bioorg. Med. Chem. Lett. 16 (2006) 4931–4935

monomer. Attempt to prepare the remaining three
monomers (adenine, cytosine, and guanine) using this
protocol was met with only limited success due to the
poor solubility of the final monomers in DMF and
NMP—solvents commonly used in solid-phase synthe-
sis. By switching to tosyl (Tos) group, we were able to
synthesize monomers for all four natural and two unnat-
ural nucleobases that are soluble in DMF and NMP.
These monomers showed comparable coupling efficiency
to that of the unmodified PNA monomers on solid-
support.19


The starting material 1 (either LL- or DD-arginine amino
acid residue) was first protected with allylic ester, fol-
lowed by removal of the Boc-protecting group. The
resulting amine 3 was then coupled with 2-aminoacetal-
dehyde via reductive amination to afford the backbone
intermediate 4. The final monomers (6a–f, Scheme 2)
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Scheme 2. GPNA monomers containing natural and unnatural nucleobases

were prepared by coupling the backbone intermediate
with each respective carboxymethylnucleobase, which
was prepared according to established procedures,19 fol-
lowed by the final deprotection step with Pd(PPh3)4.


GPNA oligomers were synthesized according to stan-
dard Boc-protected PNA chemistry,20 using cross-linked
polystyrene beads functionalized with 4-methylbenzhyd-
rylamine (MBHA) as supporting resin. Chain extension
followed a three-step cycle: (i) removal of the Boc-pro-
tecting group from the terminal amine with TFA, (ii)
coupling of the next monomer onto the N-terminus of
the growing chain with HBTU, and (iii) capping of the
unreacted amines with acetic anhydride. In an attempt
to minimize the monomer consumption, only a fourth
of the recommended amount of monomer was used in
each coupling step. This ratio provided sufficient
amount of oligomers required for most hybridization
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Table 1. The sequence of PNA and GPNA oligomers, along with the


corresponding Tms upon hybridizing to perfectly matched, antiparallel


complementary DNA strand


Oligomers Sequence Tm (�C) DTm (�C)


PNA1 H-GCATGTTTG A-LLys-NH2 43


GPNA1 H-GCATGLTTTG A-NH2 39 �4


GPNA2 H-GCATGLTLTTG A-NH2 37 �6


GPNA3 H-GCATGLTLTLTG A-NH2 35 �8


GPNA4 H-GCATGDDTTTG A-NH2 41 �2


GPNA5 H-GCATGDDTDDTTG A-NH2 39 �4


GPNA6 H-GCATGDDTDDTDDTG A-NH2 38 �5


GPNA7 H-GCADDTGDDTTDDTG A-NH2 47 +4


GPNA8 H-GDDCADDTGDDTTDDTGDDA-NH2 50 +7


Experimental conditions: PNA–DNA and GPNA–DNA duplexes


were hybridized by mixing stoichiometric amount of each oligomer


strand (2 lM) in sodium phosphate buffer (10 mM NaPi, 100 mM


NaCl, and 0.1 mM EDTA, pH 7) and incubated at 90 �C for 5 min,


followed by a gradual cooling to room temperature. UV-absorption


was monitored at 260 nm as the function of temperatures from 20 to


90 �C at the rate of 1 �C/min. Both the heating and cooling runs were


recorded in order to assess the reversibility of the hybridization


process. Bold letters indicate modified backbone units and superscripts


(L or D) indicate the configuration of the amino acids from which the


backbone units were derived.
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and cellular uptake experiments. Treating the solid resin
with m-cresol/thioanisole/TFMSA/TFA (1:1:2:6) mix-
ture resulted in simultaneous removal of the protecting
groups and cleavage of the oligomers from the resin.
(Note that HF is not required to remove the Tos group.)
The crude oligomers were then precipitated with ethyl
ether and purified by HPLC (preparative Waters
column at 40 �C) using 0.1% TFA/acetonitrile/water
mixture and characterized by MALDI-TOF mass
spectrometry. Figure 1 shows a representative HPLC
trace of the crude oligomer, along with the correspond-
ing MALDI-TOF spectrum of the purified product.
The peak labeled GPNA8* indicates the presence of a
second conformer, detected only at relatively high
concentration.


To determine the effects of arginine side chains, back-
bone configurations, and spacing on the hybridization
properties of PNA, we measured the melting transitions
(Tms) of various GPNA–DNA hybrid duplexes using
UV-spectroscopic technique and compared to that of
PNA–DNA. The results are tabulated in Table 1. Simi-
lar to the observations made with RNA,16 the Tms of the
GPNA–DNA hybrid duplexes with consecutive back-
bone modifications decreased with increasing number
of modified units—to a larger extent for the LL- (GPNA1
to GPNA3) as compared to the DD- (GPNA4 to GPNA6)
series. The extent of destabilization for the DD-series,
however, could be recovered by spacing the arginine-
modified at every other position with the unmodified
backbone units (compare the Tm of GPNA6 to that of
GPNA7). The two oligomers (GPNA6 and GPNA7)
are identical to each other in every respect with the
exception of backbone spacing. The Tm of the alternate
GPNA (GPNA7) is 4 �C higher than that of the unmod-
ified PNA (PNA1), as compared to the consecutive
GPNA (GPNA6) which is 5 �C lower than the unmodi-
fied PNA. The Tm of the hybrid duplex further increased

Figure 1. An HPLC trace of the crude GPNA8 oligomer. Inset:


MALDI-TOF spectrum of the purified GPNA8. GPNA8* indicates


the existence of a second conformer based on the following observa-


tions: (i) GPNA8* has the same m/z as GPNA8, (ii) the ratio of


GPNA8:GPNA8* varied with concentration (GPNA8* only showed


up at relatively high concentration), (iii) GPNA8 and GPNA8* were


present at relatively high concentration regardless of whether the


samples were collected from the first or second peak.

with increasing number of DD-arginine-derived backbone
units (see the Tm of GPNA8)—consistent with the
observations made with RNA.16 The detrimental effects
observed with the consecutive backbone modifications
could be attributed to intrastrand steric and/or electro-
static repulsion, which could be minimized by placing
the modified backbone units further apart as demon-
strated with GPNA7 and GPNA8. This result is in
agreement with the previous findings with lysine-derived
chiral PNAs.21 The enhancement in the Tm of GPNA8
could be due to increased electrostatic interaction be-
tween the guanidinium groups of GPNA and the phos-
phate groups of DNA.


Next we determined the sequence-specificity of GPNA8
by comparing the Tms of the hybrid duplex containing
perfectly matched with those containing single-base mis-
matched sequences. Figure 2 shows the melting profiles
of GPNA8–DNA containing fully match (GPNA8–
DNA) and single-base T M C (GPNA8–DNA-C) and
T M G (GPNA8-DNA-G) mismatches. The melting
profile of T M T (data not shown) did not show
noticeable transition, and therefore was omitted from
Figure 1. On average, a single-base mismatch lowered
the Tm of the hybrid duplex by �17 �C, similar to the
observation made with PNA.22 This result is important
because it shows that GPNA maintains the sequence spec-
ificity of PNA, despite the positively charged side chains.


In addition to the natural nucleobases, we have also
examined the effects of arginine side chains on the
hybridization properties of the modified nucleobases
sU and D. These modified nucleobases have been
exploited in the development of pseudocomplementary
PNAs (psPNAs) for targeting double helical DNA, in
which both strands of the double helical DNA are
targeted simultaneously.23,24 Nielsen and co-workers25
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Figure 3. An image of HeLa cells incubated with 1 lM of GPNA13 for


16 h, followed by paraformaldehyde-fixing and brief staining with


DAPI. Nuclei (blue), GPNA13 (green). GPNA13: FITC-DCC-
DACDCTDCTDGCDCADACDGGDGT-NH2.
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have shown that the A! D substitution enhanced the
stability of the PNA–DNA hybrid duplex by 2–6 �C,
while the T! sU substitution destabilized the duplex
by 2–3 �C. Table 2 shows the Tms of the GPNA oligo-
mers with different combinations of backbone and
nucleobase modifications. The effect of the A! D sub-
stitution is enhancing (compare the Tms of PNA3,
GPNA9, and GPNA10 to that of PNA2, Table 2). On
the other hand, a slight destabilization, but still within
the expected range, was observed for the T! sU substi-
tution (compare the Tms of PNA5, GPNA11, and
GPNA12 to that of PNA4, Table 2). The cause of this
destabilization is not clear, but could be due to steric
repulsion between the relatively large sulfur atom of
the thiouracil and the arginine side chains of GPNA.
This finding is significant because it suggests the possi-
bility of using arginine side chains as a means to further
minimize PNA self-quenching in double-duplex inva-
sion, while at the same time improve cellular uptake—
which are important for in vivo applications.


To further gain insight into the uptake properties of this
particular class of oligomeric molecules, we examined
the intracellular distribution of an 18-mer, alternating
GPNA oligomer (labeled with FITC) designed to bind
to the RNA transcript of the human survivin gene. In this
case, HeLa cells were seeded on the 8-well glass-bottomed
culture slides at a density of �50,000 cells per well. The

Table 2. The effects of backbone and nucleobase modifications on the stabi


PNA PNA sequence


PNA2 H-LLLys-GTAGATCACT-LLLys-NH2


PNA3 H-LLLys-GTDGDTCDCT-LLLys-NH2


GPNA9 H-DLys-GTDAGDATCDACT-DLys-NH2


GPNA10 H-DLys-GTDDGDDTCDDCT-DLys-NH2


PNA4 H-LLLys-AGTGATCTAC-LLLys-NH2


PNA5 H-LLLys-AGUGAUCUAC-LLLys-NH2


GPNA11 H-DLys-AGDTGADTCDTAC-DLys-NH2


GPNA12 H-DLys-AGD-SUGAD-SUCD-SUAC-DLys-

next day, cells were washed with PBS, supplemented with
complete media, and then incubated with 1 lM of
GPNA13 for 16 h. Cells were then thoroughly washed
with PBS, fixed with 4% paraformaldehyde, and then
mounted with Vectashield containing DAPI. Images were
taken using Zeiss AX200 fluorescence microscope with
60· objective. Interestingly, most of the cells (>80%) incu-
bated with GPNA13 showed specific FITC-staining in the
ER compartment, while the negative control (FITC-la-
beled PNA) did not show any uptake. An illustration of
GPNA13 localization is shown in Figure 3—an image
of a tetranucleated cell specifically stained with GPNA13
(green) at the nuclear junctions, a region where the ER is
known to be distributed in a tetranucleated cell. This type
of staining was not observed with shorter oligomers.16


A similar pattern was also observed with live cells (data
not shown), indicating that the observed intracellular
localization is not due to artifacts from cell-fixation. This
result is significant from the standpoint of antisense gene
regulation, since it is the ER where the ribosomes are
localized and where the proteins are made. Because of
its specific localization, GPNA could potentially be used
to modulate gene expression in mammalian cells.


In summary, we have shown that GPNAs containing
alternate, arginine-derived D-backbone configuration

lity of PNA–DNA hybrid duplex


Tm (�C) DTm (�C)


50


65 +15


53 +3


68 +18


49


48 �2


51 +2


NH2 43 �6
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bind sequence-specifically to DNA, and are taken-up by
mammalian cells and localized specifically in the ER
compartment. The results presented here have impor-
tant implication on the future design of PNA and other
related nucleic acid mimics for in vivo applications.
These results are relevant to a recent finding by
Janowski and co-workers,26 which showed that PNAs
could be effectively used to target chromosomal DNA
if they could be delivered into cells.
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Abstract—Novel analogs of (�)-saframycin A are described. The analogs are shown to be potent inhibitors of the in vitro growth of
several tumor cells in a broad panel and promising as leads for further optimization. The first in vivo studies in a solid tumor model
(HCT-116) reveal potent antitumor activity with associated toxicity of daily administration.
� 2006 Elsevier Ltd. All rights reserved.

(�)-Saframycin A (1) and (�)-ecteinascidin-743 (ET-
743, 2) are natural products that inhibit the growth of
human cancer cells in vitro and in vivo.1–3 Both mole-
cules have been demonstrated to bind covalently to the
exocyclic amino group of guanosine residues of duplex
DNA, and this activity is thought to play a role in can-
cer cell killing.4,5 In vivo studies of the chemotherapeutic
properties of (�)-saframycin A were reported by Arai
et al. in 1980 and by Kaneda et al. in 1986. They report-
ed trends toward increased survival in mice following ip
administration in P388 leukemia, L1210 leukemia, and
B16 melanoma models.6,7 While promising activities
were demonstrated, several of the dose groups suffered
from body weight loss. Results of phase I and II clinical
studies of ET-743 (2) for the treatment of soft tissue
sarcomas and breast and ovarian cancers have demon-
strated its therapeutic potential, although limitations
related to hepatic toxicity were also reported.8 A num-
ber of synthetic analogs of both natural products
have been prepared, some with potent antiproliferative
effects.9,10,11a Here, we explore further the particular
class of bis-tetrahydroisoquinoline analogs of saframy-
cin-A (1) first described by Myers and co-workers and
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typified by the quinaldic acid derivative (QAD, 3).9,10


We describe novel and potent members of the analog
series, extensive evaluations of these compounds in vitro,
and the first in vivo studies of members of the class in a
murine HCT-116 colon tumor model. In addition, we
describe the preparation of a novel analog bearing a
fluorescent label and show that this molecule co-localiz-
es with chromatin in resting and dividing cancer cells.
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The saframycin analog QAD (3) has been shown to
inhibit the growth of A549 lung tumor cells (GI50 value
4.4 nM) and A375 melanoma cells (1.3 nM) in vitro and
served as a good comparator compound for pharmaco-
logical studies. We synthesized QAD (3) by the route
previously described and evaluated this synthetic analog
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Table 1. GI50 values for the in vitro growth inhibitory effects of


reference compound 3 in tumor cells from different tissues
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Cell type Histology GI50a (nM)


DLD-1 Colon 8.1


HCT-116 5.8


HT-29 7.5


CWR 22Rv1 Prostate 1.1


DU145 6.9


PC-3 6.2


A549 Lung 10.7


H1299 6.2


MDA-MB-231 Breast 4.5


HeLa-S3 Cervical 6.6


HT-1080 Fibrosarcoma 5.0


BxPC-3 Pancreatic 5.8


Nalm-6 B-cell leukemiab 0.6


P12 T-cell leukemiab 1.9


a Cells were grown in culture to a specific cell density and treated with


compound for a period equal to two cell doubling times.
b Ref. 13.
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against a broad panel of cultured human cancer cells to
establish benchmark activities (Table 1).9,10 In all cases
potent growth inhibition was observed, with a range of
GI50 values from a low of 0.6 nM (Nalm-6 B-cell leuke-
mia) to a high of 10.7 nM (A549 lung tumor cells), con-
firming that 3 exhibits significant potency relative to
other known cytotoxic agents.11b We then prepared a
series of analogs by the established synthetic route,
using as a final step amide bond formation with a
water-soluble carbodiimide reagent (Scheme 1). Novel,
potent analogs were identified. Those containing a ben-
zofuran-2-carboxamide in place of the quinoline-2-car-
boxamide of analog 3 were particularly active (5a–e,
6), and are illustrated in Table 2 along with yields for
the final step of synthesis and their measured GI50
values in four different cancer cell lines.
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Scheme 1. Coupling reactions used to prepare saframycin analogs 5.

Analog 5d was prepared as a structural homolog of the
saframycin S class,2 characterized by the replacement of
the cyano group with an hydroxyl group. It is believed
that both groups undergo elimination, albeit at different
rates, forming a common electrophilic iminium species
that is proposed to lead to DNA alkylation.12


Analogs 5b (X = CN) and 5d (X = OH) both produced
potent growth inhibition in the four cell lines assayed.
In a DNA alkylation study, both molecules efficiently
alkylated a GC-rich dsDNA oligonucleotide 21-mer se-
quence [5 0-GGAACCGGGCTCGGGCCAAGG-3 0] as
detected by a gel-shift assay (data not shown). Analog
5e lacks the ability to form an electrophilic iminium spe-
cies through elimination of hydroxide or cyanide and,
not surprisingly, did not show evidence of DNA
alkylation in the gel-shift assay. It was also substantially
weaker at inhibiting the growth of HCT-116 cells
(GI50 > 300 nM), which supports the idea that the ability
to alkylate DNA in this series of analogs correlates with
cytotoxicity. Analog 6 is a bis-quinone derivative of the
analog 5b, and while active in growth inhibition, was a
somewhat poorer inhibitor relative to 5b (Table 2) (note:
analogs 5a–e contain O-methyl hydroquinones on the
distal aryl rings).


Fluorescently labeled analog 7 was prepared to assist in
visualizing intracellular localization of the drug. While
less potent compared to 5a–e, analog 7 (GI50 value
201 nM) accumulated within HCT-116 cells relative to
control cells (not shown). The compartmentalization is
illustrated in Figure 1, where immunofluorescence was
used to enhance the image. Association with organized
nuclear DNA was most apparent in cells in metaphase,
where highly structured chromatin appeared as brighter
bodies. The apparent weaker staining of other cellular
compartments suggests that DNA is a preferred target,
independent of cell cycle. Compounds that are capable
of alkylating DNA in cells may in turn activate DNA
damage response pathways that eventually lead to cell
death. Others have reported that cellular proteins may
be involved in this process by associating at sites of
DNA that have been alkylated with cytotoxic agents
such as mercaptopurine,13 ET-743 (2),14 and QAD (3).15


Further studies of these protein complexes and their
roles in cell death may be facilitated by fluorescent
molecules such as 7.


Using evidence from in vitro DNA footprinting assays,
Rao et al. proposed that saframycin A covalently and
reversibly binds in the presence of reducing agents to
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Figure 1. Analog 7 was incubated in vitro with HCT-116 cells for 24 h, after which, whole cells were fixed and imaged by standard


immunofluorescence using an anti-dansyl antibody. Extracted DNA could be readily visualized under UV light. The arrows point to metaphase cells


where DNA association of 7 is more easily detected. The in vitro GI50 value of 7 was 201 nM (HCT-116).


Table 2. GI50 values for the growth inhibitory effects of saframycin analogs in tumor cells
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HCT-116 DLD-1 PC-3 A549


5a CN H 72 5.5 NDb NDb NDb


5b CN Tetrahydropyran-4-yloxy 60 3.2 8.3 2.7 18.9


5c CN 2-(N-Morpholino)-ethoxy NDa 8.1 22.4 11.7 57.5


5d OH Tetrahydropyran-4-yloxy 58 5.5 10.4 5.0 20.6


5e H Tetrahydropyran-4-yloxy 45 >300 NDb NDb NDb


6 44 17.3 26.5 16.5 NDb


aYield of last step not determined; bGI50 value not determined.
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the minor groove of dsDNA in a sequence-selective
manner, preferring G-C base pairs.16 Later, a two-
dimensional 1H NMR study of the related tetrahydro-
isoquinoline antiproliferative agent ET-736 bound to
DNA provided proton distance constraints that led to
a model suggesting the structural basis for sequence-se-
lective DNA binding of this drug.17 These distance con-
straints were employed by Garcı́a-Nieto and co-workers

in computer simulations of DNA binding by ET-743
and phthalascidin.18 We used the coordinates of Garcı́a-
Nieto et al. as a starting point to model computationally
the binding of novel analog 5b in the minor groove of
DNA, with particular focus on the positioning of the
benzofuran side chain. Our computational results
suggested that the bis-hydroquinone scaffold of 5b is
oriented similarly to that of E-743 and phthalascidin,







Table 3. Pharmacokinetic parameters for analogs 3 and 5b following


iv (0.5 mg/kg) and ip (2.0 mg/kg) administration to female Balb/C mice


3 5b


Cmax (lM) 1.1 3.7


Clearance (mL/min/kg) 72 45


AUC (lM min) 10 29


a-T1/2 (min) 3.5 3.0


b-T1/2 (min) 17 25


ip bioavailability (%) 46 38
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Figure 2. HCT-116 tumor growth curves for mice receiving either


compound 3 or 5b by once daily ip administration. Treatment was


ceased on day 8 for 1.25 and 2.5 mg/kg of compound 5b, day 9 for


0.625 mg/kg of compound 5b, and day 12 for 2.5 mg/kg of compound


3. Statistical analysis was performed using one-way ANOVA (Dun-


nett’s) on comparison between treatment groups and the vehicle


control.
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and that the benzofuran group occupies an extended
conformation, oriented away from the DNA and to-
ward solvent. Figure S1 in supplementary material
shows two perspectives of this model.19


We also studied the activity of analogs 3 and 5b in vivo
in a mouse model of colon cancer (HCT-116). The phar-
macokinetics of these analogs were studied following
intravenous (iv) and intraperitoneal (ip) administration
in female Balb/C mice and showed a similar profile of
disposition for both compounds (Table 3).20 Mice with
palpable tumors (100–150 mm3 in size) received once-
daily ip injections of the analogs followed by measure-
ment of tumor size and body weight. The growth curves
are shown in Figure 2. Statistically significant antitumor
activity was seen in the groups receiving daily injections
of compound 5b at 1.25 mg/kg (68% tumor growth inhi-
bition, p = 0.01) and 2.5 mg/kg (96% tumor growth
inhibition, p < 0.001). However, these doses were
accompanied by significant body weight loss due to tox-
ic effects of the daily administration, requiring cessation
of dosing after the eighth day. A single dose group
receiving 0.625 mg/kg per day of compound 5b did not
show nearly as much antitumor activity or body weight
loss. For comparison, reference compound 3 was admin-
istered for 12 days at 2.5 mg/kg. Antitumor activity was
observed, but was weaker in comparison to the higher
dose groups of compound 5b.

In summary, we have described the preparation of novel
bis-tetrahydroisoquinoline analogs of saframycin-A (1)
and evaluations of these compounds in vitro. We have
also presented the first in vivo studies of members of
the class in a murine HCT-116 colon tumor model. In
addition, we have presented evidence to support the idea
that active compounds in the series are DNA associated.
The potent antitumor activity of analog 5b at relatively
low doses is promising and sets the stage for further ef-
fort to explore therapeutic potential with this and other
bis-tetrahydroisoquinoline analogs of saframycin. Fu-
ture studies with 5b and other analogs to incorporate
dose scheduling would be helpful to establish a thera-
peutic index.
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Abstract—Novel diazirine or biotin-labeled tanshinone probes were synthesized and evaluated for TRAP inhibitory activity against
RANKL-induced osteoclastogenesis in RAW264.7 cells. We found that diazirine-labeled derivatives (18 and 20) are potent inhib-
itors of RANKL-induced osteoclastogenesis. IC50 values were 18.02 and 15.00 lM, respectively. These probes will be useful reagents
for investigating tanshinone–proteins interactions.
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1. Chemical structures of tanshinone IIA (1), 3-hydroxytan-


shinone (2), tanshinone IIB (3), and cryptotanshinone (4).

Tanshinones are natural products isolated from Salvia
miltiorrhiza Bunge, a traditional Chinese medicinal herb,
by Nakao and Fukushima in 1934.1 The major
components of tanshinones are tanshinone IIA (1),
3-hydroxytanshinone (2), tanshinone IIB (3), and cryp-
totanshinone (4) (Fig. 1). These compounds have been
observed to possess various pharmacological activities
including antibacterial, antidermatophytic, antioxidant,
anti-inflammatory, antineoplastic, and antiplatelet
aggregation activities.2–9 Recently, tanshinones have
been reported to inhibit the osteoclast differentiation
and bone resorption by blocking RANKL/RANK sig-
naling pathway, which indicates that tanshinones can
be used for the treatment and prevention of osteoporosis
and other bone-resorptive diseases.10,11 Several inhibi-
tors that include estrogens, selective estrogen-receptor
modulators (SERMs), and bisphosphonates have been
used for the regulation of osteoclast generation and
function. However, the effects of these compounds in
bone biology are still under investigation.12 Despite
various biological activities, the mechanism of action
of tanshinones remains unknown. This led to the design
of chemical probes for the study of tanshinone
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binding proteins, which can provide the useful direct
probing method for defining target proteins. Here, we
investigated the synthesis of tanshinone derivatives with
a photoactive moiety or a biotin group at the A-ring of
tanshinone.


Trifluoromethylaryldiazirine was selected as a photo-
phore due to its many useful features; (a) chemical sta-
bility in various reaction conditions that may facilitate
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the use of a diazirine group as a carbene precursor; (b)
photoactivatability under long-wavelength UV light
(wavelength 350–360 nm) that minimize damage to pro-
teins; (c) generation of highly reactive carbene that react
with virtually proteins with no intramolecular rear-
rangements.13 Biotin labeling is a powerful technique
for nonradioactive detection of proteins based on the
avidin affinity chromatography because the biotin–avi-
din interaction is the strongest noncovalent, biological
interaction (Kd = 10�15 M) between protein and
ligand.14 These methods are especially useful for the
identification of ligand-binding sites of target proteins
and the investigation of ligand–receptor interactions.15


The natural products tanshinones 2 and 3 were prepared
as described previously.16 3-Hydroxytanshinone (2) was
synthesized from (S)-3-hydroxy-2,2-dimethylcyclohexa-
none by enantioselective reduction of 2,2-dimethylcyc-
lohexan-1,3-dione with Baker’s yeast. Tanshinone IIB
(3) was prepared from ethyl 2-methyl-1-oxocyclohex-
ane-2-carboxylate as a racemate. Based on the results
from previous structure–activity relationships (SAR)
study,17 we synthesized tanshinone derivatives with a
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(iii) 3, DCC, DMAP, CH2Cl2, rt, overnight, 94%; (iv) 48% HF/THF (1:1), r

biotin or a photoactive moiety at the hydroxyl group
of the A-ring of tanshinone. The side chain at 3-hydroxyl
group of tanshinone (2) was introduced by the reaction
of (S)-5-hydroxy-6,6-dimethyl-1-vinylcyclohexene (5)
with TBDMSOCH2CH2Br under microwave irradiation
at 120 �C for 10 min (Scheme 1). The diene 5 was syn-
thesized from 2,2-dimethyl-1,3-dicyclohexanone, as de-
scribed in the literature.16a The tert-butyldimethylsilyl
(TBDMS) ether 9 was obtained by the ultrasound-pro-
moted Diels–Alder reaction of diene 6 with o-quinone
8, which was synthesized by the oxidation of 7 using
Fremy’s salt, followed by the aromatization with
DDQ. Finally, the key intermediate 10 was prepared
by the deprotection of TBDMS ether 9 using 48%
hydrogen fluoride in THF in moderate yield. As illus-
trated in Scheme 2, we introduced a side chain at
hydroxyl group of tanshinone IIB (3). Ethyl ester 12
was obtained by the reaction of TBDMS-protected eth-
ylene glycol 11 with ethyl bromoacetate under micro-
wave irradiation. Compound 13 was prepared by the
saponification of compound 12 under 1 N NaOH/
MeOH condition. The key intermediate 15 was synthe-
sized by the condensation of tanshinone IIB (3) and acid
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Table 1. The effect of tanshinone derivatives on the cell proliferation


and TRAP activity in RANKL-induced osteoclastogenesis in


RAW264.7 cells


Compound Cell proliferation


(IC50, lM)a


TRAP activity


(IC50, lM)a


2 >20 12.85


16 18.72 9.56


18 >20 18.02


3 >20 15.55


19 18.34 12.37


20 >20 15.00


a IC50 values were calculated by using mean values presented as % of


control.
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13 in the presence of N,N-dicyclohexycarbodiimide
(DCC) in CH2Cl2/DMF (4:1) followed by the deprotec-
tion of silyl ether 14 in a solution of 48% HF/THF (1:1,
v/v) in good yield. Finally, 3-hydroxytanshinone deriva-
tives (16 and 18) were prepared by the condensation of
tanshinone derivative 10 with (+)-biotin or 3-(trifluoro-
methyl)-3H-diazirine derivative (17)18 in the presence of
DCC in good yields (Scheme 3).19 Tanshinone IIB deriv-
atives (19 and 20) were also obtained from intermediate
15 by the coupling reaction using 1-ethyl-3-(3-dimeth-
ylaminopropyl)carbodiimide hydrochloride (EDCI) as
shown in Scheme 4.19


To estimate whether biotin- or diazirine-tagged tanshi-
none derivatives possess potent biological activity simi-
lar to the natural products (2 and 3), we determined
their inhibitory effects on TRAP (tartrate resistant acid
phosphatase; a biomarker of osteoclastogenesis) activity
in RANKL-induced osteoclastogenesis in RAW264.7
cells.20 All compounds (16 and 18–20) were found to
inhibit the TRAP activity as shown in Table 1 and
Figure 2. 3-Hydroxytanshinone (2) and tanshinone IIB
(3) inhibited the TRAP activity in RANKL-induced
osteoclastogenesis with IC50 values of 12.85 and
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15.55 lM, respectively. Biotin-tagged derivatives (16
and 19) inhibited the TRAP activity, whereas they atten-
uated the proliferation of RAW264.7 cells with IC50 val-
ues of 18.72 and 18.34 lM, respectively.21 It did not
mean the cytotoxicity of 16 or 19, since the number of
cells cultured with each compound for 4 day was abso-
lutely higher than that (4000 cells/well) in cell seeding
step. On the other hand, diazirine-tagged derivatives
(18 and 20) were found to be approximately equipotent
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Figure 2. The effect of tanshinone derivatives on the osteoclast formation.
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inhibitors of TRAP activity compared to mother com-
pounds (2 and 3), with IC50 values of 18.02 and
15.00 lM, respectively. We determined that the applied
doses of inhibitors (18 and 20) did not have any effect
on cell proliferation. The results show that diazirine-
tagged probes functionalized at the A-ring of tanshinone
can maintain the biological activities of the natural
products (2 and 3) and can be powerful photoaffinity re-
agents to fish out the target protein(s), which is involved
in the cellular process of osteoclastogenesis.


In summary, we synthesized novel tanshinone probes
(16 and 18–20) and investigated inhibitory effects on
TRAP activity in RANKL-induced osteoclastogenesis
in RAW264.7 cells. Diazirine-labeled derivatives (18
and 20) are potent inhibitors of RANKL-induced osteo-
clastogenesis. Despite the inhibitory effect of biotinyla-
ted tanshinones (16 and 19) on the rate of cell
proliferation, it can still be valuable bioprobes for inves-
tigating ligand–protein interactions. Further studies for
the identification of target proteins using these probes
are now in progress and results will be published in
due course.
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aIC50 values were calculated by using mean values presented as %


of control.

(m, 2H), 4.50 (m, 1H), 5.30 (br s, 1H), 5.75 (br s, 1H),
7.25 (s, 1H), 7.59 (d, J = 8.2 Hz, 1H), 7.62 (d, J = 8.2 Hz,
1H). HRMS-FAB (m/z) [M+H]+ calcd for C33H39N2O9S,
639.2376; found, 639.2379.
Compound 20: 1H NMR (500 MHz, CDCl3) d 1.33 (s,
3H), 1.60–1.64 (m, 1H), 1.78–1.91 (m, 3H), 2.26 (s, 3H),
3.18–3.22 (m, 2H), 3.73 (t, J = 4.6 Hz, 2H), 4.07 (m, 2H),
4.17 (d, J = 11.1 Hz, 1H), 4.33 (d, J = 11.1 Hz, 1H), 4.36
(t, J = 4.6 Hz, 2H), 4.66 (s, 2H), 6.72 (s, 1H), 6.81 (d,
J = 7.8 Hz, 1H), 6.93 (dd, J = 8.1, 2.0 Hz, 1H), 7.24 (s,
1H), 7.31 (t, J = 8.1 Hz, 1H), 7.57 (d, J = 8.2 Hz, 1H),
7.61 (d, J = 8.2 Hz, 1H). HRMS-FAB (m/z) [M+H]+


calcd for C33H30F3N2O9, 655.1903; found, 655.1906.
20. TRAP staining and activity assay—All materials used for


cell culture were purchased from HyClone (UT).
RAW264.7 cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), 100 U/ml penicillin, and 100 mg/ml
streptomycin with a change of medium every 3 days in
humidified atmosphere of 5% CO2 at 37 �C. To induce the
osteoclast formation, cells were plated in a 96-well plate at
the density of 1 · 103 cells/well and cultured in a-minimal
essential medium (MEM) supplemented with 10% FBS in
the presence of 100 ng/ml RANKL (R&D Systems Inc.,
MN). Next day, chemicals were treated and at day 4,
multinucleated osteoclasts were visualized by TRAP
staining using a leukocyte acid phosphatase kit 387-A
(Sigma, MO) and observed under a microscope. To
measure the TRAP activity, the multinucleated cells were
fixed with 10% formalin for 10 min and 95% ethanol for
1 min, and then dried. One hundred microliters of citrate
buffer (50 mM, pH 4.6) containing 10 mM sodium tartrate
and 5 mM p-nitrophenylphosphate (Sigma) was added to
the dried cells. After incubation for 30 min, the enzyme
reaction mixtures were transferred into the well of fresh
plates containing 100 ll of 0.1 N NaOH. Absorption was
measured at 410 nm with Wallac EnVision HTS micro-
plate reader (Perkin-Elmer, Finland). All experiments
were performed in triplicate.


21. Cell proliferation assay—RAW264.7 cells were plated at
96-well plates at the density of 4 · 103 cells/well in a-MEM
containing 10% FBS in the presence of 100 ng/ml RANKL.
Next day, cells were treated with serially diluted chemicals
and incubated for 3 days. Cell proliferation was then
measured with a Cell Counting Kit-8 (Dojindo Molecular
Technologies, ML) according to the manufacturer’s pro-
tocol. All experiments were performed in triplicate.
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Abstract—A strategy of systematically targeting more rigid analogues of the known MCH R1 receptor antagonist, SB-568849, ser-
endipitously uncovered a binding mode accessible to N-aryl-phthalimide ligands. Optimisation to improve the stability of this com-
pound class led to the discovery of novel N-aryl-quinazolinones, benzotriazinones and thienopyrimidinones as selective ligands with
good affinity for human melanin-concentrating hormone receptor 1.
� 2006 Elsevier Ltd. All rights reserved.

Interest in the 7-transmembrane G-protein coupled
receptor MCH R1, a cognate receptor for melanin-
concentrating hormone,1,2 has grown since the discovery
of its association with the regulation of feeding activities
in rodents.3 Intracerebroventricular (icv) dosing of
MCH elicits a feeding response in wild-type rodents,
while MCH knock-out mice are characterized by a lean
and hypophagic phenotype.4 Mice in which the MCH
R1 receptor has been deleted, show a reduced suscepti-
bility to diet induced obesity, and do not respond to
icv dosing of MCH with feeding behaviours.5,6 It is con-
jectured that brain penetrant antagonists of this receptor
may have applications in the treatment of human
obesity.7,8


In the preceding paper we described the discovery of a
class of phenyl carboxanilide antagonists of MCH R1,
for example, 1a and 1b which, through a lead optimisa-
tion programme, led to the more soluble and metaboli-
cally stable analogue SB-568849 (Fig. 1) incorporating a
smaller basic moiety and an N-methyl amide.8 In this

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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paper, we disclose an investigation of conformational
constraints, undertaken with the aim of further improv-
ing both potency and developability properties.7,9


Our strategy was to subject three regions of compound 1
to systematic conformational constraint: the basic side
chain A, the biphenyl group B and the carbonyl moiety
C (Fig. 2).


Target compounds 8a–e,g, 11a, 13b–d, 15b–d, 20–24,
35a–d, 36b–d, 39 and 42 (Tables 1 and 2) were prepared
by the methods described in Schemes 1–5. Anilides 8a–e
containing O-linked constrained amines were prepared
by one of two routes (Scheme 1). Hydroxyl-pyrrolidines
3a–c were reacted with 4-nitro-2-methoxyphenol 2p in
the presence of tributylphosphine and azodicarbonyl-
dipiperidine (ADDP) in a Mitsunobu reaction to afford
4a–c. Examples 3d and 3e were treated with 4-chloroni-
trobenzene 2q in DMF with sodium hydride to form 4d
and 4e by nucleophilic aromatic substitution.10 Amines
6a–e were formed by hydrogenation of 4a–e and were
coupled to either 4-cyclohexyl-benzoyl chloride 7m,
(e.g., 8a–d) or 4-biphenyl-carbonyl chloride 7n (e.g.,
8e), under conditions of base catalysis. The correspond-
ing piperazines (8f and 8g) were formed in an analogous
manner from known piperazine 5 by protection of the
basic nitrogen using Boc anhydride to give 4f, followed
by hydrogenation of the nitro group and coupling to 4-
cyclohexyl-benzoyl chloride to form protected analogue
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8f, using the process described, for example, 8a–e.11


Removal of the Boc group of 8f with hydrochloric acid
was followed by alkylation using a resin bound cyano-
borohydride as reductant in the presence of acetalde-
hyde, affording 8g.


Constrained biphenyl compounds, 11a, 13b–d and
15b–d, were prepared by coupling the appropriate
biphenyl-carboxylic acids (10a–d) to the diisopropyl-
aniline (9), the pyrrolidinyl-aniline (12) or the N-meth-
yl-aniline (14).8 This was achieved either using the
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coupling agent EDC, or by prior conversion of the acids
to the corresponding acid chloride, followed by amide
coupling under conditions of base catalysis (Scheme 2).


Isoindolone, 21, was isolated as a mixture of regioisom-
ers as prepared in a four-step process outlined in Scheme
3. Condensation of bromophthalic anhydride (16) with
aniline 12 in the presence of EDC resin gave phthalimide
18. A palladium-catalysed Suzuki reaction of this mate-
rial with benzeneboronic acid afforded the intermediate
phenyl-phthalimide (20). Reduction of just one of the
carbonyl groups proceeded without regioselectivity to
give isoindolone 21 as an �1:1 isomer mixture. Hetero-
atom-linked analogues (22 and 23) were prepared by
coupling phenol and aniline to bromophthalimide 18
under conditions of palladium catalysis, albeit in low
yield, while the thioether analogue 24 was prepared in
a two-step process from fluorophthalic anhydride (17).
This was coupled to 12 in the same manner as
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Scheme 2. Reagents and conditions: (i) either 10a–d, EDC, DMF, HOBT or 1—10a–d, SOCl2, CH2Cl2, reflux, 3 h, evaporate then 2. Compounds


9/12/14, Et3N, CH2Cl2.
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compound 16, then imide 19 subjected to a nucleophilic
aromatic substitution of fluoride by thiophenol to afford
24.


Quinazolinones (35a–d) and benzotriazinone-linked
compounds (36b–d) were prepared by the methods out-
lined in Scheme 4. For the aryl-substituted heterocyclic
precursors (29a and 29b), the parent substitution pat-
tern was established using a vicarious nucleophilic sub-
stitution (VNS) reaction on 4-chloro-4 0-nitrobiphenyl
(25) and 3-nitrobiphenyl (26). Reaction of the nitro-
aromatics with the chloroform anion, generated using
potassium tert-butoxide in THF/DMF, in both cases,
gave a dichloromethyl moiety ortho to the nitro group.
In the case of 25, the 4 0-chloro substituent blocked an
alternative VNS reaction in the distal ring. The CHCl2
group was hydrolysed in the presence of wet silver tri-
flate to form aldehydes which were oxidised to the cor-
responding acids (27 and 28) using sodium perborate in
acetic acid. These were converted to their acid chlo-
rides using oxalyl chloride and a trace of DMF in
dichloromethane, then coupled to aniline 12 to afford
nitroamides 29a and 29b, respectively. Analogous
aryloxy compound 29c was prepared from 5-chloro-
2-nitrobenzoic acid (30) by conversion to the acid chlo-
ride, as described previously, then coupling to amine 12
under conditions of base catalysis to form amide 32.

This material reacted with sodium phenoxide in
DMF to give the 4-phenoxyl-substituted analogue
(29c). The fourth substitution pattern was established
by conversion of the dinitrobenzoic acid 31 to the
phenyl ester. This was treated with sodium phenoxide
to give predominant displacement of the 4-nitro group
such that hydrolysis of the ester gave acid 33. This was
converted to the nitroamide 29d using the same proto-
col as for 29a and 29b. Nitroamides 29a–d were then
converted to the corresponding ortho-amino amides
(34a–d) by hydrogenation over a palladium catalyst.
Ring closures to the quinazolinones (35a–d) were effect-
ed with trimethyl orthoformate, while the correspond-
ing benzotriazinones (36b–d) were prepared by
treatment of the amino amides with butyl nitrite in
the presence of TFA.


Thienopyrimidines 39 and 42 were prepared from
commercial aminothiophenes as described in
Scheme 5. 3-Amino-4-phenylthiophene-1-carboxylic
acid methyl ester (37) was treated with di-2-pyridyl
thionocarbonate in dichloromethane to form the 3-iso-
thiocyanate. This was reacted with compound 12 to
form thiourea 38. Treatment of the thiourea with
methyl iodide and base resulted in alkylation on sulfur
to give the imidothiocarbamate, which, on warming,
cyclised to the desired substituted heterocycle with a
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2-methylthio substituent. Synthesis was completed by
desulfurisation to compound 39 with Raney-nickel in
methanol. The isomeric compound was prepared from
2-amino-4-phenyl-thiophene-3-carboxamide (40) which
was cyclised to the thienotriazinone (41) by treatment
with aqueous nitrous acid. The carbonyl was
sufficiently activated to react directly with compound
12 at high temperature to give an amino amide, which
was closed to form compound 42 by
triethylorthoformate.

Compounds modified in each of the regions A–C were
assessed for receptor affinity in a binding assay.12


A—Basic side-chain constraint. In earlier studies, effec-
tive basic side chains were found to include 2-N-di
alkylamino-ethoxy and 2-N-pyrrolidine-ethoxy groups.8


Fusion of this basic side chain was therefore investigated
by linking specific cyclic 2-aminoethoxy groups onto the
core aniline template, retaining the tertiary amine by
N-alkylation, to give amides 8a–e and 8g (Table 1).
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Cyclisation from the nitrogen, whether onto the linker
position next to the oxygen (8a), or next to the nitrogen
(8b and 8c), slightly reduced receptor affinity, but little
discrimination: both R and S isomers (8b and 8c) gave
similar pKi values. The bridged piperidine (8e) substan-
tially retained affinity (pKi 7.3), and only the trans-fu-
sion of a hexyl ring on the ethyl group (8d)
significantly reduced the pKi to 5.6. Replacement of
the aminoethoxy group with a piperazine gave, in 8g,
a compound which retained some receptor affinity (pKi


7.1). However, disappointingly, no fusion showed im-
proved potency relative to the parent template of 1b.


B—Biphenyl group constraint. The constraints applied to
the biphenyl group were bridging substituents. In the
case of the para-biphenyl these comprised a methylene
(13b and 15b), a carbonyl (11a) or an ethyl group (13c
and 15c). For the meta-biphenyl, a para-oxygen linker
(13d and 15d) was introduced. Amides in which the
amide nitrogen was N-methylated (series 15) were as-
sessed in comparison with the NH analogues (series
13) as this modification had proved advantageous in un-
fused series.


Due to synthetic availability, examples were prepared
with two basic side-chain variants (diisopropyl and pyr-
rolidinyl groups). Compounds with these groups had
been shown to differ little in potency in the original un-
fused series.8 Although some affinity was retained, most
noticeably with the carbonyl-linked 11a (pKi 6.7), in all
cases, constraining the biphenyl rings to a near planar

Table 1. MCH R1 affinities of aniline-benzamides
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conformation led to a significant (�10-fold) loss of affin-
ity for MCH R1 (Table 1). This trend was independent
of the basic side chain and whether or not the amide
nitrogen was methylated. Fused meta-substituted
examples, such as 15d (pKi 5.7), were especially poor,
confirming the previously observed preference for a
para-biphenyl scaffold.


C—Carbonyl moiety constraint. Previous studies had
indicated that while an N-methyl substituent on the
amide nitrogen was advantageous, larger groups were
detrimental to potency.8 Therefore, a fusion from the
anilide nitrogen to the 2-position on the benzoyl ring
was of particular interest. Disappointingly, the first
compound with this feature, 21, prepared as a mixture
of regioisomers, also showed a reduction in affinity
(pKi 6.4, Table 2). Surprisingly, the synthetic intermedi-
ate, phthalimide 20, exhibited relatively higher receptor
binding (pKi 6.9). This discovery led to the preparation
of corresponding O-, N- and S-linked aryl-phthalimides:
22 (pKi 7.7), 23 (pKi 7.8) and 24 (pKi 7.5), respectively,
all of which demonstrated improved affinity for the
receptor. Unfortunately, stability studies indicated that
this class of N-aryl-phthalimides decomposed in aque-
ous phosphate buffer at �pH 7, due to hydrolytic
phthalimide ring-opening.


We reasoned that the improved affinity could relate to
an additional hydrogen bonding, or polar interaction
with the lone pair on the second carbonyl group. A
series of alternative heterocycles was therefore
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Table 2. MCH R1 affinities of heterocycle-linked anilides
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investigated in which there was a hydrogen bond
accepting group at both sides. The terminal aryl group
(phenyl or 4-chlorophenyl for 35a) was linked either
directly or by an oxygen linker. Three phenyl-substi-
tuted ring systems showed particular promise:
7-quinazolinone, 7-benzotriazinone and 6-thienopyri-
midinone. The relative orientation of the carbonyl
group and aryl substituent was important—in the case
of the quinazolinone, a para-relationship was preferred
(35b, pKi 7.7; 35d, pKi 7.3). This was reversed for the
benzotriazinone examples (36c, pKi 7.4 and 36d, pKi


7.1). The most potent examples (35b and 36b, pKi


7.6) shared a common feature in the 7-phenyl group,
and both compounds demonstrated low intrinsic clear-
ance in human liver microsome preparations (CLi
<1.5 mL/min/g).13


This substitution pattern was therefore applied to
related heterocycles. The isomeric thienopyrimidines
39 and 42 showed a marked difference in receptor
affinity, suggesting a subtle preference for the substitu-
tion geometry of the thieno[3,2-d]pyrimidin-4(1H)-one
(39, pKi 7.7). Unlike the phthalimides, all three substi-
tuted heterocycles 35b, 36b and 39 proved stable to
phosphate buffer.


The 4-phenyl-N-methyl benzamide moiety found in lead
MCH R1 antagonist 1a can be effectively replaced with
conformationally constrained amide isosteres: the
7-phenyl-4(3H)-quinazolinone, 7-phenyl-2,3-benzotria-
zin-4(1H)-one and 6-phenyl-thieno[3,2-d]pyrimidin-
4(1H)-one ring systems, leading to compounds with
comparable binding affinity such as 35b, 36b and 39.
The substitution pattern and consequent geometry

around these molecules is consistent with a linear bind-
ing mode for the constitutive ring systems. Molecules
containing all three classes of heterobicycle have good
aqueous stability, and both the quinazolinone and
benzotriazinone compounds showed low in vitro suscep-
tibility to metabolism by liver microsomes.
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Abstract—4,7-Difluoro-2-(2,6-diisopropylphenyl)-1H-isoindole-1,3-dione [4,7FPP-33 (14)] has a potent tubulin-polymerization-
inhibiting activity comparable with those of the known tubulin-polymerization inhibitors rhizoxin and colchicine. The structure–
activity relationship for fluorine substitution was elucidated.
� 2006 Elsevier Ltd. All rights reserved.

Thalidomide (1) (Fig. 1) was introduced as a sedative–
hypnotic agent, but withdrawn from the market in the
1960s because of serious teratogenicity.1,2 However, it
has since been established to be effective for the treat-
ment of various diseases, including leprosy, cancers,
and AIDS.3–5 The United States Food and Drug
Administration (FDA) approved thalidomide (1) for
the treatment of erythema nodosum leprosum (ENL)
in 1998.6 Clinical studies of its use for the treatment of
various cancers, including multiple myeloma (MM),
colon cancer, prostate cancer, and breast cancer, are
ongoing.


Although thalidomide (1) was known to inhibit the
synthesis of tumor necrosis factor (TNF)-a and to show
anti-angiogenic activity, its mechanism of action is
complex and might include a range of molecular
targets.2,4,7,8 We have demonstrated that the TNF-a
production-regulating activity of thalidomide (1) is bidi-
rectional, and that thalidomide (1) is a multi-target
drug.2,9 In structural development studies of thalido-
mide (1), we have obtained TNF-a production regula-
tors (including bidirectional ones, pure inhibitors, and
pure enhancers),9,10 androgen antagonists,11–13 amino-
peptidase inhibitors,14–16 a-glucosidase inhibitors,17,18


thymidine phosphorylase inhibitors,19 cyclooxygenase

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


doi:10.1016/j.bmcl.2006.06.091


Keywords: Fluorophthalimide; Tubulin; Thalidomide; Tubulin poly-


merization inhibitor.
* Corresponding authors. E-mail: hashimot@iam.u-tokyo.ac.jp
� These authors contributed equally to this work.

(COX) inhibitors,20,21 and nitric oxide synthase (NOS)
inhibitors.22 In the course of those studies, we
discovered that the thalidomide metabolite 5-hydroxy-
thalidomide (2) (Fig. 1) possesses tubulin polymeriza-
tion-inhibiting activity, whereas thalidomide does
not.23 Inhibition of tubulin function, including tubulin
polymerization inhibition, is considered to be one of
the molecular mechanisms of anti-tumor agents, includ-
ing vinblastine and taxol. Therefore, effectiveness of
thalidomide (1) for the treatment of MM might be
attributed to the tubulin polymerization-inhibiting
activity elicited by its metabolite, 5-hydroxythalidomide
(2), at least in part. During our structural development
studies on 5-hydroxythalidomide (2) based on its tubulin
polymerization-inhibiting activity, we obtained 5HPP-
33 (4) (Fig. 1), which exhibits potent tubulin
polymerization-inhibiting activity, comparable with that
of the tubulin-polymerization inhibitors rhizoxin and
colchicine.23 Moreover, 5HPP-33 (4) exerts cell
growth-inhibitory activity by means of cell cycle arrest
and inducing apoptosis of IM9.23 In this paper, we
present further structural development studies of
phthalimide-type tubulin polymerization inhibitors
based on thalidomide structure.


First, we investigated the effect of thalidomide (1) and
various derivatives on tubulin polymerization using the
method previously described.24,25 Briefly, microtubule
protein was prepared from porcine brain.26,27 Tubulin
polymerization was followed by means of turbidity
measurements at 37 �C in microtubule assemble buffer
containing 100 mM 2-morpholinoethanesulfonic acid
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Table 1. Tubulin polymerization-inhibiting activity of test compounds


(20 lM)


Tubulin polymeriz-


ation inhibition


(%) at 20 lM


Colchicine 78


Rhizoxin 81


PP-33 (3) 3


R = H: CPP-00 (5) 6


R = Me: CPP-11 (6) 0


R =
i
Pr: CPP-33 (7) 0


R = H: FPP-00 (8) 7


R = Me: FPP-11 (9) 10


R = Et: FPP-22 (10) 18


R = iPr: FPP-33 (11) 71 (IC50 = 16 lM)


FPP-03 (12) 10


4FPP-33 (13) 73 (IC50 = 17 lM)


4,7FPP-33 (14) 78 (IC50 = 7.8 lM)


5FPP-33 (15) 9


5,6FPP-33 (16) 8


FPP-33-p-Br (17) 11


FPP-33-m-NO2 (18) 10


Figure 1. Structures of thalidomide (1), one of its metabolites, 5-hydroxythalidomide (2), PP-33 (3), and 5HPP-33 (4).
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(MES), 1 mM EGTA, 0.5 mM MgCl2, 1 mM 2-mercap-
toethanol, and 1 mM GTP (pH 6.5). Although the
quantitative values differed from experiment to experi-
ment, the results were basically reproducible. Typical
sets of data are presented in Table 1. The compounds
listed in Table 1 were synthesized by usual organic
synthetic methods; for chemical/physical analytical data,
see Refs. 28–36. The concentration of all test com-
pounds was 20 lM.


As shown in Table 1, non-substituted diisopropyl-
phenylphthalimide [PP-33 (3)] and its chlorinated
derivatives, including CPP-00 (5), CPP-11 (6), and
CPP-33 (7), showed no or only weak tubulin polymer-
ization-inhibiting activity. On the other hand, the fluo-
rinated derivatives of PP-33 (3), that is, FPP-33 (11),
4FPP-33 (13), and 4,7FPP-33 (14), showed very potent
tubulin polymerization-inhibiting activity. The struc-
tural requirement for the activity seems to be critical,
because derivatives of FPP-33 (11) with less bulky al-
kyl groups (FPP-00: 8, FPP-11: 9, FPP-22: 10, and
FPP-03: 12) showed only slight tubulin polymeriza-
tion-inhibiting activity. The longer the alkyl group,
the higher the tubulin polymerization-inhibiting activ-
ity; FPP-33 (11) > FPP-22 (10) > FPP-11 (9) > FPP-
00 (8). The IC50 of FPP-33 (11) was 16 lM under
the experimental conditions used. The results suggest
that the tubulin polymerization-inhibiting activity of
phenylphthalimide analogs is a specific feature of the
2,6-diisopropylphenylphthalimide structure substituted
with fluorine.


We therefore investigated the effect of fluorine-substitu-
tion in detail. Among mono-fluorinated derivatives
(Table 1), 4FPP-33 (13), which has an ortho-fluorine
substituent, showed more potent tubulin polymeriza-
tion-inhibiting activity than 5FPP-33 (15), which con-
tains fluorine at the meta position. Among the
difluorinated derivatives, 4,7FPP-33 (14) was more
potent than 5,6FPP-33 (16). The IC50 values of 4FPP-
33 (13) and 4,7FPP-33 (14) were 17 and 7.8 lM, respec-
tively, under these experimental conditions. 4,7FPP-33
(14) showed more potent tubulin polymerization-inhib-
iting activity than FPP-33 (11) and was as potent as
5HPP-33 (4, IC50 = 6.9 lM). The order of tubulin
polymerization-inhibiting activity of the fluorinated
derivatives was 4,7FPP-33 (14) > FPP-33 (11) > 4FPP-







Figure 2. Effects of representative compounds on tubulin depoly-


merization.
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33 (13) > 5FPP-33 (15) and 5,6FPP-33 (16). The results
suggest that fluorine-substitution at the ortho position is
mandatory for potent activity, while meta substitution is
not so effective. Substitution on the diisopropylphenyl
ring, FPP-33-p-Br (17) and FPP-33-m-NO2 (18),
diminished the activity.


Next we investigated the tubulin depolymerization-in-
hibiting activity of 4FPP-33 (13) and 4,7FPP-33 (14).
Depolymerization of tubulin was induced by cooling
the tubulin fraction polymerized at 37–0 �C, or by
addition of 4 mM CaCl2 at 37 �C, and was followed
by means of turbidity measurements as described pre-
viously.24–26 As shown in Figure 2, once-polymerized
tubulin was depolymerized by cooling (Fig. 2, black
circles). The tubulin depolymerized by cooling could
be re-polymerized again by warming at 37 �C. The
addition of 10 lM 4FPP-33 (13) or 4,7FPP-33 (14)
to polymerized tubulin at 37 �C did not affect the
cooling-induced depolymerization step (Fig. 2, white
square and white circle, respectively). As expected,
the tubulin depolymerized by cooling did not repoly-
merize upon warming in the presence of 4FPP-33
(13) or 4,7FPP-33 (14) (Fig. 2, open square and open
circle, respectively). Thus, 4FPP-33 (13) and 4,7FPP-
33 (14) showed no inhibiting effect on tubulin
depolymerization, at least in our system. Our finding
indicates that 4FPP-33 (13) and 4,7FPP-33 (14) bind
only to heterodimeric a/b-tubulin protein, but not to
polymerized tubulin. Concerning the binding site(s)
on tubulin of our novel polymerization inhibitors,
our preliminary studies indicated that they do not
compete with colchicines nor vinblastine on tubulin-
binding. Determination of the binding site will be
planned.


In conclusion, we have developed a potent tubulin
polymerization inhibitor, 4,7FPP-33 (14), by structural
elaboration of thalidomide.
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Abstract—A fluorescent intercalator displacement assay (G4-FID) has been designed based on the displacement of thiazole orange
(TO) positioned onto a quadruplex-forming oligonucleotide by putative ligands. This technique was validated by the use of a set of
representative and fully characterized G-quadruplex binders (ranging from pyridodicarboxamide to macrocyclic ligands). To further
extend its applicability, a comparative version has been developed which allows a rapid and viable determination of quadruplex-
over duplex-selectivity.
� 2006 Elsevier Ltd. All rights reserved.

N 22AG:
5’-AG3T2AG3T2AG3T2AG3-3’

A wide variety of techniques are currently available to
establish the DNA binding properties of small mole-
cules, but their application to other DNA structures than
duplex-DNA is sometimes difficult. Concerning the
G-quadruplex DNA (noted hereafter G4-DNA), which
is currently the focus point of much attention,1 only a
limited number of methods are employed. Among these,
FRET-melting assay,2 SPR (biacore) technique3 and
fluorimetric titrations4 are the most widely used. Howev-
er, the two former are somewhat technically challenging
and/or require specialized equipment whereas the latter
is limited to fluorescent ligands. Consequently, the devel-
opment of easy-to-use methods is still needed. The FID
(fluorescent intercalator displacement)5 is a well-known
assay based on the loss of fluorescence of a DNA-bound
intercalator (ethidium bromide, thiazole orange (TO,
Fig. 1)) or minor-groove binder (Hoechst 33258) upon
displacement by a DNA-binding molecule. FID has been
recently used on DNA hairpins to establish binding
affinity and sequence selectivity of small molecules, pro-
teins and triplex forming oligonucleotides.6


In this context, we have been interested in the develop-
ment of an alternative FID assay (G4-FID) based on
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the displacement of TO from the human telomeric de-
rived quadruplex-DNA, which requires neither modified
oligonucleotides nor specific equipments.


Preliminary studies have demonstrated that TO binds
the quadruplex-forming oligonucleotide 22AG (Fig. 1)
in a single-site manner, with high affinity (Ka =
3 · 106 M�1);7 this recognition efficiency explains our
preference for TO over ethidium bromide (known to
weakly bind quadruplex)8 and ensures probing of a high
affinity site in G4-DNA. More importantly, TO is highly
fluorescent upon interaction with G4-DNA (�500- to
3000-fold exaltation) whereas totally quenched when
free in solution (quantum yield (/) = 2 · 10�4); conse-
quently, the displacement ability of a given ligand can
be easily monitored by the decrease of TO fluorescence
(kmax = 539 nm) upon selective excitation at 501 nm.9


This test has been designed to be performed with
inexpensive material (22AG and thiazole orange) in a
non-demanding manner (0.75, 1.5 and 7.5 nmol/test

N


S 17-bp:
5’-C2AGT2CGTAGTA2C3-3’
3’-G2TCA2GCATCAT2G3-5’


G4-DNA ds-DNATO


Figure 1. Structure of thiazole orange and oligonucleotides 22AG and


17-bp ds-DNA (counter-ion is p-CH3ðC6H4ÞSO3
� for TO).
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for 22AG, TO and tested ligand, respectively) with a
standard spectrofluorimeter. Additionally, it is neither
technically demanding nor time consuming (�40 min/
sample).


In the course of our long-time program of developing
new G-quadruplex ligands, we have designed and
obtained a family of quinacridine ligands (Fig. 2).4,10


Full investigations (syntheses, biochemical evaluations
and NMR studies) will be reported elsewhere.11 These
compounds have been initially evaluated for their ability
to bind G-quadruplex DNA by the FRET melting assay
recently developed by Mergny and Maurizot.2 This test
is based on the monitoring of melting profile of a quad-
ruplex-forming oligonucleotide labelled with FRET
fluorophores, and allows to sort ligands with respect
to their quadruplex-stabilization ability (DTm). Up to
now it has been successfully applied to a wide panel of
ligands, including the high-affinity G4-binders telomes-
tatine,12 pyridodicarboxamide13 or bisquinacridine.10


Eight of the most representative quinacridines (Fig. 2)
have been used to validate the FID assay, ranging from
polyammonium (1–4) to N-methylated quinacridines
(5–7) as well as macrocyclic bisquinacridine (BOQ1).


The test is designed as follows: onto a mixture of pre-
folded 22AG-quadruplex (0.25 lM) and TO (0.50 lM),
in a 10 mM sodium cacodylate, pH 7.3, 100 mM K+


buffer, addition of increasing amount of ligand (from
0.5 to 10 equiv) is followed by a 3 min equilibration peri-
od before the fluorescence spectrum is recorded. The
fluorescence area (FA, 510–750 nm), converted in per-
centage displacement (PD, with PD = 100 � [(FA/
FA0) · 100], FA0 being FA before addition of ligand),
is then plotted versus the concentration of added ligand.
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Figure 2. Structure of quinacridine-based ligands (1–7), macrocyclic bisquina


are CF3SO3
� for 5–7, I� for 360A and p-CH3ðC6H4ÞSO3


� for TMPyP4).

FID curves are presented in Figure 3. In order to pre-
cisely quantify the ligand-induced TO displacement,
and in turn to sort ligands with respect to this ability,
a G4DC50 value was designed as the required concentra-
tion to displace 50% TO from 22AG. Values are report-
ed in Table 1.


Remarkably, in most cases FID results are in good
agreement with the FRET data. Indeed, in a same series
(e.g., polyammonium quinacridines, white motif), the
TO displacement ability of quinacridines 1–4 parallels
their thermal stabilization capacity (Table 1).


Ligand 1 appears poorly efficient which indicates that
the FID test displays a high-level of selection for ligands
due to the high affinity of the TO probe. In turn, ligands
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Figure 4. FID results onto 17-bp duplex-DNA for quinacridines 2 (n),


3 (s), 4 (e), N-methylated quinacridines 5 ( ), 6 ( ), 7 ( ), BOQ1


(j), 360A (•) and TMPyP4 (m).


Table 1. FID (DC50 and selectivity) and FRET (DTm) characterisa-


tions of compounds 1–7, BOQ1, 360A and TMPyP4


Ligand G4DC50
a


(lM)


DTm
b


(�C)


dsDC50
a


(lM)


Sel.d Est. Sel.e


1 >2.5 12 n.d.c n.d.c —


2 1.185 19 0.667 0.6 —


3 0.611 21 0.497 0.8 —


4 0.480 32 0.392 0.8 —


BOQ1 0.475 28 1.862 3.9 —


360A 0.320 26 >2.5 >6.4 43.5


5 0.162 21 0.400 2.5 —


6 0.217 10 0.925 4.3 —


7 0.096 16 >2.5 >25.9 31.7


TMPyP4 0.106 22 0.190 1.8 —


a G4DC50 and dsDC50 stand for the concentration required for 50%


displacement of TO onto quadruplex (G4-DNA) and duplex-DNA


(ds-DNA) respectively (experimental errors estimated at ±5 %).
b DTm = Tm(DNA + ligand) � Tm(DNA); determined by standard


FRET measurements.
c n.d. for not determined.
d Sel. for selectivity G4- versus ds-DNA, established with:


Sel. = dsDC50/G4DC50.
e Est. Sel. for estimated selectivity, see text for explanation.
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2–4 whose affinity was not possible to measure by fluo-
rimetric titration due to their high cationic charge11 can
be evaluated through the present FID assay. Altogether,
this means that this test is devoted to the detection of
ligands with Kd in the sub-micromolar range. In order
to further validate the assay with ligands of various
structures, the macrocyclic bisquinacridine BOQ1 and
the high affinity quadruplex binder 360A (Fig. 2)13 have
been tested. In both cases, high FID levels are observed
(G4DC50 < 0.5 lM, Table 1). These results confirmed the
overall generality of the assay since both ligands are
characterized by a high DTm response (>25 �C, Table
1). Interestingly, N-methylated quinacridines 5–7 appear
to be more potent TO displacers than the polyammoni-
um ligands 2–4 (grey motif, G4DC50 < 0.3 lM) whereas
they exhibit lower thermal stabilizations (Table 1).
A striking example is ligand 6 which exhibit a G4DC50


as low as 0.217 lM and a DTm of only 10 �C. The dis-
crepancy between the two groups of ligands comes obvi-
ously from different binding modes and/or sites. Indeed,
whereas N-methylated quinacridines are likely to stack
on one tetrad (as do pentacyclic acridinium ligands),14


polyammonium quinacridines, BOQ1 and 360A are sus-
ceptible to establish additional interactions with the
loops and/or the grooves. Hence in the former case a
strict competition occurs with the probe whereas in the
latter case TO displacement might result from both di-
rect and indirect competition (i.e., fixation to nearby
sites). Furthermore, in the N-methylated series, the
observation that the electronically poorer the quinacri-
dine (7 > 5 > 6) the more efficient the TO displacement
also suggest that this displacement highly depends on
the quinacridine/quadruplex stacking relationship.
Additionally, the well-documented TMPyP4 (Fig. 2),15


known to interact via p-stacking, has been tested.16 Its
high TO displacement ability (G4DC50 = 0.106 lM,
Table 1), in the same range as that of N-methylated
quinacridines, supports our hypothesis. In that sense,
this G4-FID test might complement the use of the

FRET assay since the relative weights of the p-stacking
and the electrostatic contributions seem to differ for the
two methods. Nevertheless, care should be taken when
interpreting the data, which should be considered in
the context of the experiment.


To further extend the usability of this FID assay, a
comparative version has been developed, which allows
the estimation of preference for quadruplex- over du-
plex-DNA, if any. The ‘comparative G4-FID’ is based
on the comparison of results obtained with 22AG and
a 17-bp duplex-DNA (or ds-DNA, Fig. 1)17 under
strictly the same conditions (22AG or 17 bp
(0.25 lM), TO (0.50 lM), in a 100 mM K+ buffer,
upon addition of increasing amount of ligand (from
0.5 to 10 equiv)). This comparison is feasible since
TO has the same level of affinity for duplex- and
quadruplex-DNA, and is known to exhibit a poor se-
quence-specificity.6 However, considering that the du-
plex-binding stoichiometry of TO is higher than that
of quadruplex (i.e., 3/1 for a 17 bp duplex),6 it is
worth noting that the comparative G4-FID gives the
same results when conducted with a higher TO/oligo-
nucleotide ratio (4/1 instead of 2/1). Upon interaction
with ds-DNA, a dsDC50 is determined, and the ratio
between the two DC50 (ds vs G4) allows to estimate
the ligand selectivity for quadruplex-DNA (Sel., Table
1). Nevertheless, in some cases (7, 360A) we were un-
able to determine a dsDC50 due to the low affinity of
these ligands for ds-DNA. In these cases, the selectiv-
ity is calculated on the basis of the level of displace-
ment (in %) obtained with 2.5 lM of ligand onto
the 17-bp duplex; the concentration required with
22AG to reach the same level (G4C) allows then to
determine the estimated selectivity (Est. Sel., Table
1) via the equation: Est. Sel. = 2.5/G4C. Results are
shown in Figure 4 and summarized in Table 1.


BOQ1 and 360A are known to be quadruplex-selective,
and this preference has been quantified by various tech-
niques: for BOQ1, a 10- and 3.3-fold selectivity have
been determined by SPR and dialysis equilibrium,







D. Monchaud et al. / Bioorg. Med. Chem. Lett. 16 (2006) 4842–4845 4845

respectively, while a selectivity higher than 50-fold has
been measured for 360A via AlphaScreen test.13 Herein,
a 3.9- and 43.5-fold selectivity is obtained for BOQ1 and
360A, respectively. On the opposite, TMPyP4 is known
to be poorly selective.18 The low selectivity factor evalu-
ated here (Sel. = 1.8, Table 1) confirms the validity of
the test. Concerning the quinacridines, while polyammo-
nium ligands appear not selective (Sel. 0.6–0.8 for 2–4),
N-methylated quinacridines show a clear preference for
the quadruplex-DNA (especially 7 with a 31-fold selec-
tivity). This class of compounds is currently studied,
and results will be reported soon.


In conclusion, we have developed a simple G4-FID
assay, based on the displacement of TO positioned on
a quadruplex-forming oligonucleotide mimicking the
human telomeric DNA. The validation of the assay
using a set of known and fully characterized quadruplex-
ligands was fully satisfactory and indicates that the test
ensures a high level of quality for the detected G4-
ligands. Additionally, a ‘comparative G4-FID’ has also
been developed, and results obtained are in good agree-
ment with the reported data based on various methods.
The structural diversity of tested ligands (from bisquin-
olinium to 42-membered macrocyclic ligand and con-
densed heteroaromatic ones) testifies to the wide
applicability of the present technique. Indeed, in spite
of shortcomings due to direct versus indirect displace-
ment of the probe, the G4-FID method is suitable for
rapid examination of putative G4-binders. Consequent-
ly, this very ‘easy-to-use’ test can be of great help in the
drug-discovery process. Finally, this FID assay repre-
sents a unique opportunity to evaluate ligand affinity
for other quadruplex-structures (e.g., bi- or tetra-molec-
ular ones), the protocol being easily adaptable to these
nucleic acid structures. These results will be also reported
in due time.
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Abstract—We report the preliminary results of the synthesis, biochemical evaluation and rationalisation of the inhibitory activity of
a number of phenyl alkyl imidazole-based compounds as inhibitors of the two components of 17a-hydroxylase/17,20-lyase
(P45017a), that is, 17a-hydroxylase (17a-OHase) and 17,20-lyase (lyase). The results show that N-3-(4-bromophenyl) propyl imidaz-
ole (12) (IC50 = 2.95 lM against 17a-OHase and IC50 = 0.33 lM against lyase) is the most potent compound within the current
study, in comparison to ketoconazole (KTZ) (IC50 = 3.76 lM against 17a-OHase and IC50 = 1.66 lM against lyase). Modelling
of these compounds suggests that the length of the alkyl chain enhances the interaction between the inhibitor and the area of
the active site corresponding to the C(3) area of the steroid backbone, thereby increasing potency.
� 2006 Elsevier Ltd. All rights reserved.

The enzyme complex 17a-hydroxylase/17,20-lyase
(P45017a) is a pivotal enzyme in the conversion of prog-
estins (such as progesterone and pregnenolone) to the
androgens1 (androstenedione and dehydroepiandroster-
one, respectively, Fig. 1) and requires both NADPH and
oxygen in the sequential oxidative steps.2


The enzyme catalyses both the hydroxylation of the pro-
gestin backbone, via 17a-hydroxylase (17a-OHase), fol-
lowed by the cleavage of the C(17) and C(20) bond, via
17,20-lyase (lyase), both of which are believed to be
undertaken within an active site that possesses two bind-
ing sites.3 However, little specific information is known
about the active site of this enzyme as no crystal struc-
ture for it exists, although workers have utilised homol-
ogy modelling in an attempt to discover detailed
information regarding the active site.3 P45017a is there-
fore responsible for the second step in the steroidal cas-
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cade leading to the biosynthesis of the sex hormones,
glucocorticoids and mineralocorticoids, the latter two
series of compounds being produced directly from the
17a-hydroxy progestins. This enzyme has become
the focus of attention as it may have a role to play in
the treatment of hormone-dependent prostate cancer
through the overall reduction in the biosynthesis of
androgens. Here, we report: the synthesis of a range of
imidazole-based compounds (which have previously
been evaluated as potential inhibitors of the enzyme aro-
matase by Ahmed et al;4 as well as potential hypolipi-
demic agents5); their biochemical evaluation
[in comparison to ketoconazole (KTZ)], and the ratio-
nalisation of their inhibitory activity using the sub-
strate–haem complex (SHC) approach.


The general approach for the construction of the SHC
has been described previously6–9 and will therefore not
be detailed here. In general, however, the structures of
progesterone, 17a-hydroxyprogesterone, the haem and
potential hydrogen bonding groups were all constructed
and refined by performing a pre-optimization calcula-
tion in mechanics using Augmented MM2 as imple-
mented in the molecular modelling program CaChe.10



mailto:S.AHMED@KINGSTON.AC.UK





O


O


O


O


OH


O


O


17α-OHase lyase


Figure 1. Action of the overall enzyme complex on progesterone resulting in the subsequent biosynthesis of androstenedione.
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The atoms of the SHC were then ‘locked’ and the pro-
posed inhibitors attached to the SHC representing the
active site of the overall enzyme complex resulting in
the production of the enzyme–inhibitor complex, in
the attachment of the inhibitors, interactions at both
the haem (N–Fe dative covalent bond) and potential po-
lar–polar interactions with groups at the active site were
mimicked. The enzyme–inhibitor complex was mini-
mised and optimised so as to produce the final binding
conformer of the inhibitor within the representation of
the overall active site of P45017a.


In the synthesis of the proposed inhibitors, the azole
functionality was reacted with a phenyl alkyl halide in
the presence of a suitable base (Scheme 1); the synthesis
of N-1-phenylethyl-imidazole (2) is given as an exam-
ple.11 In general, the compounds were synthesised in
good yield (ranging from 45% to 80% yield) and without
any major problems.


However, in the synthesis of the majority of the long
chain-containing compounds (n > 1; X = F, Cl, and Br),
the 4-substituted phenyl alkyl bromides were not readily
available, and as such, were required to be synthesised.
For example, 2-(4-bromophenyl)-ethyl bromide was syn-
thesised from 2-(4-bromophenyl)-acetic acid (Scheme 2).

X


(CH2)n


Br


X


(CH2)n


N


N


a


Scheme 1. Synthesis of potential inhibitors of P45017a. Reagents: (a)


imidazole/K2CO3/THF/D. (n = 1–3; X = H, F, Cl and Br).
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OH


Br


X


a


b


OH


O


X


Scheme 2. Synthesis of 2-(4-substituted phenyl)-ethyl bromide (X = F,


Cl and Br). Reagents: (a) LiAlH4/THF/D; (b) PBr3/THF/D.

Similarly, in the synthesis of 4-halogen-substituted phenyl
propyl bromide, only the appropriate cinnamic acid
derivatives were commercially available and the reactions
outlined in Scheme 3 were undertaken in the synthesis of
the range of 4-halogen substituted phenyl propyl bro-
mides. No substituted phenyl alkyl bromides (or deriva-
tives) were found to be commercially available for
compounds containing spacer groups (between the substi-
tuted phenyl ring and the azole moiety) greater than C3,
and the synthesis of these compounds is currently under
investigation within our laboratories.


The synthesised compounds were then initially screened
and IC50 values determined against both 17a-OHase and
lyase using modified literature methods,12–15 where a
modified mobile phase to that used by Li et al.12 in
the separation and identification of the radiolabelled
substrate from the radiolabelled products was used.


Table 1 shows the IC50 values obtained for the inhibi-
tion of both 17a-OHase and lyase by the synthesised
compounds; in general, most of the compounds pos-
sessed weaker inhibitory activity than KTZ. In particu-
lar, consideration of the inhibitory data shows that the
compounds based upon the propyl chain possessed good
inhibitory activity in comparison to the shorter chain-
containing compounds, such as those based on the ben-
zyl backbone (e.g., 1, 4, 7 and 10). The most potent
inhibitor was found to be 4-bromophenyl propyl imid-
azole (12) (IC50 = 2.95 lM against 17a-OHase and
IC50 = 0.33 lM against lyase) which is slightly more
potent against 17a-OHase and �5 times more potent
against lyase, in comparison to the standard compound
KTZ (IC50 = 3.76 lM against 17a-OHase and
IC50 = 1.66 lM against lyase).


Further consideration of the inhibitory activity (Table 1)
shows that within the series of compounds considered, a
trend is observed where the IC50 value decreases with an
increase in the alkyl spacer group. Consideration of the
fluoro derivatives shows that compound 4 (n = 1, Table
1) is found to possess IC50 values of 96.46 and 11.26 lM
against 17a-OHase and lyase, respectively, whereas
compound 6 (n = 3, Table 1) has IC50 values of 27.81
and 1.96 lM against 17a-OHase and lyase, respectively.
On modelling these compounds within the SHC, we ob-
served that the increase in chain length of the spacer
group allows for increased interaction between the
substituted phenyl moiety and the area of the enzyme
active site corresponding to the C(3) area of the steroid
backbone (Fig. 2), thereby presumably leading to the
formation of a more stable enzyme–inhibitor complex,
and more potent inhibitory activity.
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Scheme 3. Synthesis of 3-(4-substituted phenyl)-propyl bromide (X = H, F, Cl and Br). Reagents: (a) EtOH/D/H+; (b) H2/Pd/C; (c) LiAlH4/THF/D;


(d) PBr3/THF/D.


Table 1. Table to show the percentage inhibition and the IC50 values obtained for a range of imidazole-based compounds against 17a-OHase and


lyase (the values are means of three determinations, n = 9; ND = not determined)


(CH2)n


N
N


X


X n Compound % inhibition ([I] = 10 lM) 17a-OHase IC50 values (lM) % inhibition ([I] = 10 lM) Lyase IC50 values (lM)


H 1 1 13.51 ± 0.65 154.20 ± 7.93 12.64 ± 0.65 50.90 ± 0.86


H 2 2 10.56 ± 1.76 ND 6.36 ± 0.65 ND


H 3 3 23.35 ± 0.97 30.95 ± 0.68 39.95 ± 0.89 6.14 ± 1.21


F 1 4 20.47 ± 1.79 96.46 ± 0.20 50.98 ± 1.36 11.26 ± 0.22


F 2 5 22.48 ± 1.84 120.20 ± 7.74 45.07 ± 1.21 ND


F 3 6 40.77 ± 0.53 27.81 ± 1.44 73.15 ± 0.33 1.96 ± 0.01


Cl 1 7 45.70 ± 0.98 29.84 ± 0.27 73.65 ± 0.99 4.94 ± 0.17


Cl 2 8 28.42 ± 2.92 49.64 ± 1.48 57.38 ± 2.50 ND


Cl 3 9 71.00 ± 0.53 5.85 ± 0.19 80.85 ± 1.28 0.55 ± 0.07


Br 1 10 49.29 ± 1.97 16.55 ± 0.23 76.25 ± 0.65 2.85 ± 0.08


Br 2 11 37.54 ± 0.60 30.66 ± 0.13 61.52 ± 2.49 ND


Br 3 12 70.15 ± 0.94 2.95 ± 0.03 86.29 ± 0.3 0.33 ± 0.02


— — KTZ 61.54 ± 1.53 3.76 ± 0.01 78.69 ± 2.44 1.66 ± 0.15
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With regard to the ethyl spacer group-containing com-
pounds, it should be noted that these compounds were
synthesised and fully characterised [the synthesis of N-
1-phenylethyl-imidazole (2) is given as an example11],
however, upon evaluating these compounds for inhibito-
ry activity, we discovered that they possessed weaker
inhibitory activity than the compounds based on the
benzyl backbone. We undertook analysis of the com-
pounds (involving GC–MS and thin-layer chromatogra-
phy) and discovered that these compounds, although
initially showing good purity (as evidenced by GC–MS
analysis) prior to initial screening, had undergone
decomposition prior to the determination of their IC50


values. As such, the IC50 values for compounds 2, 5, 8
and 11 against the lyase component were not
determined.


From the inhibitory activity data outlined in Table 1, it
can be seen that within the substituted series of com-
pounds, the bromo-derivatives are more potent than
the chloro-derivatives, which are in turn more potent
than the fluoro-derivatives and the non-substituted
derivatives. We hypothesise that the trend observed is
presumably due to the ability of the substituted atom
being able to undergo polar–polar interaction with a

hydrogen-bonding group at the active site [which would
normally undergo H-bond interaction with the C(3)@O
moiety within the natural substrate]. This potential
interaction between the heteroatom on the phenyl ring
and groups within the active site of P45017a has previ-
ously been suggested by other workers16,17 and by
Ahmed (involving the molecular modelling study of a
range of imidazole-based antimycotic compounds as
inhibitors of P45017a).18 We therefore hypothesise that
similar interaction is possible, however, we propose that
the bromine atom is able to interact with the group(s) at
the active site more effectively than either Cl or F due to
the increased electronegativity of the latter two atoms,
thereby resulting in weaker binding of the inhibitor
within the active site of the enzyme and poorer inhibito-
ry activity. As such, compound 12 is found to possess
not only the appropriate alkyl spacer group (n = 3) but
also a 4-bromo-substituted aromatic ring system allow-
ing this compound to interact favourably within the
enzyme active site. As such, these compounds are excel-
lent lead compounds in the search for more potent and
specific inhibitors of P45017a. Furthermore, the ability of
these compounds to inhibit the lyase step in preference
to the hydroxylation step is also a major advantage since
the inhibition of the 17a-OHase activity may result in







Figure 2. Binding of compound 6 to the overall SHC for P45017a.
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significant side-effects due to an effect on corticosteroid
biosynthesis.19


In conclusion, the SHC approach has allowed the design
and subsequent synthesis of a small range of potent
inhibitors of this enzyme complex. Whilst the com-
pounds within the current study have been shown, in
general, to possess weaker inhibitory activity against
the lyase components of the overall enzyme complex
of P45017a in comparison to the standard compound
KTZ, all are significantly weaker inhibitors against the
17a-OHase component. The greater selectivity is seen
for compounds 6 and 9 which show over �14- and
�10-fold differences, respectively, in activity between
the two components. They are therefore extremely good
lead compounds in the design and synthesis of more
potent inhibitors of P45017a.
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Abstract—A new 24-membered ring lactone, macrolactin N, was isolated from a culture broth of Bacillus subtilis and its structure
was established by various spectral analysis. Macrolactin N inhibited Staphylococcus aureus peptide deformylase with an IC50 value
of 7.5 lM and also showed antibacterial activity against Escherichia coli and S. aureus.
� 2006 Elsevier Ltd. All rights reserved.

Figure 1. The chemical structure of 1.

In recent years, the emergence of antibiotic-resistant
bacteria has steadily increased to become a serious
threat to the human. This emphasizes the need to dis-
cover and develop novel antibacterial drugs with new
modes of action.1 Bacterial genomics has revealed a
plethora of previously unknown targets of potential
use in the discovery of novel antibacterial drugs.2


Among novel antibacterial targets, one target that has
received an increasing amount of attention lately is the
bacterial peptide deformylase (PDF) (EC 3.5.1.31).3,4


PDF, a unique subclass of metalloenzymes, catalyzes
the removal of the formyl group at the N-terminus of
bacterial proteins. PDF is essential for bacterial growth
but not required by mammalian cells, which potentially
makes it possible to identify a selective antibacterial
agent without mechanism-based toxicity. Recent studies
from several research groups have shown that PDF
inhibitors act as broad-spectrum antibacterial
agents.3,5,6 A few skeletons as PDF inhibitors, however,
have been reported so far.7–11


In the course of our screening for new PDF inhibitors
from microbial resources, we have isolated a new potent
compound, named macrolactin N (1),12 produced by
Bacillus subtilis AT29 (Fig. 1). In this paper, we present
the isolation, structure determination, and biological
activities of 1.
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The producing strain AT29 was isolated from a soil
sample collected in Daejeon-city, Chungcheongnam-do,
Korea, and assigned to the B. subtilis AT29. Fermenta-
tion was carried out in 1-l Erlenmeyer flasks containing
soluble starch 1%, glucose 2%, soybean meal 2.5%, beef
extract 0.1%, yeast extract 0.4%, NaCl 0.2%, K2HPO4


0.025%, and CaCO3 0.2% (adjusted to pH 7.2 before
sterilization). A piece of strain AT29 from a mature
plate culture was inoculated into a 500-ml Erlenmeyer
flask containing 80 ml of sterile seed liquid medium with
the above composition and cultured on a rotary shaker
(150 rpm) at 28 �C for 3 days. For the production of 1,
5 ml of the seed culture was transferred into 1-l Erlen-
meyer flasks containing 100 ml of the above medium
and cultivated for 7 days using the same conditions.
The culture supernatant obtained from the culture broth
(9.6 l) was extracted with an equal volume of EtOAc
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three times and the EtOAc layer was concentrated in
vacuo. The resultant residue was subjected to SiO2


(Merck Art No. 7734.9025) column chromatography
followed by elution with CHCl3/MeOH (100:1). The
active fractions were pooled and concentrated in vacuo
to give an oily residue. The residue was applied again
to a Sephadex LH-20 and then eluted with MeOH.
Active fraction dissolved in MeOH was further purified
by reverse-phase HPLC column (20 · 250 mm, YMC C18)
chromatography with a photodiode array detector. The
column was eluted with CH3OH/H2O (95:5) at a flow
rate of 5.5 ml/min to afford 1 (4.6 mg) at a retention time
of 13 min as a white powder.


The molecular formula of 1 was determined to be
C24H34O4 on the basis of high-resolution ESI-MS
[(M+Na)+, 409.23355 m/z (�1.38 mmu error)] in combi-
nation with 1H and 13C NMR data. The IR data suggest-
ed the presence of a carbonyl (1711 cm�1) and a hydroxyl
(3449 cm�1) moiety. The 1H and 13C NMR data (Table 1)
with DEPT and HMQC data suggested the presence of 10
olefinic methines, two oxygenated methines, nine
methylenes, a methyl, a lactone carbonyl carbon,
and a ketone carbonyl carbon. The 1H–1H COSY
spectrum indicated the presence of two partial struc-
tures of –2CH@3CH–4CH@ 5CH–6CH2–7CH(OH)–
8CH@9CH–10CH@11CH– 12CH2–13CH2–14CH2– and
–16CH2–17CH2–18CH@19CH– 20CH2–21CH2–22CH2–
23CH(O–)–24CH3. The presence of these two partial struc-
tures was confirmed by the HMBC spectrum (Table 1).
The connectivity of these two partial structures with the

Table 1. 1H (600 MHz) and 13C (125 MHz) NMR spectral data of 1 in CD


Position dH (J, Hz)


1


2 5.60(1H, d, 11.4)


3 6.55(1H, t, 11.4)


4 7.29(1H, dd, 15.6, 11.4)


5 6.11(1H, m)


6 2.47(2H, m)


7 4.30(1H, m)


8 5.73(1H, dd, 15.0, 6.0)


9 6.45(1H, dd, 15.0, 10.8)


10 6.05(1H, t, 10.8)


11 5.42(1H, m)


12 2.19(2H, m)


13 1.65(1H, m)


1.75(1H, m)


14 2.36(2H, m)


15


16 2.42(2H, m)


17 2.24(2H, m)


18 5.41(1H, m)


19 5.40(1H, m)


20 1.97(1H, m)


2.06(1H, m)


21 1.42(1H, m)


1.50(1H, m)


22 1.51(1H, m)


1.68(1H, m)


23 5.04(1H, m)


24 1.27(3H, d, 6.3)


The assignments were aided by 1H–1H COSY, DEPT, HMQC, and HMBC
a Detected at 800 MHz.

remaining carboxylic and carbonyl carbons was deter-
mined by the HMBC spectral data. The olefinic protons
at d 5.60 (2-H) and d 6.55 (3-H) were long range coupled
to the carboxylic carbon at d 166.5 (C-1). Long range cou-
plings were also observed from the methylene protons at d
1.65 and d 1.75 (13-H2) and d 2.36 (14-H2) of the first par-
tial structure to the carbonyl carbon at d 210.9 (C-15)
which was in turn long range coupled with the methylene
protons at d 2.42 (16-H2) and d 2.24 (17-H2) of the second
partial structure. Together with the molecular formula,
the low-field shift of the proton at d 5.04 (23-H) suggested
the ester linkage of the proton of 23-H with the carboxylic
carbon of C-1. This linkage was confirmed by the HMBC
spectrum measured at 800 MHz in which the oxygenated
proton at 23-H was long range coupled to the carboxylic
carbon at d 66.5 (C-1) (Fig. 2). The geometric configura-
tions of the carbon–carbon double bonds were assigned
on the basis of their 1H coupling constants together with
NOESY data. The 1H coupling constants between 2-H
and 3-H were 11.4 Hz, while 1H coupling constants
between 4-H and 5-H was 15.6 Hz, indicating that the
geometries of C-2 and C-4 were Z and E configurations,
respectively. The geometry of C-8 was E configuration
by the 1H coupling constants of 15.0 Hz between 8-H
and 9-H. The geometry of C-10 was Z configuration by
the 1H coupling constants (10.8 Hz) and NOE between
10-H and 11-H. The coupling constant between 18-H
and 19-H was 15.2 Hz by the decoupling experiment
irradiated at d 2.24 (17-H2), which indicated that the
geometry of C-18 was E configuration. The absolute
stereochemistry at C-7 was determined to be 7S from

Cl3


dC HMBC


166.5 C


118.1 CH C-1, C-4


143.3 CH C-1, C-5


130.0 CH C-3a, C-6a


139.6 CH C-3, C-6, C-7


41.2 CH2 C-4, C-5, C-7


72.0 CH C-5, C-6, C-8, C-9


135.5 CH C-6, C-7, C-10


126.1 CH C-7, C-10, C-11


129.3 CH C-8, C-9, C-12


132.2 CH C-9, C-12, C-13


26.7 CH2 C-10, C-11, C-13, C-14


23.0 CH2 C-11, C-12, C-14, C-15


C-11, C-12, C-14, C-15


41.2 CH2 C-12, C-13, C-15


210.9 C
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131.1 CH C-17
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25.3 CH2 C-19, C-23a


C-19a, C-23


35.7 CH2 C-21a,


C-21, C-20a, C-23, C-24a


70.8 CH C-1a, C-21a


20.1 CH3 C-22, C-23


.







Figure 2. Key 1H–1H COSY, HMBC, and NOE correlations of


macrolactin N.


Figure 3. The mechanism of inhibition of Staphylococcus aureus PDF


by 1 with respect to f-MAS. The values are represented as means ± SD


in triplicate.
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the (R)-and (S)-MTPA ester13 of 1 by modified Mosher
method,14 which was the same as that of C-7 of macrolac-
tin A.15 Thus, the structure of 1 was determined as shown
in Figure 1.


Compound 1 is a new derivative dehydroxylated at
C-13 of macrolactin F.16 A class of macrolactin is a
24-membered lactone compound and 15 macrolactin
compounds such as macrolactins A-M, 7-O-suc-
cinoylmacrolactin A, and 7-O-succinoylmacrolactin F
have been reported so far.15–17 Compound 1, however,
is the first macrolactin dehydroxylated at C-13. Macro-
lactin compounds have been isolated from an unclassifi-
able deep-sea bacterium, Actinomadura sp., or Bacillus
sp. They have been reported to exhibit weak antibacte-
rial activity against S. aureus and B. subtilis and antiviral
activities.15–17


The inhibitory activity of 1 against S. aureus PDF was
evaluated according to our previously reported method18


with some modifications as follows; assays contained
50 mM Hepes (pH 7.5), 10 mM NaCl, 20 lg/ml bovine
serum albumin, 2 mM N-formylmethionine-alanine-
serine (f-MAS), 20 lM NAD, 0.00025 U formate dehy-
drogenase, and 54.3 nM S. aureus PDF in half-area,
96-well microtiter plates. Compound dissolved in
dimethylsulfoxide was added to each well. The rate of
increase in the amount of NADH in each reaction well
was measured at 340 nm at 30 �C by a microtiter ELISA
reader using SOFTmax PRO software (Molecular
Devices, California, USA). The inhibitory activity was
calculated by the following formula: % of inhibi-
tion = 100 · [1 � (rate in the presence of compound/rate
in the untreated control)].


Compound 1 inhibited S. aureus PDF in a dose-depen-
dent manner with an IC50 (lM) value of 7.5 lM. The
inhibition pattern of PDF by 1 with respect to the sub-
strate, f-MAS, was examined with a Lineweaver–Burk
plot analysis. As shown in Figure 3, 1 exhibited compet-
itive inhibition with f-MAS and its Ki and Km values for
PDF were 2.16 · 10�6 M and 1.8 · 10�4 M, respectively.
The antibacterial activity of 1 against S. aureus
(RN4220), B. subtilis (KCTC 1021), and Escherichia coli
(KCTC 1924) was examined using microdilution broth
method. Compound 1 showed stronger antibacterial
activity against E. coli than S. aureus and B. subtilis.
Compound 1 inhibited bacterial growth against E. coli

with a MIC (lg/ml) of 100, while inhibiting weaker bac-
terial growth against S. aureus and B. subtilis with a
MIC50 (lg/ml) of 100, respectively.


In summary, macrolactin N is a new 24-membered lac-
tone compound isolated from B. subtilis. Macrolactin
N strongly inhibited S. aureus PDF and also showed
antibacterial activity against E. coli, B. subtilis, and
S. aureus. Macrolactin N may serve as a new class of
PDF inhibitors for development of antibacterials.
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Abstract—In order to develop orally active pure antiestrogens, we incorporated the carboxy-containing side chains into the 7a-posi-
tion of the steroid scaffold and found that 17-keto derivative CH4893237 (12b) functioned as a pure antiestrogen with its oral activ-
ity much superior to clinically used pure antiestrogen, ICI182,780. Results from the pharmacokinetic evaluation indicated that the
potent antiestrogen activity at oral dosing in mice attributed to both improved absorption from the intestinal wall and metabolic
stability in liver.
� 2006 Elsevier Ltd. All rights reserved.

The effects of pure antiestrogens such as ICI182,780,
ICI164,384, and ZM189,154 (Fig. 1) on estrogen recep-
tor positive breast tumor are well documented.1–4 In
particular, ICI182,780 demonstrated effectiveness in
postmenopausal women with advanced breast cancer
progression after tamoxifen therapy in clinical trials5–7


and was launched in 2002 as an intramuscular injection
drug. In the course of our research to develop pure anti-
estrogens, we found thiochroman and chroman
derivatives 1 and 2 (Fig. 1) functioned as pure antiestro-
gens,8 and subsequent investigation demonstrated that
the carboxy, the sulfonamide, and the sulfamide
moieties functioned as the alternatives to the sulfoxide
moiety in compounds 1 and 2.9 Noteworthy is that com-
pound 3, in which the sulfoxide moiety in compound 1 is
replaced with the carboxy moiety, exhibited oral anties-
trogen activity superior to compounds 1, 2, and
ICI182,780 in spite of its lower affinity for estrogen
receptor a (ERa). Results from the pharmacokinetic
evaluation indicated that the potent antiestrogen
activity of compound 3 at oral dosing attributed to both
improved absorption from the intestinal wall and meta-
bolic stability in liver. Since the carboxy-containing side
chains were found to be useful for the oral activities of
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pure antiestrogens, we here incorporated these side
chains into the 7a-position of the steroid scaffold and
evaluated their oral antiestrogen activities.


The 7a-steroid derivatives in Table 1 were prepared
from compound 4 using the procedure described by this
laboratory10 and are summarized in Scheme 1. Hydrox-
ylation at the 6-position followed by oxidation afforded
ketone 5, which was treated with allyl iodide in the pres-
ence of potassium hexamethyldisilazide to give 7-allyl
derivative 6 as a mixture of 7a- and 7b-isomers, in which
the 7b-isomer was dominant. Thermal isomerization of
the 7b-isomer to the 7a-isomer, followed by deprotec-
tion of TBS group and recrystallization afforded 7a-iso-
mer 7. Reduction of 7a-isomer 7 followed by metathesis
with the various alkene derivatives, subsequent catalytic
hydrogenation and deprotection afforded 7a-steroid
derivatives 10a–f. Chiral resolution of the most potent
7a-steroid derivative 10b using Daicel Chiralpak AD
afforded chiral isomers 11a and 11b, which were
converted to corresponding ketones 12a and 12b
(Scheme 2).11 Stereochemistry was assigned by X-ray
crystallographic analysis of compound 14b, which was
prepared from ketone 13 and the chiral side chain12


and converted to compounds 11b and 12b with the
procedure in Scheme 3. Chiral ketone 14b showed the
stereochemistry of a-position of the carboxy moiety to
be (R), which consequently suggested that of
compounds 11b and 11a to be (R) and (S), respectively.
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Figure 1. Structure of representative antiestrogens.


Table 1. Biological data of 7a-steroid derivatives 10a–f


OH


HO (CH2)n


CO2H


(CH2)m(CF2)lF


Compound n m l RBAa (%) E2 = 100 Antiestrogen activityb (% inhibition ± SEM)


1 mg/kg po 3 mg/kg po 10 mg/kg po


10a 8 3 2 0.8 37 ± 5 67 ± 4 87 ± 1


10b 8 3 4 1.4 64 ± 3 87 ± 4 96 ± 1


10c 8 2 4 0.6 55 ± 9 80 ± 2 98 ± 2


10d 9 3 2 1.4 22 ± 5 30 ± 7 80 ± 1


10e 9 3 4 0.7 27 ± 6 42 ± 6 85 ± 1


10f 9 2 4 0.7 27 ± 9 49 ± 6 92 ± 2


3 0.8 11 ± 6 41 ± 5 77 ± 3


ICI182,780 138 11 ± 7 29 ± 7 54 ± 4


a Relative binding affinities for the recombinant ERa, determined by competitive radiometric binding assay with [3H]estradiol.
b Inhibition of estrogen-stimulated uterine weight gain by the test compound with po administration.
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The 7a-steroid derivatives prepared were assayed in vitro
and in vivo to characterize their biological and pharma-
cokinetic profiles. In vitro, the binding affinity for ERa
was determined by displacement of [3H]estradiol with
the test compound utilizing the human recombinant

ERa-ligand binding domain (ERa-LBD). In vivo, estro-
gen agonist and antagonist activities were measured by
the ability of the test compound to increase uterine weight
gain and to inhibit estrogen-stimulated uterine weight
gain in an ovariectomized mouse model, respectively.13
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We previously found that compound 1 and steroid
derivative ICI182,780, both of which have the same sulf-
oxide side chain at the 4-position and the 7a-position,
respectively, exhibited similar in vitro and in vivo anties-
trogen activities. Furthermore, compound 3, in which
the sulfoxide moiety was replaced with the carboxy moi-
ety, also functioned as a pure antiestrogen, and interest-
ingly, its oral activity was superior to compound 1 and
ICI182,780. The structure–activity relationship study
of compound 3 derivatives showed that the 8- and 9-
methylene chains between the thiochroman scaffold
and the carboxy moiety were optimal for oral activities.
These findings encouraged us to incorporate a variety of
carboxy-containing side chains into the 7a-position of
the steroid scaffold and evaluate their biological activi-
ties. As can be seen in Table 1, all the 7a-steroid deriv-
atives exhibited antiestrogen activities superior to
ICI182,780, in which compounds 10b, 10c, and 10f
almost completely inhibited estrogen-induced uterine
weight gain at oral dosing of 10 mg/kg. It is noteworthy
that the binding affinities for ERa of the 7a-steroid
derivatives were much lower than ICI182,780,14 and a
clear correlation between the binding affinities and oral
antiestrogen activities was not observed. The reason was
not fully investigated; however, we speculate that 7a-ste-
roid derivatives 10a–f would possess well-absorbed and
metabolically stable pharmacokinetic profiles similar to
compound 3, and that the potent oral activities would
be mainly determined by absorption and metabolism
rather than their binding affinities.

Having confirmed that the 7a-steroid derivatives dis-
played remarkable oral antiestrogen activities, chiral
isomers of the most potent 7a-steroid derivative 10b
were then prepared, and their biological and pharmaco-
kinetic profiles were evaluated. As shown in Table 2, the
chiral isomers, compounds 11a and 11b, both showed
similar binding affinities for ERa and similar potent oral
antiestrogen activities. In addition, subcutaneous
administration at 17 mg/kg showed no significant uter-
ine weight gain when dosed alone compared to vehicle.
These findings indicate that compounds 11a and 11b
both functioned as pure antiestrogens and their oral
activities were much superior to ICI182,780.


Concerning the binding mode with ERa-LBD, we spec-
ulate that both isomers would bind to ERa-LBD in a
fashion similar to ICI164,384,15 where their carboxy-
containing side chains would protrude from ERa-LBD
and each of the carboxy moiety would make hydrophilic
interaction with water solvent existing outside of ERa.
These protruding side chains would block the H12
folding to the position observed in the E2-ER-LBD
complex (PDB entry: 1ERE16) as well as to the
coactivator binding site observed in the 4-OH-tamoxi-
fen- and raloxifene-ER-LBD complexes (PDB entries:
3ERT17 and 1ERR16), which would lead these isomers
to pure antiestrogens.


The pharmacokinetic profiles of both isomers were also
investigated (Table 3). The isomers, compounds 11a and







Table 2. Biological data of compounds 11a and 11b


Compound RBAa (%) E2 = 100 Antiestrogen activityb (% inhibition ± SEM) Estrogen activityc


(% control ± SEM)


1 mg/kg po 3 mg/kg po 10 mg/kg po 17 mg/kg sc


11a 1.0 58 ± 2 88 ± 3 103 ± 1 �3 ± 1*


11b 1.1 59 ± 6 93 ± 1 99 ± 1 �4 ± 1*


10b 1.4 64 ± 3 87 ± 4 96 ± 1 �4 ± 1*


a Relative binding affinities for the recombinant ERa, determined by competitive radiometric binding assay with [3H]estradiol.
b Inhibition of estrogen-stimulated uterine weight gain by the test compound with po administration.
c Stimulation of uterine weight gain by the test compound with sc administration.
* No significant difference between the test group and the vehicle group at P < 0.05 using Student’s t test.


able 3. Pharmacokinetic dataa of compounds 11a and 11b


Compound 10 mg/kg iv 20 mg/kg po Bioavailability


(%)
AUC


(lg h/mL)


CLtot
b


(mL/h/kg)


AUC


(lg h/mL)


11a 254 39 190 37


11b 146 74 98 33


10b 207 49 144 35


3 228 47 209 46


ICI182,780 5.3 1969 1.7 16


Compound dosed in Sprague–Dawley rats as a solution in water/


PEG200/EtOH (3:6:1) for iv and po dosing.


Total clearance.
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T


a


b


11b, showed 1/50 and 1/27 lower clearance in iv and 112-
and 58-fold higher AUC in po, respectively, than
ICI182,780 in rats. These remarkable pharmacokinetic

Table 4. Pharmacokinetic data of rats, mice, and monkeys


Compound Animal species AUC, po (lg h/m


Dose (mg/kg) Intact


11a Rat 20a 190


Mouse 30b 470


Monkey 3c 0.30


11b Rat 20a 98


Mouse 30b 274


Monkey 3c 0.42


12b (CH4893237) Rat 20a 32


Mouse 30b 468


Monkey 3c 2.42


a Compound dosed in Sprague–Dawley rats as a solution in water/PEG200/
b Compound dosed in CD-1 mice as a suspension in 5% gum arabic.
c Compound dosed in cynomolgus monkeys as a solution in water/PEG200/
d Compound dosed in CD-1 mice as a solution in water/PEG200/EtOH (3:6
e n.d., not detected.
f N.D., no data.


Table 5. Biological data of compounds 12b and 11b


Compound RBAa (%) E2 = 100 Antiestroge


1 mg/kg po


12b (CH4893237) 1.0 54 ± 6


11b 1.1 59 ± 6


a Relative binding affinities for the recombinant ERa, determined by compe
b Inhibition of estrogen-stimulated uterine weight gain by the test compound
c Stimulation of uterine weight gain by the test compound with sc administr
d No significant difference between the test group and the vehicle group at P

profiles were similar to those previously observed in thi-
ochroman derivative 3. These findings, together with
their biological data, indicated that the potent oral anti-
estrogen activities of 7a-steroid derivatives 11a and 11b
were mainly due to improved absorption from the intes-
tinal wall and metabolic stability in liver.


Although compounds 11a and 11b possessed remark-
able pharmacokinetic profiles in rats, pharmacokinetic
profiles in mice and monkeys were quite different
(Table 4). In mice and monkeys, compounds 11a and
11b were easily converted to corresponding 17-keto
derivatives 12a and 12b. In particular, most of them
were converted to 17-keto derivatives 12a and 12b in
monkeys. These data led to the concern that oral admin-
istration of 17-hydroxy derivatives 11a and 11b to hu-
mans may also give a large amount of corresponding
17-keto derivatives 12a and 12b. Conversion from the

L) AUC, iv (lg h/mL) Bioavailability


(%)
17-metabolite


(compound)


Dose (mg/kg) Intact


n.d.e (12a) 10a 254 37


297 (12a) 10d 447 35


6.64 (12a) N.D.f N.D.f N.D.f


n.d.e (12b) 10a 146 34


194 (12b) 10d 244 37


3.20 (12b) 3c 88 0.48


n.d.e (11b) 10a 50 32


37 (11b) 10d 389 40


0.19 (11b) 3c 77 3.1


EtOH (3:6:1).


EtOH (4:8:3).


:1).


n activityb (% inhibition ± SEM) Estrogen activityc


(% control ± SEM)


3 mg/kg po 10 mg/kg po sc


85 ± 4 96 ± 1 �1 ± 1d (50 mg/kg)


93 ± 1 99 ± 1 �4 ± 1d (17 mg/kg)


titive radiometric binding assay with [3H]estradiol.


with po administration.


ation.


< 0.05 using Student’s t test.
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17-hydroxy to the 17-keto derivative is well documented
in the metabolism of estradiol (E2) in monkeys and hu-
mans,18–27 in which orally administered 17-hydroxy
derivative E2 is easily converted to 17-keto derivative es-
trone (E1), whereas orally administered E1 is not easily
converted to E2. These data provoked us to investigate
the pharmacokinetic profiles and biological activities
of 17-keto derivatives 12a and 12b. Since the genotoxic
concern was suggested in 17-keto derivative 12a, we then
evaluated 17-keto derivative 12b. As can be seen in Ta-
ble 4, 17-keto derivative 12b was found to be metaboli-
cally much more stable than 17-hydroxy derivative 11b
in mice and monkeys, in which conversion from 17-keto
derivative 12b to corresponding 17-hydroxy derivative
11b was much slower than that from compound 11b to
12b when dosed orally. These findings were consistent
with the metabolism of E1 and E2 in monkeys and
humans in that conversion from the 17-keto to the
17-hydroxy moiety is much slower than that from the
17-hydroxy to the 17-keto moiety. So, we speculate that
the 17-position of 17-keto derivative 12b would be met-
abolically much more stable than that of 17-hydroxy
derivative 11b when orally administered to humans.


Other metabolites we obtained in plasma when
compound 12b was orally dosed were the CO2H glucu-
ronate conjugate, the 3-OH sulfate conjugate, and the
CO2H glucuronate and 3-OH sulfate conjugate. These
conjugates were scarcely observed in mouse plasma
and less than 1/10 of compound 12b in rat plasma when
orally dosed. However, oral administration of com-
pound 12b to monkeys afforded total amounts of these
conjugates almost 20 times as much as compound 12b
in plasma, which would lower its AUC and bioavailabil-
ity in monkeys.


Regarding the biological activities, 17-keto derivative
12b was also found to function as a pure antiestrogen
with its oral antiestrogen activity similar to correspond-
ing 17-hydroxy derivative 11b (Table 5). In addition,
17-keto derivative 12b exhibited ER downregulation
effects in MCF-7 cells,28 and its oral antitumor activity
was almost equal to the maximum antitumor activity
of subcutaneous administration of ICI182,780 in the
MCF-7 xenograft model.28


In summary, we incorporated the carboxy-containing
side chains into the 7a-position of the steroid scaffold
and found that 17-keto derivative CH4893237 (12b)
functioned as a pure antiestrogen and ER downregula-
tor with its oral activity much superior to clinically used
pure antiestrogen, ICI182,780. The potent antiestrogen
activity of 12b at oral dosing in mice was found to be
attributed to improved absorption from the intestinal
wall and metabolic stability in liver.
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Abstract—We have successfully developed a new strategy for RNA ligand design, which applies the antisense concept to enhance
and make more specific loop region interactions while at the same time preserving stem region anchoring. The heteroconjugates,
prepared in this effort, have proven to be the most specific small molecule ligands against RRE RNA that have been uncovered
to date.
� 2006 Elsevier Ltd. All rights reserved.

The strategy approach for lead discovery in the pharma-
ceutical industry focuses on substances that target key
proteins. An alternative approach to address proteins
that have failed to yield leads is to target RNAs.1 In
addition, novel structured RNAs serve as alternative
targets for drug development.2 Aminoglycosides are
well-known natural products that have evolved as inhib-
itors and modulators of RNA function.3 Binding of
these substances to RNA is a consequence of mainly
electrostatic interactions.4 Owing to this, most amino-
glycosides unselectively bind to a variety of RNA targets
and, as a result, they often display severe toxicity.5,6


Thus, efforts to uncover aminoglycoside derivatives that
have increased RNA binding specificities are crucial to
the development of new types of RNA binding drugs.


An approach that has been used to construct more di-
verse pharmacophores involves the addition of simple
hydrophilic7 or hydrophobic moieties8 to a lead phar-
macophore in order to promote additional interactions
with RNA. Following this approach, we recently de-
signed and synthesized neomycin–chloramphenicol,
neomycin–linezolid,9 and neomycin-dipeptide10 hetero-
conjugates in order to introduce additional binding to
loop regions of RNA. Chloramphenicol (or linezolid)
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and dipeptide moieties of the heteroconjugates directly
interact with specific bases in the loop regions of RNA.


The greatly improved binding affinities and specificities
observed for these heteroconjugates suggest that the
incorporation of a combination of stem- and loop-bind-
ing moieties will lead to substances that interact with
RNA targets in a highly specific manner. Peptide nucleic
acid (PNA) appendages should be ideal in this regard.
Owing to their high stabilities in biological fluids, PNAs
have been widely used as gene targeting11 agents and
diagnostic tools.12 Although the synthesis of an amino-
glycoside-PNA conjugate and its intended use to form a
DNA triplex13 has been briefly described, no report
exists describing the construction of aminoglycoside-
PNA libraries and their screening against RNA targets.
Below, we present the results of an effort in which a
library of neomycin-PNA (neo-PNA, 4) has been
prepared (Scheme 1) and evaluated for selection against
Rev Response Element (RRE) RNA. The results show
that selected substances in this family have nanomolar
binding affinities toward RRE RNA and that they
display higher binding selectivities than any known
RNA specific ligands (e.g., neomycin B or neo-acridine).


Since they are designed to bind to RNA loop region
bases, the PNA groups incorporated into the heterocon-
jugates we have prepared have lengths that are shorter
than 2 nt. Owing to its ubiquitous binding properties,
neomycin B was selected as the RNA stem-binding moi-
ety of the new conjugates. Four monomeric PNAs and
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Scheme 1. Synthetic routes for preparation of neo-PNA (4-N and 4-


NN, N = A, T, G, or C) heteroconjugates and structures of related


compounds.


Table 2. Comparison of binding affinities (Kd) of the selected neo-


PNA conjugates to RRE RNA and tRNAa


Compound RRE tRNA Discrimination


factora


4-AA 0.058 0.41 7.1


4-AT 0.071 0.23 3.2


4-CA 0.051 0.076 1.5


4-GA 0.038 0.17 4.5


4-GG 0.030 0.21 7.0


4-TG 0.093 0.22 2.4


Neomycin B 0.18 0.37 2.1


a Values are in lM. Same conditions were applied for Table 1.


Discrimination factor equals Kd against tRNA/Kd against RRE.
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16 dimeric PNAs were linked to neomycin B to generate
the 20 heteroconjugates, 4-N and 4-NN (N = A, T, G, or
C) shown in Scheme 1.14 A six-carbon spacer link was
employed to tether the two pharmacophores.9 Prepara-
tion of each neo-PNA conjugate (4) required a total
three steps starting with solid-immobilized PNA (1)15


and 3, a derivative of neomycin B.16 The conjugates
were purified by using HPLC (>95%) and characterized
by using MALDI TOF mass spectrometry.16


RRE RNA was chosen as the target for the conjugates
because it has a typical stem-loop structure and a natu-
rally occurring specific ligand, the Rev Peptide. Binding
affinities of the conjugates to RRE RNA (Table 1) were
determined by using a fluorescence anisotropic method.9


Six conjugates were found to have dissociation con-
stants of <100 nM, which are as much as five times low-
er than that of neomycin B. The other conjugates have
either equal or poorer affinities compared to neomycin
B. Thus, it appears that the PNA-moieties in the conju-
gates add to interactions taking place between the li-
gands and RNA. In addition, the magnitude of the
interactions is dependent on the PNA sequences, that
is, the binding affinity of 4-GC is not same as that of
4-CG.


The target specificities of the six most strongly binding
heteroconjugates listed in Table 2 were determined by
comparing RRE RNA to tRNA, the most abundant
natural RNA. Specificities of the conjugates are repre-
sented by discrimination factors. The data show that
most of the selected heteroconjugates have higher dis-
crimination factors than that of neomycin B, suggesting
that both binding affinities and specificities are improved
by incorporating PNA tethers.

Table 1. Binding affinities of Neo-PNA (4) to RRE RNAa


Base 1 A T G C


Base 2


None 0.31 0.27 0.13 0.32


A 0.058 0.25 0.038 0.051


T 0.071 0.13 0.24 0.36


G 0.20 0.093 0.030 0.24


C 0.13 0.11 0.17 0.43


a Values are in lM. Binding affinities were measured at 20 �C by using


a luminometer (Aminco-Bowman) and an anisotropy technique.


Error boundaries are shown in supporting information.

The heteroconjugates 4-AA and 4-GG have the highest
tRNA versus RRE RNA discrimination factors (7.1
and 7.0, respectively). As a result, the binding specifici-
ties of these substances, represented again as ratios, were
evaluated by comparing their IC50 values in the absence
and presence of genomic RNA library.17 The IC50


values were determined by using back-titration of
32P-labeled RRE RNA with Rev Peptide followed by
employing a gel mobility shift assay.18 As shown in
Figure 1, 4-AA and 4-GG have nearly the same IC50


values (specificity ratios of 1.2 and 1.4 for 4-AA and
4-GG, respectively) in the absence and the presence of
competitor RNA. In contrast, the specificity ratio of
neo-acridine8 is much higher even though it has a higher
binding affinity than 4-AA or 4-GG. To our knowledge,
4-AA and 4-GG have the highest RRE RNA binding
specificities among all of the small molecule ligands that
have been prepared thus far. A comparison of the bind-
ing affinities and specificities of the heteroconjugates we
have prepared demonstrates that the most selective
binders do not necessarily possess the strongest binding
affinities to the target RNA. This suggests that the gen-
eral strategy of affinity-based selection might be altered
to include specificity-based selection19 at least when
probing RNA targets.


Foot-printing of RRE in the presence of 4-AA and 4-GG
was performed to demonstrate that these substances

Figure 1. Inhibition of Rev-binding to RRE RNA by 4-AA (h, j), 4-


GG (s, d) and neo-acridine (n, m) in the presence and absence of


100 nM of genomic RNA library. IC50 values are 68, 55 lM by 4-AA,


45, 32 lM by 4-GG, and 9.8, 0.5 lM by neo-acridine in the presence


and absence of competitor RNA.
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display conjugate binding to RRE RNA.16 The results
(supporting information) show that RNAse cleavage
of RRE either increases or decreases in the presence of
the selected heteroconjugates as compared to when neo-
mycin B is present. This finding indicates that regions
where the conjugates bind to RRE RNA extend beyond
those where neomycin B binds. The large specificities
seen with heteroconjugates 4 are likely due to interac-
tions of their PNA moieties with a loop region to form
base-pairs20 or a stem region to form a triple stranded
complex with RRE RNA.21 This proposal was con-
firmed by the results of studies in which mutations of
selected loop region of RRE RNA were carried out by
using in vitro transcription in a manner to prevent alter-
ation of the secondary structure.9 The results of binding
affinity measurements16 show that binding of 4-AA and
4-GG to the mutants is significantly lower than to wild-
type RRE RNA (supporting information). In contrast,
binding of neomycin to the mutants is the same as to
wild-type RNA. These observations indicate that some
parts of heteroconjugates directly interact with bases
in the loop region. However, a detailed structural study
is needed in order to assign the exact binding orientation
of heteroconjugates to the hairpin RNA.


In the investigation described above, we have success-
fully developed a new strategy for RNA ligand design,
which applies the antisense concept to enhance and
make more specific interactions while at the same time
preserving anchoring. The heteroconjugates, prepared
in this effort, have proven to be the most specific
small molecule ligands against RRE RNA that have
been uncovered to date. They have up to 5-fold in-
creased binding affinities compared to that of the par-
ent aminoglycoside. In addition, these substances
display more specific binding than any natural or syn-
thetic aminoglycosides, attributable to interactions be-
tween bases in the PNAs with those in RNA loop
regions. Finally, the heteroconjugate strategy, relying
on the use of short PNAs as loop binding moieties,
may be generally applicable to targeting any stem-loop
RNA molecule.
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Abstract—Synthetic investigations of ustiloxin natural products are described. The first total synthesis of ustiloxin F was completed
in 15 steps via ethynyl aziridine ring-opening by a phenol derivative. The results of biological tests of synthetic ustiloxins D and F,
and two analogs, O-Me-ustiloxin D and 6-Ile-ustiloxin, demonstrated that the free hydroxyl group ortho to the ether linkage is
critical for activity and variations at the Val/Ala site produce changes in the biological activity suggesting the need for further
perturbations at this site to more extensively study the tubulin binding.
� 2006 Elsevier Ltd. All rights reserved.

Ustiloxins and phomopsins (Fig. 1) are antimitotic het-
erodetic peptides isolated from distinctly different sourc-
es. Ustiloxins A–F (1–5) were isolated from the water
extracts of false smut balls on rice plant panicles caused
by the fungus Ustilaginoidia virens.1 Phomopsins A (6)
and B (7) were isolated from cultures of Phomopsis lepto-
stromiformis.2 Phomopsin A (6) is the natural product
responsible for lupinosis, a potentially fatal liver disease
occurring in livestock in Australia and other countries.3


The biological properties of ustiloxins and phomop-
sins are similar in that they both cause mycotoxicosis
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Figure 1. Structures of ustiloxins and phomopsins.

and inhibit polymerization of tubulin but have no
growth inhibitory effect on bacteria and fungi.4 Both
ustiloxin A (1) and phomopsin A (6) are believed to
interact with tubulin in the Vinca domain, a region
which also binds to vinca alkaloids, rhizoxin, dolasta-
tin 10, spongistatin, and several other antimitotic
agents.5,6 However, the mechanism of action of pep-
tide-based antimitotic agents, including dolastatin 10
and cryptophycin 1 as well as ustiloxin A (1) and pho-
mopsin A (6), is poorly understood in terms of the
structural aspects of their interaction with tubulin.
Interpretation of the actions and toxicities of these

is; Biological evalution; Antimitotic agent.
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natural products suffers from a lack of receptor map-
ping and structural detail.


One of the most striking aspects of the biology of usti-
loxin A (1) and phomopsin A (6) is that these compounds
are only modestly cytotoxic (IC50 = 2–17 lM) to virtual-
ly all tumor cells in vitro, even though they are potent
inhibitors of tubulin polymerization.6 Dolastatin 10,
for example, is much more toxic to cells (IC50 = 0.5 nM)
than 1 or 6, although they are all comparable inhibitors
of tubulin polymerization and phomopsin A (6) is a com-
petitive inhibitor of dolastatin 10 binding to tubulin.5–7


The reasons for the variation in toxicity of tubulin-bind-
ing natural products are not well understood. A detailed
SAR study would help to determine whether the differ-
ence derives from the overall structure of the molecules
or from specific substituents.


Further complicating matters is the finding that phomop-
sin A (6) is quite toxic to animals (LD50 = 20 mg/kg in
sheep) in spite of its moderate toxicity against cell lines.
This activity was later attributed to the action of 6 on liver
cells,8 suggesting a possible application in the treatment
of liver cancer. The reason for the discrepancy between
cellular and animal toxicity remains unexplained. One
possibility is that a metabolite of 6 is more toxic than
the natural product. Alternatively, the differential toxici-
ty within this family of natural products might be due to
widely differing sensitivity of various cell types.


Therefore, ustiloxins and phomopsins provide an attrac-
tive entry to the study of antimitotic natural products
and their biochemical effects at the molecular and
cellular levels. Chemical synthesis would be a suitable
approach to access a diverse class of compounds careful-
ly designed to critically examine the biological functions
of these natural products. In our efforts to achieve the
total synthesis of ustiloxin and phomopsin natural
products, ustiloxin D (4) was chosen as the lead com-
pound because it is one of the simplest congeners of
the ustiloxin and phomopsin natural product families,
and it retains fairly high biological activity. The total
synthesis of ustiloxin D would provide a scaffold for
the other congeners and analogs.


One of the main challenges of the total synthesis of usti-
loxin and phomopsin natural products is the stereoselec-
tive formation of the chiral tertiary alkyl–aryl ether.
Extensive investigations to identify a method to form
the challenging tertiary alkyl–aryl ether were carried
out since the project began in our laboratory in 1999.9


The first total synthesis of ustiloxin D was completed
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in our laboratory in 2002.9,10 The possibility of atrop-
isomerism was investigated by NOE experiments, which
showed that ustiloxin D existed in only one isomeric
form at room temperature.9


After the completion of the first total synthesis of usti-
loxin D, efforts to make the route more convergent were
undertaken to facilitate access to other ustiloxin and
phomopsin congeners and their analogs. The strategy
of the approach was based on an intramolecular SNAr
reaction to form the 13-membered macrocycle (Fig. 2).


Disconnection of the amide bond of 8 gave two key
fragments, b-hydroxyphenylalanine derivative 9 and a
tripeptide 10 containing a noncoded b-hydroxyisoleu-
cine residue. Regioreversed asymmetric aminohydroxyl-
ation could be used to install the requisite
stereochemistry of the vicinal amino alcohol functional-
ities in 9.11 Disconnection of amide bonds of compound
10 provides diol 11, which was an intermediate of the
first total synthesis of ustiloxin D.10


The synthesis began with sequential treatment of the pri-
mary hydroxyl group in 11 with Dess–Martin periodinane
and then with NaClO2 to afford the corresponding car-
boxylic acid, which was coupled with glycine benzyl ester
to give 12. After acid deprotection of the N-Boc carba-
mate, the free amine was coupled with N-Boc-valine, fol-
lowed by a second acid cleavage of the Boc protecting
group to afford the tripeptide 10 with a free amino group
necessary for the next coupling reaction.


The amino group of the b-hydroxytyrosine derivative
1311 was methylated by oxazolidine formation. Sequen-
tial reduction12 was followed by protection of the amino
group as its carbobenzyloxy (Z) carbamate. The methyl
ester of compound 14 was converted to the correspond-
ing carboxylic acid 9 by AlBr3 and tetrahydrothioph-
ene13 because basic hydrolysis induced the formation
of an oxazolidinone between the benzylic hydroxyl
group and the Z carbamate. The coupling of 9 and 10
using EDCI–HOBt provided the macrocyclization
precursor 8 in high yield (Scheme 1). The longest linear
sequence of the synthesis of 8 was 13 steps.


At this point, if the intramolecular reaction had provid-
ed the desired macrocycle 15, manipulation of the nitro
group to the requisite hydroxyl group ortho to the ether
linkage and global hydrogenation would complete the
total synthesis. However, attempts using basic condi-
tions (TBAF, molecular sieves in DMF) as reported
by Zhu or under microwave conditions did not afford
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the macrocycle although a similar strategy was able to
provide simplified ustiloxin analogs.14 These results sug-
gested that the intramolecular SNAr reaction is not suit-
able for the synthesis of tertiary alkyl–aryl ethers and
prompted us to evaluate alternative approaches to syn-
thesize this motif.


While we were investigating a new method to build the
unusual chiral tertiary alkyl–aryl ether motif under mild
conditions, Wandless and co-workers reported a second
total synthesis of ustiloxin D using the Pd-catalyzed
asymmetric allylic O-alkylation (AAA) reaction to form
the challenging ether linkage. Although the synthesis
significantly reduced the linear sequence to 20 steps, it
suffered from a diastereoselectivity issue brought by
the AAA reaction.15 In the meantime, an unprecedented
copper-catalyzed ethynyl aziridine ring-opening reaction
by phenol derivatives was discovered and optimized in
our group. This reaction was the key to a convergent ap-
proach to the ustiloxin and phomopsin natural products
because of its high stereo- and regioselectivity and broad
functional group tolerance. Based on the new ethynyl
aziridine ring-opening reaction, a convergent total syn-
thesis of ustiloxin D was completed in 15 steps.16


As shown in Figure 1, the C-6 amino acid residue is one
of the two variations among the ustiloxin natural prod-
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uct family. To take advantage of the new approach in
which the C-6 amino acid residue was installed at a late
stage, ustiloxin F (5) was synthesized via a slight modi-
fication (Scheme 2). Amine 19 was synthesized from the
ring-opening of ethynyl aziridine 17 by b-hydroxytyro-
sine derivative 16, followed by o-nosyl deprotection.
The coupling of 19 and N-Z-alanine provided the pre-
cursor 21 for ustiloxin F. Following the simultaneous
removal of the benzyl carbamate, benzyl ester, benzyl
ether, and reduction of the ethynyl group to the requisite
ethyl group by hydrogenation, the resulting linear pre-
cursor was cyclized to provide macrocycle 23 in 13%
for two steps. We believe that difficulties in the macro-
lactamization step are responsible for the moderate yield
as hydrogenation completely converted 23 to the desired
linear precursor. Global acidic deprotection of the Boc
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Table 1. Inhibitory effects of ustiloxins on purified tubulin polymerization


Compound Ustiloxin A (1) Ustiloxin D (4) (synthetic) Ustiloxin F (5) (synthetic) 6-Ile-ustiloxin (24) O-Me-ustiloxin D (25)


IC50 (lM) 1.1 ± 0.2 1.5 ± 0.06 8.2 ± 1 4.8 ± 0.4 >40


P. Li et al. / Bioorg. Med. Chem. Lett. 16 (2006) 4804–4807 4807

carbamate and tert-butyl ester completed the synthesis
of ustiloxin F (5) in 80% yield. The first total synthesis
of ustiloxin F was completed in 15 steps with a 1.8%
overall yield.


Recently, two ustiloxin analogs, 6-Ile-ustiloxin (24) and
O-Me-ustiloxin D (25), were synthesized in our labora-
tory by slight modification of the newly developed route
(Fig. 3).


Together with ustiloxin A (1) (provided by Professor
Iwasaki), synthetic ustiloxin D (4), ustiloxin F (5), 6-
Ile-ustiloxin (24), and O-Me-ustiloxin D (25) were eval-
uated for their inhibitory effects on the polymerization
of purified tubulin.17 The biological evaluation provided
information on the importance of the Ala/Val variant
site and the free hydroxyl group ortho to the ether link-
age to the biological activity of the ustiloxin natural
product family.


The IC50 values of the inhibition of several ustiloxins
on purified tubulin polymerization were obtained (Ta-
ble 1). The activities of our synthetic ustiloxins D and
F, relative to the natural ustiloxin A, are similar to
those previously reported for the natural products,
although we find greater relative activity in ustiloxin
D (4) as compared with ustiloxin A (1).2–4 The great-
er than 3-fold and 5-fold reduced activity of 24 and 5,
respectively, relative to 4 indicates a limited tolerance
for size changes, either smaller or larger, for the alkyl
substituent at C-6. Even more important for tubulin
inhibition is the unsubstituted hydroxyl group on
the phenyl ring, since methylation at this position
resulted in an almost inactive compound (25),
although slight inhibitory activity was observed when
compound 25 was present in the reaction mixture at
40 lM.


In addition, we performed a cytotoxicity evaluation of
these five compounds with the human Burkitt lympho-
ma cell line CA46. The highest drug concentration
examined was 2.5 lM, and only ustiloxin A (1) showed
any activity, with an IC50 value of 2.5 lM. For compar-
ison, the potent antimitotic peptide dolastatin 1018 was
examined simultaneously and yielded an IC50 value of
30 nM. The limited cytotoxicity observed here with the
ustiloxins is also in agreement with previous results.2


In conclusion, synthetic studies of a convergent ap-
proach to ustiloxin D were investigated. The first total
synthesis of ustiloxin F was completed in 15 steps.
Tubulin inhibition studies of natural ustiloxin A, syn-
thetic ustiloxins D and F, 6-Ile-ustiloxin and O-Me-usti-
loxin D showed that tolerance of substitution at the C-6
position is limited and that the free hydroxyl group
ortho to the ether linkage is essential for biological
activity.
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Abstract—The antimicrobial activity of the N-[5-(2-furanyl)-2-methyl-4-oxo-4H-theino[2,3-d]pyrimidin-3-y1]-carboxamides and
3-substituted-5-(2-furanyl)-2-methyl-3H-thieno[2,3-d]pyrimidin4-ones was correlated with different topological indices using Hansch
analysis. Good correlations were obtained through a simple regression equation with third order molecular connectivity index (3v).
The developed QSAR models were crossvalidated by leave-one-out technique.
� 2006 Elsevier Ltd. All rights reserved.

The importance of substituted thienopyrimidines and
thienopyrimidenes is well established. Literature reports
reveal their anti-inflammatory,1,2 antimalarial,3 and
antibacterial4–6 activities. Quantitative structure–
activity relationship (QSAR) has been traditionally
perceived as a means of establishing correlation between
trends in chemical structure modifications and respec-
tive changes of biological activity.7


As part of our efforts to create QSAR models that show
substantial predictive promise for the design of new
compounds with improved biological activity, we have
previously reported the QSAR studies for antimicrobial
activity8–11 and anti-inflammatory activity.12 From the
results of our earlier studies we have noted that the dis-
tance based topological indices are effective in describing
antimicrobial activity and are widely used in QSAR
studies.

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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In the present work, we correlated the antibacterial activ-
ity of substituted thienopyrimidones and thienopyrimidyl
carboxamides with topological indices.13–23 Structures of
thienopyrimidyl carboxamide and thienopyrimidones
and their antibacterial potential in terms of �logMIC
values against Gram-positive Staphylococcus aureus,
Bacillus subtilis and Gram-negative Escherichia coli and
Salmonella typhi as well as against Mycobacterium tuber-
culosis and Mycobacterium avium reported by Chamb-
hare et al.,6 are presented in Table 1.


In attempting QSAR, the antimicrobial data given in
terms of minimum inhibitory concentration (MIC in
lM) were converted into log [1/MIC], that is, �logMIC
and used as a dependent variable. The topological
indices (independent variables) molecular connectivity
indices [v, 1v, 2v, 3v], valence order molecular
connectivity indices [0vv, 1vv, 2vv, 3vv], Kiers shape
indices [j1,j2,j3,ja1,ja2,ja3], Randic [R], Balban [J],
and Wiener [W] topological indices were calculated
by the molecular package TSAR 3D version for Win-
dows24 and the values are presented in Table 2. The
perusal of Table 3 of correlation matrix demonstrated
that out of the 15 topological indices used the zero,
second, and third order molecular connectivity indices,
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Table 1. Chemical structure and antibacterial activity of N-[5-(2-furanyl)-2-methyl-4-oxo-4H-thieno[2,3-d]pyrimidin-3-yl]-carboxamide and


3-substituted-5-(2-furanyl)-2-methyl-3H-thieno[2,3-d]pyrimidin-4-ones6


N


N


S


O


O


CH3


NH-CO-R


1-13


Compound R �logMICSA �logMICBS �logMICEC �logMICST �logMICMT �logMICMA


1 1.30 1.26 1.27 1.38 1.30 1.32


2 Cl 2.00 2.05 2.00 1.92 2.05 2.10


3
Cl


Cl


2.30 2.40 2.22 2.22 2.30 2.40


4 F 2.05 2.05 2.05 1.96 2.05 2.05


5
F


F


2.40 2.30 2.40 2.30 2.40 2.40


6 CH2OH 2.00 2.05 2.00 1.92 2.05 2.10


7 NO2
2.22 2.30 2.15 2.22 2.22 2.22


8 CH3
1.52 1.34 1.26 1.32 1.39 1.40


9 CH3 1.26 1.19 1.15 1.01 1.11 1.07


10 1.25 1.24 1.22 0.97 1.06 1.05


11 1.23 1.22 1.18 1.01 0.98 1.06


12
O


1.30 1.25 1.19 1.11 1.39 1.40


13
S


1.29 1.26 1.22 1.13 1.34 1.35


14 1.26 1.23 1.19 1.18 1.30 1.32


15 Cl 2.00 2.05 2.05 2.10 2.05 2.00


16
Cl


Cl


2.40 2.40 2.22 2.30 2.40 2.40


17 F 2.00 2.05 2.05 2.10 2.05 2.00


18
F


F


2.30 2.40 2.30 2.22 2.40 2.40


(continued on next page)
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Table 1 (continued)


Compound R �logMICSA �logMICBS �logMICEC �logMICST �logMICMT �logMICMA


19 CH2OH 1.96 1.96 1.92 1.92 1.85 1.85


20 NO2
2.40 2.30 2.15 2.15 2.22 2.22


21 CH3
1.24 1.25 1.23 1.19 1.28 1.25


22 CH3 1.19 1.16 1.13 1.12 1.22 1.24


23 1.19 1.18 1.15 1.15 1.18 1.23


24 1.19 1.14 1.11 1.12 1.19 1.24


25
O


1.24 1.23 1.21 1.19 1.28 1.21


26
S


1.24 1.25 1.16 1.19 1.30 1.28


Table 2. Calculated topological indices for thieno compounds used in the present study


Compound 0v 0vv 1v 2v 3v 3vv j1 j2 j3 ja1 ja2 ja3 R W Te


1 17.39 14.11 12.15 10.97 1.55 0.67 18.37 7.94 3.70 16.30 6.61 2.96 12.15 1470.00 �4255.77


2 18.26 15.22 12.54 11.59 1.84 0.87 19.32 8.16 3.94 17.52 7.02 3.28 12.54 1664.00 �4615.84


3 19.13 16.34 12.95 12.13 2.04 1.03 20.28 8.39 4.02 18.75 7.43 3.47 12.95 1824.00 �4975.79


4 18.26 14.41 12.54 11.59 1.84 0.74 19.32 8.16 3.94 17.18 6.81 3.16 12.54 1664.00 �4727.15


5 19.13 14.71 12.95 12.13 2.04 0.78 20.28 8.39 4.02 18.06 7.01 3.23 12.95 1824.00 �5198.39


6 18.97 15.44 13.08 11.76 1.75 0.74 20.28 8.79 4.16 18.16 7.42 3.38 13.08 1884.00 �4731.64


7 19.84 15.29 13.45 12.49 2.05 0.79 21.24 9.01 4.40 18.73 7.42 3.47 13.45 2106.00 �5086.60


8 18.26 15.03 12.54 11.59 1.84 0.84 19.32 8.16 3.94 17.24 6.85 3.18 12.54 1664.00 �4411.63


9 14.28 11.72 9.58 8.99 1.55 0.64 14.92 6.01 2.85 13.58 5.18 2.37 9.58 757.00 �3588.83


10 15.27 12.71 10.65 9.91 1.55 0.74 15.52 6.14 2.71 14.21 5.35 2.29 10.65 1004.00 �3871.29


11 17.39 14.83 12.15 10.97 1.55 0.74 18.37 7.94 3.70 17.04 7.08 3.22 12.15 1470.00 �4340.27


12 16.68 13.62 11.65 10.62 1.55 0.65 17.42 7.32 3.36 15.81 6.31 2.80 11.65 1298.00 �4319.90


13 16.68 14.50 11.65 10.62 1.55 0.78 17.42 7.32 3.36 16.17 6.54 2.92 11.65 1298.00 �4194.38


14 15.81 13.15 11.24 10.10 1.35 0.61 16.47 7.09 3.25 14.95 6.12 2.72 11.24 1148.00 �3792.30


15 16.68 14.26 11.63 10.72 1.64 0.81 17.42 7.32 3.49 16.16 6.53 3.03 11.63 1314.00 �4152.42


16 17.55 15.38 12.04 11.25 1.84 0.97 18.37 7.55 3.58 17.39 6.94 3.22 12.04 1450.00 �4512.47


17 16.68 13.45 11.63 10.72 1.64 0.67 17.42 7.32 3.49 15.82 6.32 2.91 11.63 1314.00 �4263.74


18 17.55 13.75 12.04 11.25 1.84 0.72 18.37 7.55 3.58 16.70 6.52 2.99 12.04 1450.00 �4735.10


19 17.39 14.48 12.17 10.89 1.55 0.68 18.37 7.94 3.70 16.80 6.93 3.13 12.17 1504.00 �4268.22


20 18.26 14.33 12.54 11.62 1.85 0.72 19.32 8.16 3.94 17.37 6.93 3.22 12.54 1696.00 �4623.21


21 16.68 14.07 11.63 10.72 1.64 0.77 17.42 7.32 3.49 15.89 6.36 2.94 11.63 1314.00 �3948.19


22 13.41 11.34 9.22 8.15 1.14 0.53 13.96 5.78 2.49 13.04 5.20 2.18 9.22 654.00 �3268.15


23 14.40 12.33 10.24 9.38 1.35 0.70 14.58 5.89 2.59 13.69 5.35 2.30 10.24 895.00 �3550.63


24 16.52 14.45 11.74 10.44 1.35 0.70 17.42 7.71 3.62 16.51 7.11 3.28 11.74 1348.00 �4019.60


25 15.81 12.98 11.24 10.09 1.35 0.60 16.47 7.09 3.25 15.03 6.17 2.74 11.24 1181.00 �3970.73


26 15.81 13.86 11.24 10.09 1.35 0.75 16.47 7.09 3.25 15.40 6.40 2.87 11.24 1181.00 �3845.67
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[0v, 2v, 3v], and Kiers shape indices [j1,ja1] are best for
modeling against all the organisms.


The data presented in Table 4 show that the topological
parameters are significantly correlated with the antibac-
terial activity against S. aureus. The mono-parametric

model based on 3v (Eq. 1) was found to be best for
explaining antibacterial activity of title compounds.
The 3v being a topological parameter of molecular con-
nectivity has the ability to emphasize different aspects of
atom connectivity within a molecule viz. the amount of
branching and flexibility of the molecules.
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QSAR model for antibacterial activity against S. aureus


� log MICSA ¼ 1:6443v� 1:011


n ¼ 26; r ¼ 0:832; q2 ¼ 0:647;


F ¼ 53:93; s ¼ 0:27 ð1Þ


The positive coefficient of 3v in mono-parametric model
represented by Eq. 1 indicates that the antibacterial
activity of thieno compounds against S. aureus is direct-
ly proportional to the magnitude of 3v, that is, the in-
crease in the magnitude of 3v increases the
antibacterial activity. The compounds 3, 5, and 7 having
the maximum 3v values of 2.04, 2.04 and 2.05 (Table 2),
respectively, are found to be most effective ones than
any other compounds included in the present study.
Similarly, the least active compound is 22 because of
its low 3v value (3v = 1.14, �logMICSA = 1.13).


Further it is important to note that the substituted elec-
tron-poor aromatic residues (compounds 2–7 and
15–20, Table 1) are the most active ones having high
3v values in the range of 1.84–2.04 and 1.64–1.85 (Table
2) in case of thienopyrimidyl carboxamides (1–13) and
thienopyrimidones (14–26), respectively. While, the
alkyl- and non-substituted, electron-rich aromatic
residues (compounds 9–14 and 22–26, Table 1) are less
active due to their low 3v values in the range of 1.55
and 1.14–1.35 (Table 2).


The only exception is the para-benzylalcohol residue
(compounds 6 and 19, Table 1), an alkyl-substituted
compound having better activity. In this case, the hydroxy
group present might interact specifically with the target
which may be responsible for its better activity even
though it contains alkyl substitution on aromatic ring.
This is evidenced by its 3v value of 1.75 and 1.55 which
is closer to the range of 1.84 and 1.64 in case of thienopy-
rimidyl carboxamides and thienopyrimidones, respective-
ly. The other exception is the toluene residue (compounds
8 and 21), which showed a marginal increase in the
antibacterial activity even though it had a better 3v value
of 1.84 and 1.64 which is equal to the range of most active
compounds. This may be due to the fact that the electron-
rich nature of toluene residue may be responsible for its
poor interaction with the target.


The QSAR model expressed by Eq. 1 was crossvalidated
by its crossvalidated correlation coefficient value
(q2 = 0.600) obtained by ‘leave one out’ method, where
a model is built with N � 1 compounds and the Nth
compound is predicted. Each compound is left out of
the model derivation and predicted in turn. The value
of q2 is the basic requirement for declaring a model to
be a valid one is q2 > 0.5.25 The predictive ability of
the QSAR model (Eq. 1) has been proved by the plot
of observed �logMICSA and calculated �logMICSA


(Fig. 1).


When bacterial inhibition data (Table 1) were correlated
with electrotopological parameters, the statistical
parameters showed the following significant QSAR
models from Eqs. 2–6.
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Figure 2. Plot of predicted �logMIC activity values against the


experimental �logMIC values for the QSAR model by Eq. 2 for


Bacillus subtilis.


Table 4. Correlation of different parameters with biological activity


Molecular descriptor �logMICSA �logMICBS �logMICEC �logMICST �logMICMT �logMICMA


0v 0.733 0.720 0.713 0.712 0.712 0.732
0vv 0.594 0.593 0.568 0.582 0.580 0.611
1v 0.669 0.660 0.654 0.661 0.656 0.676
2v 0.736 0.725 0.718 0.716 0.716 0.733
3v 0.832 0.814 0.805 0.778 0.793 0.801
3vv 0.549 0.555 0.514 0.516 0.527 0.552


j1 0.725 0.711 0.704 0.705 0.703 0.724


j2 0.631 0.619 0.613 0.627 0.617 0.638


j3 0.669 0.655 0.649 0.664 0.652 0.669


aj1 0.729 0.720 0.705 0.710 0.709 0.734


aj2 0.602 0.599 0.582 0.603 0.593 0.621


aj3 0.644 0.639 0.622 0.643 0.632 0.655


R 0.669 0.660 0.654 0.661 0.656 0.676


B �0.341 �0.348 �0.347 �0.381 �0.354 �0.362


W 0.706 0.695 0.688 0.693 0.687 0.708


Te �0.812 �0.801 �0.802 �0.778 �0.796 �0.812
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Figure 1. Plot of predicted �logMIC activity values against the


experimental �logMIC values for the QSAR model by Eq. 1 for


Staphylococcus aureus.
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QSAR model for antibacterial activity against B. subtilis


� log MICBS ¼ 1:6923v� 1:098


n ¼ 26; r ¼ 0:814; q2 ¼ 0:616;


F ¼ 47:24; s ¼ 0:30 ð2Þ
QSAR model for antibacterial activity against E. coli


� log MICEC ¼ 1:6113v� 1:018


n ¼ 26; r ¼ 0:805; q2 ¼ 0:600;


F ¼ 44:28; s ¼ 0:29 ð3Þ
QSAR model for antibacterial activity against S. typhi


� log MICST ¼ 1:6213v� 1:064


n ¼ 26; r ¼ 0:777; q2 ¼ 0:554;


F ¼ 36:75; s ¼ 0:37 ð4Þ
QSAR model for antibacterial activity against M.
tuberculosis

� log MICMT ¼ 1:6223v� 0:990


n ¼ 26; r ¼ 0:792; q2 ¼ 0:575;


F ¼ 40:54; s ¼ 0:31 ð5Þ
QSAR model for antibacterial activity against M. avium


� log MICMA ¼ 1:6453v� 1:019


n ¼ 26; r ¼ 0:801; q2 ¼ 0:588;


F ¼ 42:86; s ¼ 0:30 ð6Þ
As in case of S. aureus, the positive value of the correla-
tion coefficient of 3v in mono-parametric models demon-
strated that the antibacterial activity of thieno
compounds is directly proportional to the magnitude
of 3v. The plot of linear regression predicted �logMIC
values against the observed �logMIC values (Figs.
2–6) favors the QSAR models expressed by Eqs. 2–6.
The high q2 value obtained also supports the models
expressed by Eqs. 2–6. The other statistically significant
models developed are presented in Table 5. It is note-
worthy that all these equations were derived using the
entire data set of compounds (n = 26) since no outliers
were identified.
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Figure 5. Plot of predicted �logMIC activity values against the


experimental �logMIC values for the QSAR model by Eq. 5 for


Mycobacterium tuberculosis.
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Figure 3. Plot of predicted �logMIC activity values against the


experimental �logMIC values for the QSAR model by Eq. 3 for


Escherichia coli.
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Figure 4. Plot of predicted �logMIC activity values against the


experimental �logMIC values for the QSAR model by Eq. 4 for


Salmonella typhi.
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Figure 6. Plot of predicted �logMIC activity values against the


experimental �logMIC values for the QSAR model by Eq. 6 for


Mycobacterium avium.
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Even the ‘rule of thumb’ allowed us to go for a
multi-parametric models the high inter-relationship
among the molecular descriptors made us to stick
to a mono-parametric model. The ‘rule of thumb’
gives information about the number of parameters
to be selected for regression analysis in QSAR based
on the number of compounds. According to this rule
for a QSAR model development one should select
one parameter for a five compound data set. As
the number of compounds in the present study (26)
allowed us to go up to a maximum of penta-para-
metric models, the high inter-relationship (auto-corre-
lation) between the parameters restricted us to a
single-parametric model. Because, the auto-correlation
of molecular descriptors prevents the significant
improvement in the statistical parameters of the
QSAR models in multiple linear regression (MLR)
analysis.


The multicolinearity (auto-correlation) between the
parameters26 is indicated by the change in signs of the
coefficients, a change in the values of previous coeffi-
cient, change of significant variable into insignificant
one or an increase in standard error of the estimate on
addition of an additional parameter to the model.


In conclusion, the QSAR study throws some light for
the first time on correlation of antibacterial activity of
N-[5-(2-furanyl)-2-methyl-4-oxo-4H-thieno[2,3-d]pyrim-
idin-3-yl]-carboxamide and 3-substituted-5-(2-furanyl)-
2-methyl-3H-thienopyrimidin-4-ones2–26 with physico-
chemical parameters. The QSAR study indicated the
importance of topological parameters especially third
order molecular connectivity index in describing the
antibacterial activity of thieno compounds. Further,
the importance of topological parameters in describing
in antibacterial activity is similar to the results
observed in our earlier studies.8–11 The QSAR models
developed in this work show substantial promise in
the prediction of the antibacterial activity of novel
thieno analogs, as we search for more potent
compounds.







Table 5. Best QSAR models for antibacterial activity of thieno compounds


S. no. QSAR Models n r q2 F (p < 0.01) S


S. aureus


1 �logMICS = 0.2200v � 2.069 26 0.732 0.476 27.86 0.33


2 �logMICS = 0.3502v � 2.119 26 0.736 0.456 28.42 0.33


3 �logMICS = 1.6443v � 1.011 26 0.831 0.647 53.93 0.27


4 �logMICS = 0.187j1 � 1.665 26 0.725 0.469 26.57 0.34


5 �logMICS = 0.227ja1 � 2.020 26 0.728 0.473 27.15 0.33


B. subtilis


6 �logMICB = 0.2270v � 2.201 26 0.720 0.458 25.85 0.36


7 �logMICB = 0.3642v � 2.260 26 0.724 0.440 26.54 0.35


8 �logMICB = 1.6923v � 1.098 26 0.814 0.616 47.24 0.30


9 �logMICB = 0.193j1 � 1.780 26 0.711 0.449 24.55 0.36


10 �logMICB = 0.236ja1 � 2.175 26 0.720 0.462 25.89 0.36


E. coli


11 �logMICE = 0.2170v � 2.074 26 0.713 0.446 24.88 0.35


12 �logMICE = 0.3472v � 2.136 26 0.717 0.429 25.52 0.35


13 �logMICE = 1.6113v � 1.018 26 0.805 0.600 44.28 0.29


14 �logMICE = 0.184j1 � 1.671 26 0.704 0.436 23.62 0.35


15 �logMICE = 0.223ja1 � 2.007 26 0.705 0.439 23.75 0.35


S. typhi


16 �logMICST = 0.2260v � 2.251 26 0.712 0.444 24.70 0.36


17 �logMICST= 0.3602v � 2.305 26 0.715 0.423 25.19 0.36


18 �logMICST = 1.6213v � 1.064 26 0.777 0.554 36.75 0.32


19 �logMICST = 0.192j1 � 1.843 26 0.705 0.437 23.75 0.37


20 �logMICST = 0.233ja1 � 2.211 26 0.709 0.444 24.34 0.36


M. tuberculosis


21 �logMICMT = 0.2210v � 2.106 26 0.711 0.442 24.64 0.36


22 �logMICMT= 0.3542v � 2.164 26 0.716 0.420 25.28 0.35


23 �logMICMT = 1.6223v � 0.990 26 0.792 0.575 40.54 0.31


24 �logMICMT = 0.188j1 � 1.698 26 0.703 0.434 23.51 0.36


25 �logMICMT = 0.229ja1 � 2.065 26 0.709 0.442 24.26 0.36


M. avium


26 �logMICMA = 0.2290v � 2.217 26 0.731 0.469 27.65 0.35


27 �logMICMA = 0.3642v � 2.259 26 0.733 0.439 27.88 0.35


28 �logMICMA = 1.6453v � 1.019 26 0.801 0.588 42.86 0.30


29 �logMICMA = 0.195j1 � 1.800 26 0.724 0.462 26.41 0.35


30 �logMICMA = 0.238ja1 � 2.204 26 0.734 0.479 28.09 0.35
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Antibacterial activity. The antibacterial activity of some
N-[5-(2-furanyl)-2-methyl-4-oxo-4H-thieno[2,3-d]pyrim-
idin-3-yl]-carboxamide and 3-substituted-5-(2-furanyl)-
2-methyl-3H-thieno[2,3-d]pyrimidin-4-ones reported
earlier6 was used after converting it into negative log units.


Topological indices and regression analyses. The details
of the calculation of topological indices used in the pres-
ent study are available in the literature13–23 and there-
fore they are not discussed in detail over here. All the
topological indices were calculated by using the molecu-
lar package TSAR 3D version for Windows. The regres-
sion analyses were also performed by the same package.
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Abstract—A series of 4-(substituted)-3,4-dihydropyrimidinone derivatives have been synthesized by heating 1,3 dicarbonyl com-
pounds, urea, and aromatic aldehydes in acetic acid under microwave irradiation conditions. The cardiovascular effects of 3,4-dihy-
dropyrimidinones were studied on isolated perfused frog heart at different dose levels and compared with the activity of digoxin. The
interaction of 3,4-dihydropyrimidinones with b-blocker and calcium channel blocker was also investigated. Compound 4d emerged
as the most interesting compound in this series with potential cardiotonic activity.
� 2006 Elsevier Ltd. All rights reserved.

Cardiovascular diseases have been the principal cause of
death in many developing countries1 and disability in
industrialized nations and is among the syndromes most
commonly encountered in clinical practice.2 The diagno-
sis of heart failure carries a risk of mortality comparable
to that of the major malignancies.3 Heart failure occurs
when cardiac output is insufficient to meet the demands
of tissue perfusion and may primarily be due to systolic
or diastolic dysfunction.4 It is frequently, but not
always, caused by a defect in myocardial contraction.5


Myocardial contractility is largely dependent upon the
activity of the cardiac sympathetic nerves, but it can also
be increased by circulating catecholamines, tachycardia,
and inotropic drugs.6 These drugs induce changes in
myoplasmic calcium and this may be responsible for
the cardioactive properties. Cardiac glycosides and cat-
echolamines have been used as the main therapeutic
drugs in the treatment of congestive cardiac failure.7


However, the dangers of cardiac glycosides intoxication
are well documented8 and doubts have been expressed
about their long-term effectiveness. The use of catechol-
amines is limited by their insufficient differentiation
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between positive inotropic and chronotropic actions,
their potential arrhythmogenic properties, and tachy-
phylaxis due to receptor downregulation.7


3,4-Dihydropyrimidinones (DHPMs)9,10 also called Bigi-
nelli compounds possess interesting biological applica-
tions.11–13 The apparent structural similarities of
DHPMs to the well-known Hantzsch-type dihydropyri-
dines, calcium channel modulators, suggest a good scope
for this class of compounds in the field of medicinal chem-
istry.14,15 Calcium channel blockers are used in the treat-
ment of angina, hypertension, cardiac arrhythmias,16 and
have a limited role in heart failure. The dihydropyridines
are the most potent Ca2+ channel blockers. They have lit-
tle effect on the myocardium and conducting tissue. Used
alone, they often cause a reflex tachycardia which can be
avoided by concomitant use of a b-blocker. More than 25
years after the introduction of nifedipine, many DHP
analogs and numerous second generation products are
available in the market (e.g., nicardipine, amlodipine, fel-
odipine, etc.). Advances in the knowledge of the biochem-
ical and physiological changes during cardiac failure as
well as the development of new diagnostic and surgical
procedures in cardiovascular medicines have been
remarkable in the last few decades. Unfortunately no
such claim could be made with respect to the development
of new pharmacological agents with clinically useful po-
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sitive inotropic properties.17 This necessitates research
for new drugs, which increase cardiac muscle contractility
with a broad therapeutic index. It is well-established that
only one particular enantiomer is responsible for calcium
channel antagonist activity between the existing two
enantiomeric DHPMs in the racemic mixture.11,18


Herein, we present for the first time, cardiotonic activ-
ity of DHPMs on an isolated perfused frog heart. The
action may be attributed to the presence of the more
potent agonistic enantiomer in the racemic mixture.
Further we describe the synthesis and cardiovascular
activity of DHPMs, which is vital for progress in the
medical field.


The synthetic pathway employed in the preparation19 of
4-substituted-3,4-dihydropyrimidinones is outlined in
Scheme 1. DHPMs were prepared readily by heating
1,3-dicarbonyl compounds 1, urea 3, and aromatic alde-
hydes 2 in acetic acid under microwave irradiation con-
ditions. The formation of the products was monitored
through TLC and irradiation was continued for appro-
priate time until completion of the reaction.


The structures of the compounds 4a–i were confirmed
by spectral, elemental analyses, and comparison with
the available literature data.20

R''


O


CO2R NH2 NH2


O


R'CHO+ +


4a) R = Et, R' = 3-HOC6H4, R'' = CH3


4b) R = Et, R' = isopropyl, R'' = CH3


4c) R = Ph, R' = 3-HOC6H4, R'' = CH3


4d) R = Et, R' = 4-HOC6H4, R'' = CH3


4e) R = Et, R' = 4-MeOC6H4, R'' = CH3
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Figure 1. The effects of dihydropyrimidinone derivatives (heart rate) on frog


n = 6, values are means ± SEM. All compounds showed p < 0.01 compared

The effects of DHPMs were evaluated on an isolated
perfused frog heart at various dose levels and compared
with the activity of digoxin under identical experimental
conditions. To elucidate the mechanism of action, the
interaction of selected compounds with b-blocker and
calcium channel blocker activities was investigated
(Figs. 1–3).


In the present investigation compounds 4a–d showed
dose-dependent increase in force of contraction (positive
inotropic action), decrease in rate of contraction (nega-
tive chronotropic action), and an increase in cardiac
output. Among these compounds 4d was more potent
than digoxin.


This may be contributed by the more potent calcium
channel agonistic S enantiomer11 in the racemic mixture
of R and S. Change of ‘ethyl’ (compound 4a) by ‘phenyl’
(compound 4c) substitution in the ester portion of the
DHPM does not have marked effect on cardiovascular
activity. Compound 4e showed negative chronotropic
action, increase in cardiac output, positive inotropic
action, and was not dose-dependent. Compound 4f at
lower dose levels (at 5 and 50 lg/ml) did not show en-
hanced activity but at higher dose levels (at 500 lg/ml
and 1 mg/ml) showed comparable positive inotropic

N


NH


O


H


R''


RO


O R'


MWI, 7 min


Acetic acid


4f) R = Et, R' = biphenyl, R'' = CH3


4g) R = Et, R' = 2-O2NC6H4, R'' = CH3


4h) R = Me, R' = 2-ClC6H4, R'' = CH3


4i) R = Et, R' = 2-ClC6H4, R'' = CH3


4 (a-i)


4f 4g 4h 4i Digoxin


g/mL Metoprolol 5µg/mL Verapamil 5µg/mL


heart rate. a1% Sodium carboxy methyl cellulose was used as control.


with control (one-way ANOVA) except entry 4g.
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Figure 2. The effects of dihydropyrimidinone derivatives (force of contraction) on frog heart. a1% Sodium carboxy methyl cellulose was used as


control. n = 6, values are means ± SEM. All compounds showed p < 0.01 when compared with control (one-way ANOVA) except entry 4g.
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Figure 3. The effects of dihydropyrimidinone derivatives (cardiac output-CO) on frog heart. a1% Sodium carboxy methyl cellulose was used as


control. n = 6, values are means ± SEM. All compounds showed p < 0.01 when compared with control (one-way ANOVA) except entry 4g.
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action, and an increase in cardiac output. Compound 4g
showed no change in rate, force of contraction of the
heart and cardiac output as expected.11 Compounds 4h
and 4i were found to exhibit negative inotropic, chrono-
tropic action, and decrease in cardiac output.11 Further
4h and 4i blocked the effect of adrenalin (5 lg/ml), there-
by showing b-adrenergic blocking activity.


The positive inotropic action of the compounds (4a–f)
was not blocked by metoprolol (a cardioselective b-ad-
renergic blocker) but significantly blocked by the calci-
um channel blocker—verapamil. Since verapamil
blocks the cardiotonic action of the compounds (4a–f),
these compounds might have produced their action by
opening the voltage sensitive slow Ca2+ channel.


In summary, we have described the synthesis and
pharmacological effect of DHPMs on frog heart in
this paper. The results obtained clearly indicate that
the compounds 4a–f discussed here showed good car-
diotonic activity. Compounds 4h and 4i evinced b-ad-
renergic receptor antagonistic activity. Compound 4d
appears to be the most interesting derivative in our
series and more potent than the digoxin. It can be a
better choice for the existing cardiotonic drugs in the
treatment of congestive heart failure and to confirm
this, further studies are to be carried out in other lab-
oratory animals. This observation may promote the
synthesis of more active DHPMS in future. The devel-

opment of methods for the enantioselective synthesis
of chiral DHPMs using chiral catalysts and enzymes
is underway since individual enantiomers of chiral
DHPMs have opposing pharmacological effects and
the use of enantiomerically pure compounds are a
requirement for improving the efficacy of drugs of this
type.
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C, 66.82; H, 4.85; N, 8.56.
Ethyl 4-(4-hydroxyphenyl)-6-methyl-3,4-dihydropyrimidin-
2(1H)-one-5-carboxylate (4d): Yield: 88%. Mp: 228–
229 �C. IR (KBr): 3410, 3256, 2990, 1719, 1689 cm�1. 1H
NMR: 1.12 (t, 3H, J = 7.5 Hz), 2.22 (s, 3H), 4.03 (q, 2H,
J = 7.5 Hz), 5.12 (s, 1H), 6.70 (d, 2H, J = 9 Hz), 7.10 (d,
2H, J = 9.0 Hz), 7.5 (s, 1H, NH(3)), 9.01 (s, 1H, NH(1)),
9.20 (s, 1H, Ar-OH). 13C NMR: 15.04, 17.76, 53.54, 58.76,
99.73, 114.58, 127.19, 136.54, 147.25, 152.30, 156.19 and
165.24. MS (EI, m/z): 276 (M+). Anal. Calcd for
C14H16N2O4: C, 60.86; H, 5.84; N, 10.14. Found: C,
60.11; H, 5.80; N, 10.42.
Ethy 4-(4-methoxyphenyl)-6-methyl-3,4-dihydropyrimidin-
2(1H)-one-5-carboxylate (4e): Yield: 84%. Mp: 199–
200 �C. IR (KBr): 3303, 3050, 1710, 1647 cm�1. 1H
NMR: 1.08 (t, 3H, J = 7.5 Hz), 2.24 (s, 3H), 3.71 (s, 3H,
Ar-OMe), 3.97 (q, 2H, J = 7.5 Hz), 5.23 (d, 1H,
J = 2.7 Hz), 6.88 (d, 2H, J = 8.58 Hz, Ar-H), 7.13 (d,
2H,J = 8.58 Hz, Ar-H), 7.67 (s, 1H, NH(3)), 9.15 (s, 1H,
NH(1)). 13C NMR: 14.03, 18.32, 53.88, 55.61, 59.73,
100.13, 114.26, 127.96, 137.60, 148.58, 152.73, 159.00,
165.94. MS (EI, m/z): 290 (M+). Anal. Calcd for
C15H18N2O4: C, 62.08; H, 6.25; N, 9.65. Found: C,
61.93; H, 6.19; N, 13.87.
Ethyl 4-(4-(1,1 0-biphenyl))-6-methyl-3,4-dihydropyrimi-
din-2(1H)-one-5-carboxylate (4f): Yield: 70%. Mp: 212–
214 �C. IR (KBr): 3224, 3105, 1692, 1639 cm�1. 1H NMR:
d 1.04 (t, J = 7.45 Hz, 3H), 2.21 (s, 3H), 3.82 (q,
J = 7.45 Hz, 2H), 5.43 (d, 1H, J = 3.5 Hz), 7.26 (m, 3H),
7.38 (t, J = 7.45 Hz, 2H), 7.54 (t, J = 8.1 Hz, 4H), 7.71 (s,
1H, NH(3)), 9.12 (s, 1H, NH(1)). 13C NMR: d 14.53,
18.27, 54.11, 60.05, 99.94, 127.09, 127.29, 127.41, 128.01,
129.52, 139.83, 140.19, 144.23, 148.88, 152.88, 166.06. MS
(EI, m/z): 336 (M+). Anal. Calcd for C20H20N2O3: C,
71.41; H, 5.99; N, 8.33. Found: C, 71.33; H, 5.91; N, 8.37.
Ethyl 4-(2-nitrophenyl)-6-methyl-3,4-dihydropyrimidin-
2(1H)-one-5-carboxylate (4g): Yield: 90%. Mp: 213–
215 �C. IR (KBr): 3112, 1693, 1645, 1524, 1340 cm�1. 1H
NMR: 0.93 (t, 3H, J = 7.6 Hz), 2.29 (s, 3H), 3.83 (q, 2H,
J = 7.6 Hz), 5.83 (s, 1H), 7.48–7.50 (m, 2H), 7.66 (s, 1H,
NH(3)), 7.70 (d, 2H, J = 9 Hz), 9.36 (s, 1H, NH(1)). 13C
NMR:13.58, 17.49, 49.20, 58.97, 97.92, 123.67, 128.45,
128.87, 133.85, 139.13, 146.62, 149.42, 150.60, 165.32. MS
(EI, m/z): 305 (M+). Anal. Calcd for C14H15N3O5: C,
55.08; H, 4.95; N, 13.76. Found: C, 55.10; H, 4.91; N,
13.87.
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Methyl 4-(2-chlorophenyl)-6-methyl-3,4-dihydropyrimidin-
2(1H)-one-5-carboxylate (4h): Yield: 89%. Mp: 224–
226 �C; IR: 3310, 3250, 1701, 1645 cm�1. 1H NMR
(DMSO-d6) d: 2.29 (s, 3H), 3.68 (s, 3H), 5.31 (s, 1H),
7.30–7.52 (m, 4H), 7.53 (s, 1H, NH(3)), 9.31 (s, 1H,
NH(1)). 13C NMR d: 17.85, 54.41, 59.23, 101.83, 126.13,
127.23, 127.51, 128.22, 140.11, 144.54, 150.21, 152.13 and
165.58. MS (EI, m/z): 280 (M+) 282 (M+2) Anal. Calcd for
C13H13ClN2O3 C, 55.62; H, 4.67; N, 9.98. Found: C,
55.43; H 4.72; N, 9.97.
Ethyl 4-(2-chlorophenyl)-6-methyl-3,4-dihydropyrimidin-
2(1(H)-one-5-carboxylate (4i): Yield: 91%. Mp: 213–
215 �C. IR (KBr): 3363, 3225, 3100, 1690, 1650 cm�1. 1H
NMR: 1.03 (t, 3H, J = 7.5 Hz), 2.45 (s, 3H), 3.98 (q, 2H,
J = 7.5 Hz), 5.64 (s, 1H, NH(1)), 5.88 (d, 1H, J = 2.4 Hz),
7.20–7.24 (m, 3H), 7.36–7.39 (m, 1H), 7.87 (s, 1H, NH(1)).
13C NMR: 15.21, 17.88, 53.17, 58.03, 103.13, 127.23,
128.14, 129.32, 136.54, 140.11, 147.21, 152.37, 156.39 and
165.93. MS (EI, m/z): 294 (M+) 296 (M+2) Anal. Calcd for
C14H15ClN2O3: C, 57.05; H, 5.13; N, 9.50. Found: C,
57.02; H, 5.10; N, 9.52;
Pharmacology: Cardiovascular activity. Common Indian
adult frogs of Rana tigerina species were used in the present
study. The great advantage of frog tissues is that they can
function as isolated preparations for many hours when
handled carefully and to maintain the tissue preparation,
no extra supply of oxygen is needed as the frog muscles can
directly imbibe oxygen from the atmosphere. The animals
were maintained as per the norms of Committee for the
Purpose of Control and Supervision of Experiments on
Animal (CPCSEA) and this experiment was cleared by
CPCSEA and Institutional Animal Ethics Committee
constituted for the purpose. Frogs were dissected from

ventral surface to expose the heart and pericardium was
removed. The frog heart was isolated and perfusion was
done by Bulbring’s method as described by Burn.21 Frog
ringer with the following composition was used as the
perfusion fluid NaCl, 110.0; KCl, 1.90; CaCl2, 1.10;
NaH2PO4, 0.06; NaHCO3, 2.40; dextrose, 11.10 lM made
up to 1000 ml with distilled water. The apex of ventricle
was attached to the sterling heart lever, which in turn was
attached by a thread to the muscle forced transducer and
this is connected to a ‘physiograph’. Normal heart rate,
contractile amplitude were recorded. The cardiac output
from the isolated frog heart was collected every minute and
measured. The various concentrations of compounds to be
tested were prepared using 1% sodium carboxy methyl
cellulose and administered to the ringer flowing through
the cannula and the effects were recorded at different dose
level (5 lg, 50 lg, 100 lg, 500 lg, and 1 mg/ml). Only one
compound was tested in each preparation. The results are
given in Figures 1–3. The responses of the compounds were
compared to those of digoxin. During the interaction
studies verapamil (5 lg/ml) in frog ringer’s solution,
metoprolol, a b-adrenergic blocker (5 lg/ml) in frog ringers
solution and adrenaline (5 lg/ml) were administered to the
ringer solution and recordings were noted. The data
presented in figures are means ± SE. One-way ANOVA
was used for statistical analysis. P values < 0.01 were
considered to be statistically significant.


20. (a) Shanmugam, P.; Perumal, P. T. J. Chem. Res. Synop.
2003, 601; (b) Shanmugam, P.; Annie, G.; Perumal, P. T.
J. Heterocycl. Chem. 2003, 40, 879; (c) Ma, Y.; Quian, C.;
Wang, L.; Yang, M. J. Org. Chem. 2000, 65, 3864.


21. Burn, J. H. Practical Pharmacology; Oxford Blackwell:
London, 1952, 30.
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Abstract—The synthesis and biological activity of novel derivatives of our previously reported IP receptor agonist FR181157 is
described. SAR studies to replace the cyclohexene-linker of FR181157 led to the discovery of compound 1i (FR207845) as a potent
non-prostanoid PGI2 mimetic with good oral bioavailability.
� 2006 Elsevier Ltd. All rights reserved.

Figure 1. Conversion of the cyclic linker of FR181157.

Prostacyclin (PGI2) primarily derived from vascular
endothelium is one of the metabolites of arachidonic
acid and has an important role as an inhibitor of platelet
aggregation and as a potent vasodilator.1 Although
these pharmacological properties are considered to be
clinically useful, the therapeutic application of PGI2 is
limited due to its inherent instability.1,2 Since the report
that octimibate, known as an inhibitor of acyl-CoA:cho-
lesterol O-acyltransferase (ACAT), acts as a non-prosta-
noid IP receptor agonist appeared in 1990,3 intensive
studies to identify new non-prostanoid PGI2 mimetics
with chemical and metabolic stability have been per-
formed.4–7 These investigations led us to a research pro-
gram directed at the development of a new class of
prostacyclin analogues, and we have investigated and
reported several novel series of non-prostanoid PGI2


mimetic.8 From these series, FR181157 which has a
cyclohexene core structure with a chiral center was iden-
tified as a potent orally active non-prostanoid IP recep-
tor agonist (Fig. 1).8b However, a metabolism study
revealed the existence of epoxides as active metabolites
exhibiting 5- to 10-fold more potent human platelet
aggregation inhibitory activity than the parent com-
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pound, and in a rat hepatic injury model FR181157
showed unpredictable potent activity derived from its
complicated metabolism.8e Although the stability and
toxicity of epoxides of FR181157 have not been fully
investigated, in general, some kinds of epoxides are reac-
tive with biogenic substances and sometimes induce
unpredictable toxicological effects such as hepatotoxici-
ty and genotoxicity.9 Therefore, we aimed to investigate
new linker structures without a double bond to prevent
production of epoxides as active metabolites with likely
reactivity. In this letter, we wish to disclose the synthesis
and biological activities of FR181157-related derivatives
prepared by replacing the cyclohexene-linker as novel
PGI2 mimetics.


The synthetic route to compounds 1a and 1c–i newly
prepared in this letter is illustrated in Schemes 1–4.



mailto:akira-tanaka@jp.astellas.com





Scheme 1. Reagents: (a) benzoin, DMAP, EDC, CH2Cl2 (61%); (b) AcONH4, AcOH (78%); (c) i—Mg, THF; ii—3-benzyloxybenzaldehyde (two


steps 54%); (d) H2, 10% Pd/C, EtOAc, MeOH, HCl (28%); (e) methyl bromoacetate, K2CO3, DMF (98%); (f) 1 N NaOH, DME (90%).


Scheme 2. Reagents: (a) i—H2, 10% Pd/C, EtOAc; ii—SiO2 column


separation (43% for 7a; 38% for 7b); (b) 1 N NaOH, THF, EtOH (87%


for 1c; 72% for 1d).
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Compound 1b was already reported in our previous
paper.8b Compound 1a having a benzene-linker was pre-
pared from 2-bromobenzoic acid by construction of the
diphenyloxazole ring, metalation, treatment with a

Scheme 3. Reagents: (a) 3-methoxybenzylchloride, Mg, CuI, THF (quan


phenylethylamine, Et2O; ii—recrystallization from EtOAc–hexane (2·) (67


pyridine, CH2Cl2; (g) AcONH4, AcOH (three steps 80%, >99% ee); (h) i—H2


10b); (i) BBr3, CH2Cl2; (j) ethyl bromoacetate, K2CO3, DMF (two steps 85%


Scheme 4. Reagents: (a) benzoin, DMAP, EDC, CH2Cl2 (quant. from 12a; 9


10% Pd/C, MeOH (98% from 13a; 98% from 13b); (d) ethyl 3-(bromomethy


NaOH, EtOH (96% for 1g; 87% for 1h); (f) i—neutralized with 1 N HCl, then


from 1g).

benzaldehyde derivative, deprotection–dehydroxylation,
and introduction of an ethyl acetate moiety, followed by
hydrolysis (Scheme 1). Synthesis of 1c–d with a cyclo-
hexane-linker was accomplished by hydrogenation of
optically active ester 6,8b an intermediate for the synthe-
sis of FR181157, followed by separation of the isomers
and hydrolysis (Scheme 2). Optically active cyclopen-
tane compounds 1e–f were prepared from optically pure
acetate 710 as shown in Scheme 3. Treatment of 7 with 3-
methoxybenzyl Grignard reagent in the presence of CuI
was accompanied by a reduction in optical purity, and
was followed by hydrolysis, co-recrystallization with
(+)-a-phenylethylamine from Et2O to enhance the opti-
cal purity, and treatment with 1 N HCl gave carboxylic
acid 8 whose optical purity was determined to be >99%
ee after transformation to a diphenyloxazole derivative
9. Subsequent hydrogenation, separation of the isomers,
demethylation, and introduction of an ester moiety,

t., 77% ee); (b) 1 N NaOH, EtOH, dioxane (71%); (c) i—(+)-a-


%); (d) 1 N HCl, EtOAc (quant.); (e) SOCl2, CH2Cl2; (f) benzoin,


, 10% Pd/C, EtOH; ii—SiO2 column separation (50% for 10a; 42% for


from 10a; 85% for 10b); (k) 1 N NaOH, EtOH (86% for 1e; 86% for 1f).


6% from 12b); (b) AcONH4, AcOH (80% for 13a; 94% for 13b); (c) H2,


l)phenoxyacetate, K2CO3, DMF (95% for 14a; 44% for 14b); (e) 1 N


4 N HCl in EtOAc, Et2O; ii—recrystallization from MeOH–Et2O (69%
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followed by hydrolysis, provided the target molecules.
Optically active 1g and 1h were prepared from Z-pro-
tected DD- or LL-proline (12), respectively. Construction
of the diphenyloxazole ring, deprotection, alkylation
with benzylbromide derivative, followed by hydrolysis,
afforded the object compounds.


The compounds prepared were evaluated for their abil-
ity to inhibit aggregation of ADP-induced human and
rat platelets in platelet-rich plasma as PGI2 receptor
agonistic activity, and is expressed in Table 1 as the
nanomolar concentration of a compound required to
inhibit 50% of the aggregation (IC50).


Replacement of the cyclohexene-linker of FR181157 by
benzene to delete an isolated double bond and simulta-
neously a chiral center resulted in compound 1a with re-
duced activity. In our previous paper,8b compound 1b
was reported to show a similar tendency. Therefore, it

Table 1. Biological activity of prepared compounds


Compound Cyclic linker ADP-induced platelets


aggregation inhibitory


activitya IC50 (nM)


Humanb Ratc


1a 930 ND


1b 533 ND


1c 115 ND


1d 114 ND


1e 53 ND


1f 39 ND


1g 48 700


1h 58 >10000


FR181157 60 1200


ND denotes not determined.
a Values are the average of two experiments.
b Evaluated at a concentration of 2.5 lM ADP.
c Evaluated at a concentration of 2.0 lM ADP.

was considered that the sp2 carbon atom, to which the
left part benzyl moiety is attached, may cause an unfa-
vorable effect on the interaction of agonists with the
receptor. To investigate the importance of the double
bond in cyclohexene of FR181157, we synthesized and
evaluated cyclohexane analogues 1c–d. These were only
twofold less active than the parent compound, and no
effect of cis/trans stereochemistry on the human platelet
aggregation inhibitory activity was observed. The
retained activity of these two compounds led us to inves-
tigation of ring size, and accordingly, cyclopentane ana-
logues 1e and 1f were prepared and exhibited slightly
more potent activity than FR181157. Looking at the
lipophilicity, the ClogP value of natural prostacyclin
is 2.33.11 On the other hand, that of FR181157 calculat-
ed as a free form is quite high (6.88), and such a high
lipophilic compound does not meet Lipinski’s ‘rule of
five,’ a well-known method to predict drug-likeness.12


From this point of view, cyclopentane analogues 1e
and 1f are still lipophilic, and besides have two chiral
centers requiring a more complicated synthetic route
than FR181157. Therefore, we planned to introduce a
nitrogen atom as a functionality to reduce the lipophil-
icity and simultaneously delete one of two chiral centers.
In general, proline is a well-known useful chiral synthon,
because it is relatively inexpensive and both DD- and LL-en-
antiomers with high optical purity are easily available.
Thus, both enantiomers 1g and 1h were readily synthe-
sized from DD- and LL-proline and were assessed. As a
result, 1h showed potent activity comparable to
FR181157, and 1g was slightly more potent. The stereo-
chemistry of these two compounds gave a great effect on
rat platelet aggregation. Compound 1g retained the
activity, however, its enantiomer 1h resulted in complete
loss of activity for rat platelets. The species difference of
1g (15-fold) was smaller than FR181157 (20-fold), and
also much smaller than previously reported our another
type of diphenylcarbamate compound FK-788 (80-
fold).8d It is well known that this class of PGI2 mimetics
has a species difference.3b,8c–e Based on the results dis-
cussed above, compound 1g, easily synthesized from
DD-proline, with a relatively small species difference and
lower ClogP (4.85, calculated as a free form), was
selected for further evaluation.


PGI2 receptor binding was examined by the conventional
ligand binding assay based on the displacement of [3H]-
iloprost from the cloned human PGI2 receptor (IP).13 1g
exhibited high binding affinity for the IP receptor with a
Ki value of 76 nM, and was comparable to that of
60 nM shown for FR181157. A pharmacokinetic (PK)
study with 1i (a crystalline hydrochloride salt of 1g)14 in
fasted rats (n = 3) revealed its good oral bioavailability
(F = 41%) which is comparable to that of FR181157
(F = 50%), although Cmax and AUC were relatively lower
(1i: Cmax = 15.5 ± 1.3 ng/mL, AUC = 81.7 ± 1.8 ng h/mL
at 1.0 mg/kg po; FR181157: Cmax = 16.4 ± 0.88 ng/mL,
AUC = 147.0 ± 14.3 ng h/mL at 0.32 mg/kg po).


In summary, we have prepared novel analogues of
FR181157 replacing the cyclohexene-linker and assessed
them as IP receptor agonists. Amongst them, the unique
zwitter compound 1g with the large benefit of synthetic
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accessibility, relatively small species difference, and low-
er ClogP was identified as a potent non-prostanoid
PGI2 mimetic designed not to produce reactive metabo-
lites such as epoxide. A PK study of 1i (FR207845), a
hydrochloride salt of 1g, revealed its good oral bioavail-
ability in rats.
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Abstract—An enkephalin analogue coupled to ‘aminofentanyl’ has been synthesized and tested for biological activities at the l and d
opioid receptors. Aminofentanyl which represents a structural derivative of fentanyl has been synthesized by acylation of 1-(2-phen-
ethyl)-4-(N-anilino)piperidine with phthaloyl protected b-alaninyl chloride in the presence of DIPEA, followed by deprotection with
hydrazine hydrate. Aminofentanyl has also been successfully acylated with ethyl isocyanate, various acid anhydrides, to further
investigate structure–activity relationships of these new fentanyl derivatives. Among the new derivatives compound 7 which carries
a Tyr-DD-Ala-Gly-Phe opioid message sequence showed good opioid affinity (1 nM at both d and l opioid receptors) and bioactivity
(34.9 nM in MVD and 42 nM in GPI/LMMP bioassays).
� 2006 Elsevier Ltd. All rights reserved.

Depending on their nature all opiates can be broadly
divided into two categories: non-peptide and peptide
based. Morphine which occurs in nature represents one
of the most efficient analgesic drugs among the non-pep-
tide based opiates. Endogenous opioid peptides such as
endomorphins, enkephalins, and dynorphins occurring
naturally in the brain represent the second class of opi-
ates. The latter function as both neuromodulators and
hormones, and are responsible for a broad spectrum of
physiological effects. A common feature of these two clas-
ses of opiates is their binding to the three recognized opi-
oid receptor types: l, d, and j. A tremendous amount of
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synthetic work was done to alter the potency, selectivity,
and bioavailability of these both classes of opioids.


The class of compounds known as 4-anilidopiperidines
represent the most powerful synthetic analgesics, which
include fentanyl and related compounds.1–13 Fentanyl is
a well-known l-selective synthetic analgesic (ED50


0.011 mg/kg) which is 50–100 times more potent than
morphine, has a short duration of action and an onset
of action almost immediately after intravenous adminis-
tration. Fentanyl, sufentanyl, and alfentanyl currently
represent the three most popular compounds used for
analgesia in clinical practice despite the fact that their
use results in side effects such as respiratory depression,
physical dependence, and rapid tolerance.14


An evident gap in the literature regarding incorporation
of amino acids and peptides into fentanyl chemistry has
encouraged us to investigate replacement of the propio-
nyl fragment of fentanyl with various amino acids. We
therefore sought to design a hybrid molecule based on
two distinct classes of opioid ligands: the peptide por-
tion derived from enkephalins and the non-peptide moi-
ety from a 4-anilidopiperidine series. This novel strategy
would be analogous to that used to create molecules
such as biphalin [(Tyr-DD-Ala-Gly-Phe-NH)2], a dimeric
analogue of enkephalin with two peptide based
pharmacophores linked by a hydrazide bridge. The
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original idea of incorporating 1- and 2-substituted fen-
tanyl analogues into peptides based on the structural
analogy between the aromatic rings of fentanyl and
the Tyr1 and Phe4 residues of the opioid peptides goes
back to the early 1980 with the resulting fentanyl ana-
logues showing very weak or no opioid activity, and
that study was limited to 1- and 2-substituted ana-
logues.15 The ability to incorporate and retain the char-
acteristic high opioid activity of 4-anilidopiperidines
into peptides holds numerous possibilities in the area
of drug design and their medicinal applications. For
example, attachment of the corresponding unit would
allow rather simple introduction of opioid activity into
any peptide of interest, which can be fruitful for
designing multiple ligands. The inherent l-opioid
receptor selectivity of fentanyl and its analogues would
allow, for instance, greater l-selectivity of opioid ana-
logues.16 Considering recent achievements in convert-
ing opioid agonists into antagonists,17 a combination
of peptide plus non-peptide opioid has a potential of
developing an antagonist of matching potency to fenta-
nyl. We expect that the highly lipophilic character of
the 4-anilidopiperidine moiety will increase cell perme-
ability of attached peptides, and consequently their
bioavailability.18 Furthermore, we anticipate that
replacement of the propionyl moiety of fentanyl with
amino acids and peptide residues will decrease the
toxicity associated with this class of analgesics.
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HO
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H2N

The high pharmaceutical potential of the anilidopiperi-
dines, as well as the fact that aminofentanyl in contrast
to its commercially available counterpart, carboxyfenta-
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Scheme 1. Reagents and conditions: (i) Pht-AA-Cl (b-Ala), DIPEA , DCM,


anhydride, DIPEA, DCM, 65–97%; (iv) Boc-Phe-OH, DCC, DIPEA, DCM; (


chain elongation using (i) and (ii) (ethanolamine instead of N2H4ÆnH2O) me

nyl (BIOMOL International�, PA),19 is not described in
the literature, have prompted us to find a synthetic strat-
egy that would allow us to couple b-amino acids with
1-(2-phenethyl)-4-(N-anilino)-piperidine (2). This b-ala-
nine derivative would differ from the original structure
of fentanyl only by an amino group attached to the third
carbon of propionyl moiety.


Our initial attempts to employ traditional peptide cou-
pling reagents such as HBTU and DIC in the presence
of HOBt proved to be unsuccessful for coupling amino
acids to compound 2.20 On the other hand, attempts
to couple the corresponding Fmoc acid chloride in anhy-
drous (DCM and TEA) or biphasic (DCM/5% NaHCO3


in water) media gave low coupling yields and partial
cleavage of the Nb-Fmoc group. We have found that
the designed compound can be readily prepared by cou-
pling the phthaloyl protected acid chloride of b-alanine
with compound 2 in the presence of DIPEA or TEA,
followed by deprotection with hydrazine hydrate in
refluxing ethanol (Scheme 1). In contrast to a-phthaloyl
amino acids, attempted deprotection of phthaloyl group
of compound 3 with ethanolamine in refluxing ethanol
gave multiple products with only 35% yield of target
product 1. Thionyl chloride in refluxing toluene was
used to convert the phthaloyl protected b-alanine to its
acid chloride. The precursor of this reaction, compound
3,21 was obtained as a solid due to its low solubility in
organic solvents such as acetone or methanol which sig-
nificantly simplified the corresponding purification. We
also found that compound 122 could be prepared faster
via a single pot procedure: in this case synthesis and
hydrolysis of compound 3 were carried out in one flask,
and the compound 1 was purified by crystallization from
EtOAc. Compound 1 was advanced to the derivatives
4a–c by treatment with the corresponding acid anhy-
drides.23 The urea derivative 4d was accessed by the
treatment of 1 with EtNCO.24 Phthaloyl amino acid
chlorides were chosen in the synthesis of an enkephalin
analogue, even though deprotection of phthaloyl group
required rather harsh conditions which are routinely
avoided in peptide chemistry. We found that the
employment of phthaloylphenylalanyl chloride prepared

v, v
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O
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0 �C, 92%; (ii) N2H4ÆnH2O, ethanol, reflux, 63%; (iii) EtNCO or acid


v) TFA, DCM, 94% (two steps); (vi) Ac2O, DIPEA, 72%; (vii) stepwise


thods for Gly (80%) and DD-Ala (94%), and (iv) and (v) for Tyr (65%).







Table 2. In vitro functional activity


Compound IC50
a (nM)


MVD GPI/LMMP


1b 26.4%e 11%e


7b 34.9 ± 4.9 42.0 ± 16.3


7 33.3 ± 6.1f 108.0 ± 49.0g


Carboxyfentanyl 1% 1%


Fentanylc 9.45 ± 4.05 3.45 ± 0.45


Biphalind 0.72 ± 0.20 40.0 ± 13.0


a Values are means of four experiments.
b Tested in the base form.
c Data according to Ref. 15.
d Data according to Ref. 31.
e Percent inhibition of agonist activity at 1 lM.
f Small activity at j-opioid receptors.
g Effect is not reversed by naloxone.
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by treatment with thionyl chloride in refluxing toluene
followed by coupling in the presence of TEA gave us a
completely racemized product.25 Although no racemiza-
tion of phthaloyl protected phenylalanine was reported
under less drastic conditions, such as activation with
oxalyl chloride at room temperature,26 Boc-Phe-OH
was used for corresponding coupling with DCC as a
condensing reagent. The reaction of 5 with Ac2O affor-
ded 6.27 We were pleased to obtain the desired peptides
in good yields after coupling the phthaloyl protected Na-
amino acid chlorides in the presence of DIPEA followed
by deprotection with ethanolamine, extraction with
DCM or EtOAc,28 drying over MgSO4, and evaporation
of the solvent. In the case of phthaloyl protected a-ami-
no acid chlorides, the duration of coupling was very fast
as monitored by TLC and a reaction time of 20–30 min
was sufficient and maintained throughout the synthesis.
The coupling of phthaloyl DD-alanyl chloride was free of
racemization as confirmed by HPLC and NMR analy-
sis. Compounds 5 and intermediate peptides were used
for peptide synthesis without purification to obtain the
final product 7.29 Peptides 6 and 7 were used in biolog-
ical tests without further purification because their puri-
ty, as determined by HPLC analysis, was of 95%. It is
notable that isolation and purification of our com-
pounds were done conveniently by extracting with
Et2O (4a–d, 5, and 6) or 1/4 mixture of EtOAc/Et2O
(7),28 filtering through Celite (to remove salts or DCU
in the case of 5) and precipitating by passing dry HCl
through the solvent.


Opioid binding affinities (see Table 1) of the new ana-
logues for the human d-opioid receptor (hDOR) or the
rat l-opioid receptor (rMOR) were determined by radi-
oligand competition analysis using DPDPE to label the
d-opioid receptor and DAMGO to label the l-opioid
receptor in cell membrane preparations from transfected
cells that stably express the respective receptor type.30


The functional bioactivity profiles of selected ligands
(see Table 2) were determined in MVD and GPI/LMMP

Table 1. Binding affinities


Compound Binding IC50
a (nM)


d l


1b 13,000 2080


1 36,000 3250


3 n.c. 217


4a 8400 1030


4b 450 451


4c 12,100 146


4d 6650 29.9


6 7600 2680


7b 0.99 0.97


7 1.10 0.90


Carboxyfentanyl 9400 5400


Fentanylc 246 ± 41 3.3 ± 0.45


Biphalind 2.6 1.4


a Values are means of two or three experiments (n.c. = no


competition).
b Tested in the base form.
c Data according to Ref. 31.
d Data according to Ref. 32.

smooth muscle preparations as described previously.33


IC50 values, relative potency estimates, and their associ-
ated errors were determined by fitting the data to the
Hill equation by a computerized non-linear least-square
method.


As reported in Table 1, compounds 1–6 showed weak
binding affinity at the opioid receptors. Compound 1
tested as a free base also showed weak in vitro activity.
Interestingly, although carboxyfentanyl was used to
raise antibodies against fentanyl, no data were available
in the literature about its opioid binding affinity. Our
tests showed that the binding affinity of carboxyfentanyl
is of the same magnitude as that of aminofentanyl
except the latter has higher l-opioid receptor selectivity
and bioactivity. Compound 7 which carries a Tyr-DD-
Ala-Gly-Phe opioid message sequence showed good opi-
oid affinity and bioactivity. It is interesting to note that
this compound did not show any affinity for j-receptors
and was binding reversibly when tested in its neutral
form. In vivo studies of compound 7 are currently
underway and will be a subject of a separate report. This
study reveals that attachment of a b-aminoacid and its
N-acetylated analogues leads to substantial drop in opi-
oid binding affinity of corresponding fentanyl deriva-
tives. Thus, it appears that attachment of a peptide
bond to the propionyl moiety of fentanyl encounters
unfavorable interactions at the l- and particularly at
d-opioid binding sites. A comparison of the affinities
of compounds presented by Essawi and Portoghese,15


Montero et al.,34 and ours (4b, 4e, and 7) indicates that
propionyl moiety together with phenethyl part of fenta-
nyl play a very important role in opioid receptor binding
and activation.


In summary, we were able to identify some interesting
structure–activity relationships around the propionyl
moiety of fentanyl. Compound 7 which carries a Tyr-DD-
Ala-Gly-Phe opioid message sequence showed good opi-
oid affinity and bioactivity suggesting that a novel class
of analgesics can be further developed utilizing this ap-
proach. Aminofentanyl was synthesized in good yield
by coupling of Nb-phthaloylalanyl chloride with 1-(2-
phenethyl)-4-(N-anilino)piperidine followed by hydroly-
sis with hydrazine hydrate. Phthaloyl amino acid
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chlorides proved to be highly efficient for coupling to a
sterically and electronically demanding amine. Amena-
bility of phthaloyl protected amino acid chlorides for
efficient solution-phase synthesis of enantiomerically
pure peptides was also demonstrated.
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Compound 4b: 1H NMR (500 MHz, CDCl3): d 1.13 (t,
3H, J = 7.6 Hz), 1.45 (qd, 2H, J1 = 12.1 Hz, J2 = 3.7 Hz),
1.80 (br d, 2H, J = 12.1 Hz), 2.10 (t, 2H, J = 5.7 Hz), 2.16
(m, 2H), 2.17 (q, 2H, J = 7.6 Hz), 2.54 (m, 2H), 2.73 (m,
2H), 3.01 (br d, 2H, J = 11.7 Hz), 3.40 (dt, 2H,
J1 = 5.8 Hz, J2 = 5.4 Hz), 4.63 (tt, 1H, J1 = 12.1 Hz,
J2 = 3.9 Hz), 6.53 (t, 1H, J = 5.4 Hz, NH), 7.05 (m, 2H),
7.16 (m, 3H), 7.25 (t, 2H, J = 7.5 Hz), 7.38 (m, 3H); 13C
NMR (500 MHz, CDCl3): d 9.7, 29.6, 30.3, 33.6, 34.9,
52.3, 52.8, 60.2, 125.9, 128.2, 128.4, 128.5, 129.4, 129.9,
137.8, 139.9, 171.6, 173.4. MS: m/z 408.1 [M+H]+; HRMS
calcd: 407.2573; found: 407.2659.
Compound 4c: 1H NMR (500 MHz, CDCl3): d 1.48 (qd,
2H, J1 = 12.2 Hz, J2 = 3.3 Hz), 1.81 (br d, 2H,
J = 12.2 Hz), 2.17 (t, 2H, J = 5.5 Hz), 2.19 (t, 2H,
J = 11.5 Hz), 2.56 (m, 2H), 2.74 (m, 2H), 3.04 (br d,
2H, J = 11.5 Hz), 3.50 (dt, 2H, J1 = 5.8 Hz, J2 = 5.4 Hz),
4.62 (tt, 1H, J1 = 12.2 Hz, J2 = 3.9 Hz), 7.07 (m, 2H), 7.16
(m, 3H), 7.25 (m, 2H), 7.41 (m, 3H), 7.69 (br t, 1H,
J = 5.4 Hz, NH); 13C NMR (500 MHz, CDCl3): d 30.2,
33.6, 33.9, 35.6, 52.6, 52.8, 60.2, 126.0, 128.3, 128.5, 128.8,
129.6, 129.9, 137.6, 139.9, 156.7, 156.9, 171.1. MS: m/z
448.1 [M+H]+; HRMS calcd: 447.2134; found: 447.2221.


24. Selected data. Compound 4d: 1H NMR (500 MHz,
CDCl3): d 1.10 (t, 3H, J = 7.2 Hz), 1.46 (qd, 2H,
J1 = 12.0 Hz, J2 = 2.9 Hz), 1.79 (br d, 2H, J = 11.9 Hz),
2.11 (t, 2H), 2.14 (br t, 2H, J = 11.4 Hz), 2.55 (m, 2H),
2.73 (m, 2H), 3.02 (br d, 2H, J = 11.4 Hz), 3.16 (m, 1H),
3.34 (dt, 2H, J1 = 5.8 Hz, J2 = 5.4 Hz), 4.61 (tt, 1H,
J1 = 12.1 Hz, J2 = 3.8 Hz), 5.04 (br s, 1H, NH), 5.54 (br
s, 1H, NH), 7.06 (m, 2H), 7.16 (m, 3H), 7.26 (m, 2H), 7.38
(m, 3H); 13C NMR (500 MHz, CDCl3): d 15.4, 30.3, 33.6,
35.1, 35.9, 52.3, 52.9, 60.2, 125.9, 128.2, 128.4, 129.4,
130.1, 137.9, 139.9, 158.3, 171.9. MS: m/z 423.1 [M+H]+;
HRMS calcd: 422.2682; found: 422.2752.


25. Petrov, R. R.; Vardanyan, R. S.; Nichol, G. S.; Carducci,
M. D.; Ma, S.-W.; Lai, J. Y.; Hruby, V. J. Acta Cryst.
2006, E62, o2815.


26. Stephen, W. H. Org. Proc. Dev. 1999, 3, 241.
27. Selected data. Compound 6: 1H NMR (500 MHz, CDCl3):


d 1.41 (qd, 2H, J1 = 12.2 Hz, J2 = 4 Hz), 1.77 (br d, 2H,
J = 12.6 Hz), 1.89 (m (part. overlap.), 1H), 1.93 (s, 1H),
2.02 (ddd, 1H, J1 = 16.9 Hz, J2 = 6.7 Hz, J3 = 4.9 Hz),
2.13 (br dd, 2H, J1 = 11.9 Hz, J2 = 4.3 Hz), 2.53 (m, 2H),
2.71 (m, 2H), 2.98 (m (part. overlap), 2H), 3.0 (br d (part.
overlap.), 2H, J = 7 Hz), 3.28 (m, 1H), 3.36 (m, 1H), 4.58
(tt, 1H, J1 = 12.1 Hz, J2 = 3.8 Hz), 4.61 (dt, 1H,
J1 = 7.5 Hz, J2 = 7.3 Hz), 6.68 (d, 1H, J = 8.0 Hz, NH),
6.75 (t, 1H, J = 5.9 Hz, NH), 7.04 (m, 2H), 7.14–7.28 (m,
10H), 7.37 (m, 3H); 13C (assigned using 13C DEPT-90 and
DEPT-135) NMR (500 MHz, CDCl3): d 22.9 (CH3), 30.3

(CH2), 33.7 (CH2), 34.6 (CH2), 35.0 (CH2), 38.7 (CH2),
52.3 (CH), 52.9 (CH2), 54.4 (CH), 60.3 (CH2), 125.8 (CH),
126.6 (CH), 128.2 (CH), 128.3 (CH), 128.4 (CH), 129.1
(CH), 129.3 (CH), 130.1 (CH), 136.6 (Cq), 137.8 (Cq),
139.9 (Cq), 169.6 (C@O), 170.5 (C@O), 170.8 (C@O). MS:
m/z 541.2 [M+H]+; HRMS calcd: 540.3100; found:
540.3157.


28. The aqueous solution was adjusted to pH 8 with
NaHCO3.


29. Selected data. Compound 7: 1H NMR (600 MHz,
DMSO-d6): d 1.16 (d, 3H, J = 6.9 Hz), 1.19 (br q,
2H, J = 12.0 Hz), 1.69 (br d, 2H, J = 10.8 Hz), 1.9–2.04
(m, 4H), 2.44 (m, 2H), 2.58–2.66 (m, 3H), 2.80 (dd,
1H, J1 = 13.3 Hz, J2 = 9.4 Hz), 2.86–2.97 (m, 4H), 3.17
(m, 1H), 3.25 (m, 1H), 3.5 (br s, 2H, NH2), 3.56 (t,
1H, J = 6.2 Hz), 3.60 (dd, 1H, J1 = 16.8 Hz,
J2 = 5.5 Hz), 3.72 (dd, 2H, J1 = 6.1 Hz, J2 = 16.6 Hz),
4.22 (m, 1H), 4.36 (dt, 1H, J1 = 8.6 Hz, J2 = 5.2 Hz),
4.45 (tt, 1H, J1 = 12.0 Hz, J2 = 3.2 Hz), 6.71 (d, 2H,
J = 8.3 Hz), 7.02 (d, 2H, J = 8.2 Hz), 7.12–7.21 (m,
10H), 7.23 (t, 2H, J = 7.6 Hz), 7.43 (dd, 1H,
J1 = 7.0 Hz, J2 = 6.8 Hz), 7.47 (t, 2H, J = 7.1 Hz), 7.89
(t, 1H, J = 5.1 Hz), 7.94 (d, 1H, J = 8.2 Hz), 8.29 (br s,
1H), 8.32 (br s, 1H); 13C (part. assigned using 13C
DEPT-90 and DEPT-135) NMR (500 MHz, CDCl3): d
17.8 (CH3), 30.0 (CH2), 32.9 (CH2), 34.3 (CH2), 35.2
(CH2), 37.6 (CH2), 42.1 (CH2), 48.5 (CH), 51.9(CH),
52.5 (CH2), 54.3 (CH), 55.8 (CH), 59.5 (CH2), 115.0
(CH), 117.8 (Cq), 125.7 (CH), 126.1 (CH), 127.9 (CH),
128.1 (CH), 128.2 (CH), 128.5 (CH), 129.0 (CH), 129.3
(CH), 130.1 (CH), 130.3 (CH), 137.8 (Cq), 138.4 (Cq),
140.4 (Cq), 155.9 (Cq), 168.5 (C@O), 169.4 (C@O),
170.7 (C@O), 172.5 (C@O), 173.4 (C@O); MS: m/z
790.3 [M+H]+; HRMS calcd: 789.4214; found:
789.4271.
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Abstract—Recombinant Escherichia coli B834 (DE3) pDB5 expressing the Rv3049c gene encoding a Baeyer–Villiger monooxygen-
ase from Mycobacterium tuberculosis H37Rv was used for regioselective oxidations of fused bicyclic ketones. This whole-cell system
represents the first recombinant Baeyer–Villiger oxidation biocatalyst that effectively resolves the racemic starting materials in this
series. Within biotransformations using this organism one substrate enantiomer remains in high optical purity, while the second
enantiomer is oxidized to one type of regioisomeric lactone preferably.
� 2006 Elsevier Ltd. All rights reserved.

Biocatalysis offers efficient and sustainable access to chi-
ral building blocks on bulk, fine, and specialty chemical
scale. It is a highly interdisciplinary and tremendously
active field at the cross roads of organic synthesis, fer-
mentation technology, microbiology, and molecular
biology. Due to the exponentially growing number of
potential biocatalysts identified by genome mining, bio-
catalysis is offering an increasing number of enzyme
platforms with novel reactivities and complementary
properties.1


In particular, biological oxygenation reactions offer
attractive options to synthetic chemists, as the corre-
sponding enzymes utilize molecular oxygen as oxidant.2


Recombinant overexpression systems represent easy-to-
use catalytic entities, which can be applied by synthetic
chemists without complicated cofactor recycling tech-
niques and elaborate enzyme purification. In addition,
biocatalysts originating from pathogenic organisms
can be studied in a benign host system for their potential
in asymmetric synthesis. Among this enzyme group,
Baeyer–Villiger monooxygenases (BVMOs) have

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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received increasing interest in recent years due to the
availability of several new enzymes.3–7


The regiodivergent biooxidation of fused bicyclic ke-
tones bearing a cyclobutanone structural motif by
BVMOs has been identified as one of the more remark-
able transformations by the enzyme class. Racemic
starting material is oxidized to two regioisomers with
either the more substituted (and, hence, more nucleo-
philic) or the less substituted carbon center undergoing
migration, consequently leading to the ‘normal’ or the
‘abnormal’ lactone (Scheme 1).8–11 A mechanistic ratio-
nale has been proposed for this behavior based on
stereoelectronic effects.12


Consistent with our recently discovered clustering of
BVMOs into two distinct groups,13 we observed differ-
ent behavior by cyclohexanone (CHMO)- and cyclopen-
tanone (CPMO)-type monooxygenases, with the prior

cheme 1. Regioselective Baeyer–Villiger oxidations of fused bicyclic

S

ketones.
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yielding equal amounts of both oxidation products in
usually good optical purity and the latter only providing
essentially racemic normal lactones.14


Very recently, a ligation independent cloning (LIC)
strategy was reported to give rapid access to a family
of recombinant biocatalysts by exploiting the genome
of a sequenced species.15 In this study, the methodology
was applied to express BVMOs originating from Myco-
bacterium tuberculosis H37Rv—a class 3 pathogen—in
benign and easily cultured Escherichia coli. One of the
recombinant E. coli B834 (DE3) strains, expressing gene
Rv3049c from M. tuberculosis (BVMOMtb5), was found
to perform a preparative kinetic resolution of racemic
bicyclo[3.2.0]hept-2-en-6-one 1.


Whilst the selective formation of ‘abnormal’ lactone 1b
from ketone 1 was reported for a wild-type strain of
Cunninghamella,16 a recent re-investigation of this bio-
transformation indicated that it was not, in our hands,
a useful kinetic resolution process, as no enantiomerical-
ly enriched substrate could be recovered.17


In order to explore this interesting behavior in detail,
we focused on biotransformations by E. coli express-
ing Rv3049c using structurally similar ketones as sub-
strates. Successful resolution of such racemic ketones
would enable access to valuable optically pure precur-

Table 1. Microbial Baeyer–Villiger oxidations of fused bicyclic ketones


monooxygenase from Mycobacterium tuberculosis


Substrate eeS (%) of


substrate


Ea Conversion


(%)b


r


O


1
>99 2 95


O


2 
98 2 91


O


3 


92 3 93


O


4 


>99 12 68


O
O


5 


>99 7 78


O


O


6 


82 14 54


O


O


7


>99 >200 50 1


n.d., not determined; n.a., not applicable.
a Enantioselectivity values (E) were determined by computer fitting of GC d


enantiomeric excess of residual substrates (eeS) with the fractional convers
b Conversion after 48 h of biotransformation determined by chiral phase chr
c Percent regioisomeric excess in favor of ‘abnormal’ lactone determined by
d eeN and eeA determined by chiral phase GC; racemic reference was prepar
e GC data were compared to data of CHMO mediated biotransformation an

sors for further synthetic sequences to bioactive
compounds.18


Results obtained from microbial Baeyer–Villiger oxida-
tions of racemic ketones 1–7 after 48 h of biotransfor-
mation time using recombinant whole-cells expressing
BVMOMtb5 are compiled in Table 1. Experiments were
performed in parallel format using multi-well plastic
dishes.19,20 Enantioselectivity values (E; determined by
computer fitting)21 and regioisomeric excess re22 were
calculated to evaluate the efficiency of kinetic resolution
and the regioselectivity of the oxygen insertion process.


Ketones 1–3 were almost fully converted to the product
lactones within 48 h. In all cases, a single substrate enan-
tiomer (‘better-fitting’ enantiomer within the active site
of enzyme) was oxidized at slightly higher velocity than
the antipodal (‘less fitting’) enantiomer. The rather low
E values indicate limited quality of the kinetic resolu-
tion, although reasonable yields of enantiopure starting
material had been recovered when the oxidation of 1
was stopped at lower conversions.15 In the new exam-
ples, high enantiomeric excess values of ketones (eeS)
were observed only at a high degree of conversion. Bio-
oxidations led to the formation of ‘abnormal’ lactone,
preferably, with a regioisomeric excess of around 70%.


The structurally more demanding ketone 4 was convert-
ed with significantly higher E value, hence providing an

1–7 using recombinant whole-cells of Escherichia coli expressing


e (%)c eeN (%) of


normal lactoned,e


eeA (%) of


abnormal lactoned,e


72 56 (1S,5R) 86 (1R,5S)


68 95 (1S,5S) 76 (1R,5S)


76 87 (1S,6S) 79 (1S,6R)


96 23 (n.d.) 54 (n.d.)


38 93 (1R,5R) 86 (1S,5R)


29 19 (1S,5S) 95 (1R,5S)


00 n.a. >99 (1S,6R)


ata to an equation derived from the theoretical expression relating the


ion.


omatography.


chiral phase GC.


ed by mCPBA oxidation of ketones 2–7.


d assigned according to the literature.10,11
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improved kinetic resolution. Excellent eeS was obtained
already after 68% conversion.


Hetero-bicyclic fused ketones 5–7 containing oxygen
were even better precursors for the kinetic resolution.
Such substrates did not reach complete conversion

Scheme 2. Ketone (+)-7 and lactone (�)-7b as key precursors for


transformations toward natural products.
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Figure 1. Regioselective Baeyer–Villiger oxidations of 7 using engineered Es


(BVMOMtb5); (b) CPMOComa from Comamonas; (c) CHMOAcineto from Acin

within the standard biotransformation times of the
screening protocol and only marginal reaction was ob-
served during the second 24 h. While tetrahydrofuran
based systems 5 and 6 gave comparable results to
carbobicyclic substrate 4, tetrahydropyran ketone 7
was only converted to the corresponding ‘abnormal’ lac-
tone; biotransformation stopped at 50% and both prod-
uct and remaining substrate were isolated in excellent
optical purity. Such a transformation is very interesting
from the point of view of possible synthetic applications,
as enantioselectivity values above 200 ensure rapid and
effective processes.23


In order to underscore the uniqueness of BVMOMtb5, we
compared the progress of biotransformation of ketone 7
with recombinant E. coli strains expressing CHMOAcineto


from Acinetobacter24 and CPMOComa from
Comamonas.25 Those strains can be regarded as ‘bench-
mark’ catalysts reflecting the key features of the two fam-
ily clusters among BVMOs.

1 3 6 9


substrate abnormal normal


%


%


%


%


%
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time [h]


time [h]


time [h]


cherichia coli expressing: (a) BVMO from Mycobacterium tuberculosis


etobacter. S, substrate; N, normal lactone; A, abnormal lactone.
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Scheme 2 outlines the different behavior of these three
whole-cell biocatalysts for the biooxidation of ketone 7
over the timeframe until the end of conversion. Engi-
neered cells expressing CHMOAcineto did not resolve
starting material sufficiently; highest value of eeS was
approx. 10% at 70% conversion. Both normal and
abnormal lactone were formed from the beginning of
the biooxidation. The prior lactone was generated
predominantly, however, in low optical purity, while
abnormal lactone was obtained in excellent enantiomer-
ic excess (Fig. 1c).


CPMOComa converted (+)-7 to one enantiomer of nor-
mal lactone, preferably. The second enantiomer (�)-7
was oxidized to the antipodal normal lactone also, how-
ever with lower velocity. Consequently, biooxidation
with this strain allows isolation of (�)-substrate in good
ee at a conversion above approx. 70% (Fig. 1b). Forma-
tion of abnormal lactone was detected only in minor
amounts (approx. 6% of total lactone quantity) in the
last stage of transformation, but with excellent ee
(eeA = >99%).


BVMOMtb5 displays excellent kinetic resolution with for-
mation of abnormal lactone in high optical purity from
the very beginning of the biotransformation. The reaction
stops at 50% conversion, and at this stage eeS of remaining
(+)-7 is also >99% (Fig. 1a). It is noteworthy that this
whole-cell system provides access to the antipodal ketone
compared to CPMOComa mediated transformations.


A preparative scale biotransformation using 7 as
starting material and BVMOMtb5 as biocatalyst was
performed to confirm assignment of absolute stereo-
chemistry from GC based screening experiments.26 Data
for optical rotation were compared to the literature val-
ues.11 After purification of products, we obtained
(1R,6S)-(+)-2-oxabicyclo[4.2.0]octan-7-one (+)-7 and
(1S,6R)-(�)-3-oxabicyclo[3.3.0]octan-2-one (�)-7b in
>99% ee and in good yields.27


Based on our observations, biooxidations using
BVMOMtb5 display general, novel, and very valuable
properties for the kinetic resolution of racemic ketone
substrates for the first time in enzyme mediated
Baeyer–Villiger oxidations. We consider this new
whole-cell system as superior biocatalyst compared to
previous catalytic entities for such transformations
based on the simplicity to grow and handle recombinant
E. coli together with the high control of biocatalyst pro-
duction by simultaneously minimizing possible side
reactions in living cells. The above results open up
new possible pathways toward synthesis of natural
products. Ketone (+)-7 represents a key intermediate
for preparation of potentially important prostanoid syn-
thons,28 while lactone (�)-7b is envisioned to become an
interesting precursor for natural products bearing a
tetrahydropyran structural core as the central feature
(Scheme 2).29


BVMOMtb5 displays a very different biocatalytic
behavior to previously reported Baeyer–Villiger mono-
oxygenases. We are presently trying to extend our

family clustering hypothesis to this enzyme based on
protein sequence information and active site models.
Future synthetic applications of the recombinant
expression system are currently addressed in our
laboratory.
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Abstract—Symmetrical and unsymmetrical analogues of the antimycobacterial agent isoxyl-have been synthesized and tested
against Mycobacterium tuberculosis H37Rv and Mycobacterium bovis BCG, some showing an increased bactericidal effect. In par-
ticular, compounds 1-(p-n-butylphenyl)-3-(4-propoxy-phenyl) thiourea (10) and 1-(p-n-butylphenyl)-3-(4-n-butoxy-phenyl) thiourea
(11) showed an approximate 10-fold increase in in vitro potency compared to isoxyl, paralleled by increased inhibition of mycolic
acid biosynthesis in M. bovis BCG. Interestingly, these isoxyl analogues showed relatively poor inhibition of oleate production,
suggesting that the modifications have changed the spectrum of biological activity.
� 2006 Elsevier Ltd. All rights reserved.

Mycobacterium tuberculosis continues to be one of the
most prevalent causes of morbidity and mortality world-
wide.1 The impact of this infection on nearly one-third
of the world’s population justifies extensive research into
new chemotherapeutic reagents.1 Eisman et al. first pub-
lished in vitro and in vivo data on the anti-tuberculosis
activity of substituted thioureas tested in mice and guin-
ea pigs.2 Subsequent modification and biological testing
produced a library of compounds, in which the thiourea
derivative 4,4 0-diisoamythio-carbanilide (isoxyl, thiocar-
lide, ISO [1]) was shown to have considerable anti-
mycobacterial activity in mice, guinea pigs and rabbits.3,4


Clinical use of ISO began in the 1960s to treat tubercu-
losis.5–8 Furthermore, ISO was shown to be effective
against various multi-drug resistant M. tuberculosis
isolates.9 In an attempt to understand the biological basis
for the activity of ISO, Phetsuksiri et al. investigated its
mode of action and reported that ISO, like isoniazid and
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ethanionamide, strongly inhibited the synthesis of
mycolic acids.10


The fatty acid synthase I (FAS-I) in mycobacteria syn-
thesizes long-chain fatty acids, including stearic acid,
which are subsequently desaturated to oleic acid, a ubiq-
uitous constituent of mycobacterial membrane phos-
pholipids.11,12 Over-expression of the M. tuberculosis
putative fatty acid desaturases in Mycobacterium bovis
BCG identified desA3, which encodes the D9-acyl-CoA
desaturase responsible for the biosynthesis of oleic acid.
Over-expression of desA3 also resulted in increased
resistance of M. bovis BCG to ISO, identifying desA3
as a novel target.10


The crystal structure of the related D9-stearoyl-acyl
carrier protein desaturase has been resolved to 2.4 Å.13


By using docking experiments, it has become possible
to suggest modifications to the ISO skeleton that may
improve the affinity of the inhibitor for the active site.
As a result an initial series of symmetrical and unsym-
metrical ISO analogues have been developed as poten-
tial antimycobacterial agents.


Symmetrical ISO analogues were prepared using a four-
step sequence.14,15 4-Acetomidophenol is alkylated upon
base treatment with an appropriate halide substituent.
The acetamide functionality is deprotected to form the
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Table 1. Structures, in vitro and in vivo results of isoxyl analogues20–22


Compound Structure Yield M. tb


MIC99
a


(lg/ml)18


M. bovis


BCG


MIC99
a


(lg/ml)18


FAMEs and MAMEs Oleate


inhibitione,19
Cytoxicity


SI23


ab Ketoc FAd


1


N N


OO
S


53% 2.0 1.1 60.45 58.63 114.12 61.02 82


2


N N


S
OO


30% NDf 0.9 46.37 45.83 110.36 51.62 NDf


3


N N


S
O O


55% 0.39 0.9 66.45 42.64 168.36 19.24 72


4


N N


S
O O


47% 0.1 0.6 56.65 36.50 132.26 63.99 79.9


5


N N


S
OO 35% 0.2 0.5 49.50 41.95 114.40 90.76 44


6


N N


S
OO


35% NDf 0.5 43.73 33.92 123.10 94.25 NDf


7


N N


S
O O


55% <0.1 0.4 61.27 44.05 136.04 79.96 89


8


N N


S


52% NDf 0.075 62.66 33.98 132.86 NIg NDf


9


N N


S
O 65% NDf 0.6 38.78 30.51 121.47 14.82 NDf


10


N N


S
O


85% <0.1 0.06 53.79 37.40 130.65 NIg 100


Line missing
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11


N N


S
O


84% <0.1 0.7 45.51 26.90 118.61 NIg 87


12


N N


S
SS


70% 0.78 0.6 62.25 27.39 104.41 NIg 12.4


Table 1 (continued)


Compound Structure Yield M. tb
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N N


S
S 48% 1.56 1.75 62.54 41.69 158.83 NIg 5.28


Line missing
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amine under acidic reflux conditions. The resulting
product is coupled using ethanolic carbon disulfide, cat-
alyzed by sulfur to generate the symmetrical ISO ana-
logues. The products were recrystallized and fully
characterized by NMR (1H and 13C) and mass spec-
trometry (1–2 and 5–6) (Table 1).

Unsymmetrical ISO analogues were synthesized by
two methods. Isothiocyanate groups can be coupled
with amines to generate the isothiourea subunit indic-
ative of ISO analogues (Scheme 1). Commercially
available 4-n-butylphenyl isothiocyanate was used to
generate three novel unsymmetrical ISO analogues
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(9–11) (Table 1). 4-n-Butylphenyl isothiocyanate is
coupled with an amine substituent in ethanol at
50 �C and the products recrystallized from hot etha-
nol. These compounds (9–11) were fully characterized
by NMR (1H and 13C) and mass spectrometry. More
recently, Sriram et al. prepared a series of isonicoti-
nyl hydrazones by reacting isonicotinyl hydrazide
(INH) with thiourea units derived from various
phenyl isothiocyanate substituents.16


Due to the lack of commercially available isothiocya-
nate substituents a second method was developed
(Scheme 2). Perkins et al. coupled two different amine
substituents with 1,1-thiocarbonyldiimidazole, by con-
trolling the temperature of the reaction.17 In a one-pot
reaction the first equivalent of the amine substituent is
reacted with 2 equiv of 1,1-thiocarbonyldiimidazole at
�20 �C in acetonitrile. Once the amine has fully reacted,
the second equivalent of a different amine is added and
the temperature of the reaction is raised to 20 �C. The
desired products were recrystallized and fully character-
ized by NMR (1H and 13C) and mass spectrometry (3, 4,
7 and 13–21) (Table 1).


As shown by Phetsuksiri et al. ISO is an anti-mycobac-
terial agent implicated in targeting the membrane-bound
D9-desaturase, DesA3 and unknown targets in mycolic
acid biosynthesis.10 Therefore, aryl thioureas present
themselves as anti-tuberculosis drugs worthy of further
development.


The use of an ISO analogue without functional groups
attached to the core thiourea unit (22) clearly showed
that, without modification, poor in vivo and in vitro
activity was observed; therefore the functional R1 and
R2-groups of ISO play a key role in the effectiveness
of the compound. The incorporation of R-group func-
tions (see Table 1) leads to an increase in activity of
the compounds and gives justification for functionality
at both positions. The use of a biphenyl at one or both
of the positions (16–18) was also tolerated in compari-
son to ISO in terms of in vivo activity. The incorpora-

tion of biphenyl to both positions (19) produced
poorer in vivo activity in comparison to ISO (1), however
inhibition was shown against, both mycolate and
oleate production. Interestingly the unsymmetrical
biphenyl ISO (18) failed to inhibit oleate production
leading to the possible conclusion that this compound
does not inhibit DesA3 desaturase activity but some
other enzyme specifically involved in the production of
mycolic acids.


Numerous compounds in this study have similar if not
better activities than that of ISO (see Table 1). Notably,
the use of an aliphatic C4 functionality to either or both
R1 and R2-positions increased the potency of the inhib-
itor (4, 7–8, 10–11 and 14). Compound 10 has been
shown to be the most effective inhibitor in this study
possessing a significant 10-fold increase in potency
against both M. bovis and M. tuberculosis H37Rv. It
shows similar effects with regard to inhibition of myco-
late production, but unusually does not inhibit oleate
production in vitro. This leads to the possibility that
compound 10 does not inhibit the D9-desaturase specif-
ically, but inhibits other enzymes involved in the pro-
duction of mycolic acids.


Interestingly, the oxygen containing compounds pro-
duced in this study indicate that oxygen is required
for a more effective inhibitor of oleate biosynthesis.
Nearly all the compounds that have one or no oxy-
gens tend to be poor inhibitors of oleate biosynthesis,
whereas compounds containing two oxygens (2–7)
inhibit oleate biosynthesis, to the same degree if not
better than ISO (1). Compounds 5–7 all showed a
high degree of activity against the D9-desaturase
inhibitory oleate biosynthesis in vitro 91%, 94% and
80%, respectively.


In conclusion, the analogues in this study have provided
an insight into the functionalities and their roles in inhi-
bition of ISO. The new analogues 10 and 11 have all
show improved activities against M. tuberculosis to such
a degree that the MIC values are nearly the same or bet-
ter than those of other well-known anti-tuberculosis
inhibitors, such as isoniazid and rifampin.
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Abstract—It has been established that vitamins B1, K3 and C, coenzyme Q0 and amino acids cysteine and histidine effectively inhibit
reactions of homolytic cleavage of the O-glycoside bond, which are responsible for the destruction of di- and polysaccharides on c-
irradiation or the action of other reactive radical initiators. This effect was shown to originate from either oxidation or reduction of
the radicals of carbohydrates undergoing destruction.
� 2006 Elsevier Ltd. All rights reserved.

Activation of free-radical processes in biosystems results
in damage to biologically important molecules, which is
in many respects associated with the beginnings and
development of numerous pathologic conditions.1,2 The
main role in provoking these pathophysiologic changes
is attributed to oxidative processes, in particular, to lipid
peroxidation.1,2 It has been established for the first time
in our studies3–10 that reactive oxygen species, when
interacting with a number of lipids, provoke destruction
that occurs in the polar moiety of the latter. The key role
in this process belongs to fragmentation of carbon-cen-
tred a-hydroxyl-containing radicals formed from the
starting molecules, which proceeds through cleavage of
two b-bonds.3–10 In the case of cerebrosides, the reac-
tions of such type involve rupture of the O-glycoside
bond, which leads to formation of ceramides playing
an important role in the process of apoptosis.8,10 It
should be noted that the ability of di- and polysaccha-
rides to decompose via rupture of the O-glycoside bond
is a characteristic feature of free-radical chemistry of car-
bohydrates.11–16 The destruction of cartilaginous and
conjunctive tissues, synovial fluid and eye lens, and, as
a consequence, the development of arthritis, cataract
and some diseases caused by the blood vessel malfunc-
tion, are thought to be, in many respects, associated with
the homolytic destruction of polysaccharides,17–21 such
as hyaluronic acid and mucopolysaccharides.
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Taking into account the wide prevalence of the destruc-
tion processes taking place in polysaccharides and car-
bohydrate-containing substances, as well as many
dramatic consequences of these events, finding out sub-
stances of natural origin producing an effective influence
on these processes appears to be a topical issue. For this
purpose, the effects of some vitamins, amino acids and
coenzyme Q0 on the yields of products formed on radi-
olysis of the simplest compounds containing the O-gly-
coside bond, namely a-methyl-DD-glucopyranoside (I)
and maltose (II), were investigated in this study.


The starting aqueous 0.1 M carbohydrate solutions were
prepared using twice-distilled water and transferred into
ampoules. Before irradiation in a c-unit (dose rates and
ranges of doses absorbed are specified further in the
text), the solutions in ampoules were bubbled through
with argon to remove oxygen.


Analysis of destruction products, namely CH3OH and
glucose, was performed using the GC and HPLC proce-
dures similar to those described in the following paper.22


The compounds selected for testing were vitamins B1,
K3 and C, coenzyme Q0, as well as cysteine, histidine,
1,4-benzoquinone and mercaptoethanol. The respective
structures, together with those of the carbohydrates,
are shown in Figure 1.


Concentrations of coenzyme Q0, Vitamins B1 and C,
cysteine, benzoquinone and mercaptoethanol varied in
the range 6 · 10�6–2 · 10�2 M, and concentrations of
Vitamin K3 and histidine were 10�3 M.
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Figure 3. The effects of absorbed dose on accumulation of glucose in


radiolysis of aqueous 0.1 M maltose solutions in the presence of


various additives: (1) in the absence of an additive, (2) vitamin C, (3)


coenzyme Q0, (4) vitamin B1, (dose rate: 0.28 Gy/s).
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Figure 1. Structural formulas of the substrates and test compounds used in the study.
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The effects produced by the test substances were evalu-
ated according to changes in either accumulation of
radiolysis products (Figs. 2 and 3) or radiation-chemical
yields (G, mol/J) of products resulting from destruction
of compounds (I) and (II) (Figs. 5 and 6).


Investigation of the effects produced by the test com-
pounds, used at concentrations of 10�3 M, on yields of
CH3OH formed on radiolysis of 0.1 M solutions of com-
pound (I) revealed that some of them effectively block
the process of O-glycoside bond cleavage (cf. Fig. 2).
Similar effects were observed when assessing glucose
accumulation on radiolysis of deaerated aqueous
0.1 M solutions of maltose in the presence of the test
substances at 10�3 M (Fig. 3).


Thus, it can be stated that there are substances among
water-soluble vitamins, amino acids and coenzymes that
are able to inhibit effectively the radiation-induced reac-
tions involving cleavage of the O-glycoside bond in car-
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Figure 2. The effects of absorbed dose on accumulation of CH3OH in


radiolysis of 0.1 M a-methyl-DD-glucopyranoside solutions in the


presence of various additives: (1) in the absence of an additive, (2)


vitamin K3, (3) histidine, (4) ubiquinone Q0, (5) vitamin C, (6) vitamin


B1, (7) cysteine. (Dose rate: 0.28 Gy/s).

bohydrates. Such effects could be explained in terms of
capture by the test compounds (III–X) of •H and •OH
radical species, which are formed on water radiolysis
and capable of initiating destruction of substrates (I)
and (II) in the absence of the inhibitors. However, this
is hardly a plausible explanation because the values of
rate constants for reactions of •H or •OH species with
the test compounds and the carbohydrates are compara-
ble, while concentrations of the latter are 100 times
greater, which makes them the main targets.


Investigation of homolytic transformations of carbohy-
drates initiated by c-radiation11–15,22 or oxidation–
reduction agents23–25 revealed that the OH-induced
rupture of the O-glycoside bond is a key step in transfor-
mation of C-1 and C-2 radicals formed from the starting
compounds. This is illustrated in Figure 4 by processes
(1–3), as applied to compounds (I) and (II).


Among the processes mentioned above, only reactions
(2) and (3) yield components of the starting compounds
as molecular products, therefore just these reactions are
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mainly responsible for the formation of CH3OH and
glucose on radiolysis of compounds (I) and (II).


The key step in the transformation pathway (3) belongs
to decomposition reactions of C-2 radicals formed from
the starting compounds. The role of processes of such
kind in causing damage to organic substances continues
to be the object of study in our laboratory for many
years.7 As a result of these studies, it has been estab-
lished that the fragmentation processes of type (3) are
suppressed by oxidizers: oxygen,22 quinones26 and
quinonimines,27 as well as some nitrogen-containing
heterocyclic compounds.27,28


This occurs owing to oxidation of the C-2 radicals
formed from the starting carbohydrates into the corre-
sponding carbonyl compounds.26 In our case, therefore,
CoQ0, vitamin K3 and histidine are capable of blocking
the radiation-induced rupture of O-glycoside bond in
compounds (I) and (II) by means of oxidation of the
C-2 radicals formed. (cf. Reaction 4). The ability of
imidazole compounds to oxidize a-hydroxyl-containing
radicals was shown in an earlier study.28


Efficient reducing agents like sulfohydryl-containing
compounds, such as compounds (VII) and (X), as well
as vitamins C and B1, can block the processes (1–3) by
reducing the C-1 and C-2 radicals into the starting
molecules.


To differentiate the compounds under study with respect
to mechanism and efficiency of blocking the homolytic
O-glycoside bond cleavage, we investigated concentra-
tion effects of the starting compounds on the yields of
CH3OH and glucose. In the initial stage, we have chosen
a typical oxidizer—compound (IX) and a typical reduc-

ing agent—compound (X). As seen from the results ob-
tained (Fig. 5), the behaviour of compounds (VII) and
(X) is different, depending on concentrations of the addi-
tive. It is noteworthy that the oxidizer (1,4-benzoqui-
none) suppresses the yield of O-glycoside bond
cleavage product down to a certain value (by 70%),
and further increases in concentration of the additive
do not affect the yields of methanol. At the same time,
mercaptoethanol—a powerful reducing agent with re-
spect to free radicals—blocks the formation of CH3OH
completely.


This difference in behaviour is due to the fact that the
inhibitory effect of oxidizers is associated with their
capability of blocking the process of O-glycoside bond
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cleavage (3) only—by oxidizing radicals of the C-2 type.
Hence, the contribution of this reaction to the total
result of the O-glycoside bond cleavage is �70%. Hydro-
gen donors suppress the processes (1–3) by reducing
both C-1 and C-2 radicals formed from the starting
compounds; hence they are able to stop the homolytic
reactions of O-glycoside bond cleavage completely.
While studying relationships between additive concen-
tration and product yield for the vitamins and coenzyme
Q0, after evaluation of yields of O-glycoside bond cleav-
age products, we observed the same effects (cf. Fig. 6).


Thus, it has been shown that there are compounds
among vitamins, coenzymes and amino acids that effec-
tively inhibit the reactions of homolytic O-glycoside
bond cleavage leading to destruction of di- and polysac-
charides, and carbohydrate-containing substances.


This property of the named additives appears to be
important, while searching for chemotherapeutical
agents intended to be used for prevention and treatment
of pathophysiological conditions resulting from activa-
tion of free-radical processes in a living organism, which
lead to destruction of oligo-/polysaccharides and carbo-
hydrate-containing substances.
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Abstract—We have discovered a novel, potent, and selective triazafluorenone series of metabotropic glutamate receptor 1 (mGluR1)
antagonists with efficacy in various rat pain models. Pharmacokinetic and pharmacodynamic profiles of these triazafluorenone ana-
logs revealed that brain/plasma ratios of these mGluR1 antagonists were important to achieve efficacy in neuropathic pain models.
This correlation could be used to guide our in vivo SAR (structure–activity relationship) modification. For example, compound 4a
has a brain/plasma ratio of 0.34, demonstrating only moderate efficacy in neuropathic pain models. On the other hand, antagonist
4b with a brain/plasma ratio of 2.70 was fully efficacious in neuropathic pain models.
� 2006 Elsevier Ltd. All rights reserved.

Glutamate is the most prominent excitatory neurotrans-
mitter in the central nervous system. Glutamate recep-
tors are divided into two major categories: ionotropic
and metabotropic. Ionotropic glutamate receptors are
responsible for fast neurotransmission. Metabotropic
glutamate receptors play a slower, modulatory role
through interactions with a variety of other intracellular
signaling systems. There are three different mGluR
groups, group I, II, and III. A total of eight distinct sub-
types, mGluR1 to mGluR8, based on their primary
sequence similarity, signal transduction linkages, and
pharmacological profile has been identified.1 Group I
mGluRs, mGluR1 and mGluR5, play key roles in the
central sensitization of pain, in addition to a variety of
functions with potential implications in neurological
and psychiatric disorders.2 Glutamate and other excit-
atory amino acids are released from nerve endings in
the periphery under inflammatory conditions. Gluta-
mate or group I mGluR agonists induce hyperalgesia
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when administered peripherally.3 MGluRs modulate
pain transmission in the spinal cord, most likely via
sensitization of dorsal horn neurons to sustain
high intensity C-fiber input.1c Normalization of
glutamatergic neurotransmission in the spinal cord and
nociceptive afferents via inhibition of the group I
mGluRs is manifested in the attenuation of pain.4


We are interested in mGluR1 antagonists as a therapy for
the treatment of pain.5 The role of mGluR1 in the treat-
ment of pain has not been validated, due to lack of potent,
selective, and systemically active mGluR1 antagonists.
Earlier efforts to evaluate amino acid antagonists, com-
peting with the glutamate binding site, were not successful
due to poor selectivity, weak antagonism, and lack of
CNS availability.2 Literature reported, non-amino acid-
like mGluR1 antagonists, such as CPCCOEt [7-(hydroxy-
imino)cyclopropa[b]chromen-1a-carboxylate ethyl ester],6


BAY 36-7620,7 R214127,8 dicarboxypyrroles,9 and
JNJ16259685,10 showed limited efficacy in various pain
models, especially in neuropathic pain models.


Triazafluorenone derivatives (Fig. 1) were identified as
potent group I mGluR antagonists from high-through-
put screening (HTS). Our early SAR of this series has
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Figure 1. Triazafluorenone analog identified from HTS.
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been reported.5 The early leads of the series demonstrat-
ed full efficacy in various pain models, except neuro-
pathic pain models. While we thought that CNS
penetration, mainly brain concentration, was important
to predict efficacy of these mGluR1 antagonists in neu-
ropathic pain models, we were puzzled by the fact that
the brain concentration of these antagonists did not
correlate well with their efficacy in neuropathic pain
models. Apparently, brain distribution, not the total
concentration, played a more important role for these
compounds to demonstrate efficacy in neuropathic pain
models. With an ongoing effort to correlate local brain
concentrations of these compounds to the efficacy in
neuropathic pain models, we were also actively looking
for any other indications/parameters to guide our in vivo
SAR study, and to improve in vivo potency of these
compounds in neuropathic pain models. We describe
here that we had observed a correlation between brain/
plasma ratios of these triazafluorenone analogs and
their in vivo efficacy in neuropathic pain models.


We have established several synthetic methods to access
these triazafluorenone analogs to accommodate varia-
tions at the different parts of the triazafluorenone phar-
macophore.5 The para-dimethylaminopyridine analogs
4a,b were synthesized from intermediate 2 in 2 steps.
Intermediate 2 was made with known procedures.5,11


The formamidine derivative 3 was obtained in quantita-
tive yield after condensation of intermediate 2 with N,N-
dimethylformamide dimethyl acetal. Formamidine 3
was then treated with primary amines, 4-ethylaniline
or 1-amino-1-homopiperidine, in the presence of para-
toluenesulfonic acid to form the desired triazafluore-
none products 4a and 4b, respectively (Scheme 1).


The meta-dimethylaminopyridine analog 7 was prepared
as described in Scheme 2. Intermediate 5 was made with
known procedures.5,12 The aminoester 5 was then
heated to reflux with N,N-dimethylformamide dimethyl
acetal to generate formamidine intermediate 6 quantita-
tively. The intermediate 6 was then reacted with
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Scheme 1. Reagents and conditions: (a) Me2NCH(OMe)2, reflux, 5 h


(99%); (b) R1NH2, toluene, p-TsOH, 4a (73%), 4b (45%).

3-fluoro-4-methylaniline in the presence of para-toluene-
sulfonic acid to form the final triazafluorenone product
7 (Scheme 2).


Triazafluorenone analog 13 was made from triflate
intermediate 12 (Scheme 3). Triflate 12 was generated
from intermediate 8 as described.13 Compound 9,
formed from 8 in the presence of N,N-dimethylformam-
ide dimethyl acetal, was treated with 4-ethylaniline to
produce tricyclic compound 10. The protecting group
PMB (para-methoxybenzyl) of 10 was then removed
with trifluoroacetic acid (TFA) to give 11.14 The hydroxy
group of 11 was then converted to a triflate group in the
presence of N,N-bis(trifluoromethanesulfonyl)phenyl-
amide.15 The final triazafluorenone analog 13 was
obtained by treating triflate 12 with corresponding
amine (Scheme 3).


The N-oxide analog 14 was obtained by treating 4b with
phthalic anhydride and hydrogen peroxide-urea com-
plex (58% yield) (Scheme 4).16

100%; (b) p-ethylaniline, toluene, p-TsOH (cat.), microwave 160 �C,


1 h, 39%; (c) TFA, 0 �C, 1.2 h, 100%; (d) Tf2NPh, EtN(i-Pr)2, 80%;


(e) 2-(2-pyridyl)ethylmethyl-amine, 23 �C, 89%.
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We have thus established several synthetic routes to
accommodate variations of these triazafluorenone ana-
logs for SAR studies, and to modify their ADME pro-
files. These triazafluorenone analogs are non-amino
acid-like and non-competitive mGluR1 antagonists
which bind at 7-TMD region of the receptor.6 Com-
pound 4a was a selective mGluR1 antagonist (mGluR1
IC50 = 3 ± 0.9 nM). It was also active in mGluR5
(IC50 = 442 ± 93 nM) with a ratio of mGluR5/mGluR1
around 147. Compound 4a was inactive in mGluR2,
mGluR4, and mGluR7 (IC50 > 10 lM). MGluR1 antag-
onist 4a was able to achieve full efficacy in various
animal pain models, including CFA (complete Freund’s
adjuvant-induced thermal hyperalgesia, ED50 = 15
lmol/kg, ip), Carrageenan (ED50 = 11 lmol/kg, ip),
formalin (ED50 = 19 lmol/kg, ip), skin incision
(ED50 = 47 lmol/kg, ip), and OA (osteoarthritic pain,
ED50 = 29 lmol/kg, ip). Pharmacokinetics analysis
revealed that compound 4a had moderate bioavailability
(Fip = 45%, Foral = 12%). There was no locomotor
side effect caused by this mGluR1 antagonist
(ED50 > 100 lmol/kg, ip). This compound was also
capable to penetrate BBB (blood–brain barrier) with a
brain/plasma ratio of 0.34 (30 lmol/kg, ip) (Table 1).


While we were encouraged by the efficacy demonstrated
by compound 4a in the above-mentioned pain models,
we were puzzled by its weak and partial efficacy in
neuropathic pain models, such as Chung (Spinal Nerve
(L5/L6) Ligation Model, ED50 > 100 lmol/kg, ip).17


The site of action for this target is not very clear. It
was known that mGluR1 has expression and distribu-
tion in both peripheral and CNS system.18 Compound
4a, with distribution in both peripheral and central
compartments, achieved full efficacy in various animal
pain models listed in Table 1, but not the Chung model

Table 1. Selectivity, efficacy, and side effects of triazafluorenone


mGluRl antagonist 4a


mGluRl


(nM)


mGluR2


(nM)


mGluR4


(nM)


mGluR5


(nM)


mGluR7


(nM)


In vitroa 3 (±0.9) >10,000 >10,000 442 (±93) >10,000


Model (rat) ED50


(lmol/kg, ip)


In vivob CFA 15


Carrageenan 11


Formalin 19


Skin incision 47


OA 29


Chung >100


Model (rat) ED50


(lmol/kg, ip)


Side effectsb Locomotor >100


Rotorod >300


a 1321N1 cells expressing human mGluRs, mean of multiple results


with standard error of mean.
b Tests performed 30 min after intraperitoneal administration of


compound in rats (6 rats per group). Vehicle was 10% DMSO/PEG


(5 mL/kg).

of neuropathic pain. We thought that total brain con-
centration might be able to correlate efficacy in neuro-
pathic pain models of these compounds, and could be
used to guide our in vivo SAR study. We quickly real-
ized that this was not case for these mGluR1 antago-
nists. Compound 7 had much lower total brain
concentration (total brain concentration: 125 ± 41 ng/
g at 30 lmol/kg, ip; protein binding: 99.9%, free brain
concentration: 0.13 ± 0.04 ng/g) than 4a (total brain
concentration: 1180 ± 258 ng/g at 30 lmol/kg, ip;
97.8% protein binding, free brain concentration:
25.5 ± 5.7 ng/g). Yet this compound 7 was more effica-
cious (Chung ED50 = 55 lmol/kg, ip) than the latter
antagonist 4a (Chung ED50 > 100 lmol/kg, ip) in neu-
ropathic pain models. Apparently, neither total brain
concentration, nor free brain concentration of these
compounds correlated well their in vivo efficacy in
neuropathic pain models. The assumption made from
these results was that the local distribution of mGluR1
antagonist in the brain might play a more crucial role
in the neuropathic pain models.


It is certainly a technical challenge to first identify the
actual location of the action site in the brain, and
then determine the local concentration of these
mGluR1 antagonists. We were looking for some type
of parameter(s) we could use to guide our in vivo
SAR study to improve efficacy in neuropathic pain
models. We did find that there was a correlation be-
tween brain/plasma ratio of these mGluR1 antagonists
and their efficacy in neuropathic pain models. We
used this correlation to guide our in vivo SAR study
and identified compound with full efficacy in neuro-
pathic pain models.


Compound 13, made according to Scheme 3 in an effort
to modify solubility and metabolic profiles of the dim-
ethylamino group in parent analog 4a, was a relatively
more polar compound with its 9-pyridylethylmethylami-
no group. This compound 13 had a lower brain/plasma
ratio (0.16) than its parent compound 4a (brain/plasma
ratio = 0.34), and was inactive in Chung model (11% at
100 lmol/kg, ip Table 2).


Incorporating a dimethylamino N-oxide group at the C9
position of the triazafluorenone pharmacophore gener-
ated a very polar mGluR1 antagonist 14. This N-oxide
analog was still quite potent and selective mGluR1
antagonist (IC50 = 33 ± 17 nM). Compound 14 had a
very low brain/plasma ratio (0.05). Again, this com-
pound showed no efficacy in Chung model (12% at
100 lmol/kg, ip Table 2).


It seemed clear that mGluR1 antagonists with high
brain/plasma ratio might be advantageous in terms of
their in vivo efficacy in neuropathic pain models. Com-
pound 7, as discussed earlier, had very low total brain
concentration compared to the parent compound 4a.
Yet this compound 7 was more efficacious (72% at
100 lmol/kg, ip) than 4a (41% at 100 lmol/kg, ip).
Compound 7 did have a higher brain/plasma ratio of
0.51, compared to compound 4a (brain/plasma
ratio = 0.34).







Table 2. Correlation between brain/plasma ratios and efficacy in neuropathic pain model of triazafluorenone mGluRl antagonists


Structure mGluR1a


IC50 (nM)


mGluR5a


IC50 (nM)


c logPb ratioc


(brain/plasma)


Chungd % effect


at 100 lmol/kg


N S


N
NN+


O


N


O-


14


33 (±17) >10,000 1.26 0.05 (±0.02) 12%


N S


N
NN


O


N


13


52 (±16) >10,000 4.84 0.16 (±0.06) 11%


N S


N
NN


O


4a


5 (±3) 1330 (±490) 4.24 0.34 (±0.08) 41%e


N S


N
NN


O F


7


21 (±15) >10,000 3.85 0.51 (±0.1) 72%f


N S


N
NN


O


N


4b


1 (±05) >10,000 2.80 2.70 (±0.4) 100%f


a 1321N1 cells expressing either rat mGluRl or mGluR5, mean of multiple results with standard error of mean.
b Calculated from SPARK ACD program.
c Determined from the corresponding in vivo experiments at 30 llmol/kg ip (see Footnote d). Mean of multiple results with standard error of mean.
d Tests performed 30 min after intraperitoneal administration of compound in rats (6 rats per group). Vehicle was 10% DMSO/PEG (5 mL/kg).
e P < 0.05 versus vehicle group.
f P < 0.01 versus vehicle group.
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Compound 4b, a potent and selective mGluR1 antago-
nist (IC50 = 1 ± 0.5 nM), was able to penetrate BBB
better than compound 7, based on their brain/plasma
ratios (2.70 and 0.51, respectively). With the highest
brain/plasma ratio of 2.70 (total brain concentra-
tion = 851 ng/g at 30 lmol/kg, ip) among this series of
mGluR1 antagonists, compound 4b now achieved full
efficacy at 100 lmol/kg (ED50 = 22 lmol/kg, ip) in the
Chung model of neuropathic pain.


Combined with c logP values of these compounds
(Table 2), the use of brain/plasma ratio to guide our
SAR study is now even more practical.


In summary, we have observed a correlation between
brain/plasma ratios and in vivo efficacy in neuropathic
pain model of our triazafluorenone mGluR1 antago-
nists. Potent and selective mGluR1 antagonists with
low brain/plasma ratios demonstrated little or no efficacy
in neuropathic pain model. When an mGluR1 antago-
nist, such as compound 4b, achieved a favorable high

brain/plasma ratio (2.70), it demonstrated full efficacy
in neuropathic pain model.
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Abstract—A neutral bifunctional derivative of diethylenetriaminepentaacetic acid europium(III) (11) was synthesized and its suit-
ability to dissociation-enhanced lanthanide fluorescence immunoassay was investigated.
� 2006 Elsevier Ltd. All rights reserved.

Because of its excellent metal-chelating properties
diethylenetriaminepentaacetic acid (DTPA) is one of the
most widely used organic ligands in magnetic resonance
imaging (MRI) and positron emission tomography
(PET).1–3 Indeed, the first FDA-approved contrast agent
in clinical use is the Gd3+ DTPA chelate.4 The corre-
sponding 111In and 68Ga chelates, in turn, are suitable
for PET applications,5 while Eu3+, Tb3+, Sm3+, and
Dy3+ chelates can be used in applications based on disso-
ciation-enhanced lanthanide fluorescence immunoassay
(DELFIA).6 99mTc, in turn, is suitable for single positron
emission computed tomography (SPECT).7,8 Bioactive
molecules labeled with 111In or 117mSn DTPA may find
applications as target-specific radiopharmaceuticals.9


In several applications, covalent conjugation of DTPA
to bioactive molecules is required. This can be per-
formed in solution by allowing an amino or mercapto
group of a bioactive molecule to react with isothiocy-
anato, haloacetyl or 3,5-dichloro-2,4,6-triazinyl deriva-
tives of the label molecules.10 Several bifunctional
DTPA derivatives are currently commercially available.
Also a solid-phase method for the introduction of
DTPA to synthetic oligonucleotides and oligopeptides
has been demonstrated.11


The net charge of DTPA chelates is most commonly �2,
which may cause problems in several applications. The
most commonly used MRI contrast agent Gd-DTPA
(Magnevist) distributes throughout the extracellular
and intravascular fluid spaces, but does not cross an in-
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tact blood–brain barrier. Naturally, bioactive molecules
labeled with this type of chelates have lower cell perme-
ability than the corresponding intact molecules.12 This
diminishes the suitability of DTPA chelates to in vivo
applications. Furthermore, the negatively charged che-
lates may bind unselectively to positively charged bind-
ing sites of target molecules, such as antibodies, via
electrostatic interactions which may result in low recov-
eries.13 Naturally, all these above-mentioned problems
will be even more serious when the target molecule is
labeled with several charged chelates.14


Several of the above-mentioned problems can be avoided
by neutralizing the net charge of the chelate by substitut-
ing two of the DTPA acetates with carboxamido func-
tions. Indeed, several this type of chelators have been
synthesized15,16 and one of them, Gd[DTPA-bis(ethyla-
mide)]17 (gadodiamide; Omniscan), is currently in clinical
use. However, it has been shown that if one of the acetic
acid groups of DTPA is used for conjugation, the result-
ing chelate is less stable than the parent DTPA molecule.18


This may be a serious problem especially in in vivo appli-
cations if toxic metal ions have to be used.


We present here synthesis of neutral derivatives of
DTPA chelate which allow covalent conjugation of bio-
active molecules. Also their suitability to DELFIA-
based assays is demonstrated.


Synthesis of the neutral DTPA chelate is depicted in
Scheme 1. Initially, 2-amino-N-(2-aminoethyl)-3-(4-
nitrophenylphenyl)propanamide19 (1) was converted to
the Schiff base, 2, by treatment with benzaldehyde, bor-
ane reduction of which yielded the amine 3. It was then
alkylated with tert-butyl bromoacetate to give 4 in good
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Scheme 1. Reagents and conditions: (i) PhCHO in EtOH; (ii) a—BH3 Æ THF, o/n at reflux, b—concd HCl, 3 h at reflux, c—aq ammonia, d—


purification on Al2O3; (iii) BrCH2COO-t-Bu, DIPEA in DMF, o/n at rt; purification on silica gel (79%); (iv) Pd/C, NaBH4, in MeOH, 30 min at rt;


purification on silica gel (58%); (v) Boc2O, TEA, in MeCN, 2 h at rt, purification on silica gel (92%); (vi) Pd/C, ammonium formate, in MeOH, 15 min


at reflux; purification on silica gel (75%); (vii) iodoacetamide, K2CO3 in MeCN, 2 h at reflux, purification on silica gel (86%); (viii) TFA 4 h at rt; (ix)


EuCl3; pH 6–7; 2 h at rt; (x) thiophosgene, CHCl3, aq NaHCO3, 1 h at rt.


Scheme 2.
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yield. Selective reduction of the nitro group to the amino
function using the mixture of Pd/C and NaBH4 in meth-
anol20 gave rise to 5. After protection of the aromatic
amino group as tert-butyl carbamate, the benzyl groups
were removed by hydrogenation with Pd/C in the pres-
ence of ammonium formate.21 The secondary amines
of 7 were alkylated with iodoacetamide to give the pro-
tected ligand 8. After cleavage of the protecting groups
by acidolysis, the free ligand 9 was converted to the cor-
responding europium(III) chelate 10 by treatment with
europium(III) chloride.22 Finally, reaction of 10 with
thiophosgene22 gave the activated chelate 11.


To study the applicability of neutral DTPA derivatives
to DELFIA assays, the stability of 10 and the corre-
sponding charged chelate 12 in DELFIA Enhancement
Solution and Inducer was compared. Accordingly, the
stabilities of 10 and 12 was equal, giving times needed
for complete dissociation <5 and 30 min for Inducer
and DELFIA Enhancement Solution, respectively.23


Next, comparison of the performance of the tracer 15
and the corresponding DTPA derivative 16 to tracer
used in AutoDELFIA Neonatal T4 (thyroxine) kit 17 was
performed. Tracer synthesis is outlined in Scheme 2.24

The assay conditions were optimized for each tracer
individually, and the analytical sensitivities of the opti-
mized standard curves were defined. The correlation be-
tween the methods was studied with a small sample
panel. The on-board stability was tested up to one week
in instrument-like conditions. Also the sensitivity to the







Table 1. Comparison of the performance of the tracer 15 and the corresponding DTPA derivative 16–17


Tracer 15 16 17


Analytical sensitivitya 0.42 lL/dL 0.35 lL/dL 0.63 lL/dL


Correlation to AutoDELFIA neonatal T4 assay y = 1.02 · �0.37, R = 0.87, n = 27 y = 1.2 · �3.22, R = 0.94, n = 27


Mean bias �0.7% �0.1%


Interference with EDTAb No No Yes


a Analytical sensitivity was detected as 2 SD below the mean of the zero standard measurement value.
b Tested with EDTA concentration up to 12 mg/mL.
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interference of EDTA-containing samples was studied.
The results are summarized in Table 1.


The shapes of the calibration curves obtained with opti-
mized amounts of tracer and antiserum were slightly dif-
ferent with the three tracers. All tracers were sensitive
enough at clinically important range. Assays with the
tested tracers compared well to the AutoDELFIA
Neonatal T4 assay and no significant level differences
were obtained. In strict contrast to tracer 17, neither
15 nor 16 was sensitive to EDTA. Also their stabilities
under acidic conditions were similar.


Accordingly, two of the DTPA acetates can be substitut-
ed with carboxamido functions without loss of the
desired chelate stability. The neutral DTPA chelates
synthesized here are as stable as the corresponding
charged derivatives. Since the preliminary results are
promising we are currently synthesizing tracers labeled
with several neutral DTPA derivatives.

References and notes


1. Aime, S.; Botta, M.; Fasano, M.; Terreno, E. Chem. Soc.
Rev. 1998, 27, 19.


2. Caravan, P.; Elison, J. J.; McMurry, T. J.; Lauffer, R. B.
Chem. Rev. 1999, 99, 2293.


3. Woods, M.; Kovacz, Z.; Sherry, A. D. J. Supramol. Chem.
2002, 2, 1.


4. Runge, V. M. J. Magn. Res. Imaging 2000, 12, 205.
5. Anderson, C. J.; Welch, M. J. Chem. Rev. 1999, 99, 2219.
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Abstract—Some 2-mercapto-substituted-benzenesulfonamides and their disulfides/sulfones were prepared and investigated as
inhibitors of four isoforms of the zinc enzyme carbonic anhydrase (CA, EC 4.2.1.1), that is, CA I and II (cytosolic enzymes),
and the tumor-associated CA IX and XII. Some mercaptans led to a consistent increase of inhibitory power (52.8- to 243-fold) over
the corresponding oxidized (S-S type) derivatives, acting as potential hypoxia-activatable drugs.
� 2006 Elsevier Ltd. All rights reserved.

Hypoxia (O2 concentration less than 3 lM) constitutes a
challenging clinical problem, being common in many
cancer types due to the presence of an imperfect blood
vessel network in solid tumors.1,2 As a consequence, a
significant proportion of hypoxic cells are present in
such tumors, which are not accessible to radio- and
chemotherapy. Acidic extracellular pH (pHe) is also
associated with hypoxia, supporting tumor progression
by different molecular mechanisms,3–6 and both these
parameters influence the uptake of anticancer drugs
and modulate the response of tumor cells to convention-
al chemo- and radiotherapy.2,3 One of the genes highly
upregulated by hypoxia is that encoding isozyme IX of
carbonic anhydrase (CA, EC 4.2.1.1), that is, CA IX.7


Indeed, the levels of this enzyme, which efficiently cata-
lyzes CO2 hydration to bicarbonate and H+ ions, dra-
matically increase in response to hypoxia via a direct
transcriptional activation of the CA9 gene by the hypox-
ia inducible factor HIF-1.8 It has also been proven that
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expression of CA IX in tumors is generally associated
with poor prognosis.9 We have recently showed that
CA IX is one of the main players in the tumor acidificat-
ion processes, and that the CA IX-mediated acidificat-
ion is reversed by potent (and somehow selective)
sulfonamide CA inhibitors (CAIs), not only in transfec-
ted cell lines, but also in tumor cell lines naturally
expressing CA IX.10,11 This effect was observed only
under hypoxia and not in normoxic cell cultures.10,11


In addition, a fluorescein-labeled sulfonamide CAI
designed by us was shown to bind only to hypoxic cell
expressing CA IX, whereas it was not bound either to
normoxic, or to control cells lacking CA IX, offering
thus the potential of novel diagnostic/therapeutic tools
for the management of hypoxic tumors.10,11 A second
CA isozyme associated with tumors and hypoxia (but
slightly different of CA IX) is CA XII,7 which was
also recently shown to be a target for antitumor
sulfonamides by this group.11b


As hypoxia essentially occurs only in solid tumors, this
physiological condition may be exploited for the design
of hypoxia-activated prodrugs.2,12,13 Indeed, a non-
toxic, diffusible prodrug that may be activated in the
reducing, acidic conditions of the solid tumor, leading
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to a potent toxin, should theoretically kill only the
cancer cells, showing thus appreciably less toxicity and
side effects, as the active drug should be absent from
the non-cancerous tissues. Many recent examples of this
strategy have been reported in the literature, in which
nitro derivatives, quinones, tetraalkyl ammonium
halides, N-oxides or transition metal complexes among
others have been used due to their possibility to be
reduced to more toxic species which are being delivered
to the tumor.2,12,13 However, none of the reported2,12,13


approaches takes advantage of a protein abundantly
present only in hypoxic tumors, such as CA IX and/or
CA XII. Here, we report the first study for designing
hypoxia-activatable sulfonamide CA IX/XII inhibitors.
Since these enzymes are highly overexpressed in tumors,
their active site is extracellular, and their role in tumor
acidification is essential,10,11 we estimate that blocking
their activity by a hypoxia activatable CAI may lead
to a completely novel approach for developing less toxic
anticancer therapies.


The clinically used sulfonamide CAIs acetazolamide
AAZ, methazolamide MZA, ethoxzolamide EZA,
dichlorophenamide DCP, and indisulam IND, em-
ployed as standard inhibitors in the enzyme assays,
are commercially available from Sigma–Aldrich or
have been prepared as previously described.7 Com-
pounds 1–16 investigated in the present study generally
belong to the 2,4,5-substituted-benzenesulfonamide
class. Compounds 1, 2,14a and 11–1614b have been
reported earlier,whereas 3–10 are new and were pre-
pared according to the procedures described in
Schemes 1 and 2. Thus, hydrochlorothiazide I was
treated with carbon disulfide in the presence of strong
base (KOH), leading to the tricyclic intermediate II
which by hydrolysis in alkaline medium followed by
treatment with hydrochloric acid leads to the key inter-
mediate 4 (the 2-mercapto analog of hydrochlorothia-
zide). Oxidation of 4 with DMSO or alkylation at
the SH moiety with methyl sulfate or alkyl halides
leads to the disulfide 7 or the substituted mercaptans
5 and 6 (Scheme 1).14 2-Mercapto-4-chloro-5-carboxy-
benzenesulfonamide III14 was treated with thionyl
chloride with formation of the key intermediate, the
acyl chloride disulfide IV, which was treated either with
amines or alcohols with formation of the correspond-
ing amides 8, 9 or ester, 10, respectively (Scheme 2).14
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In order to prove that some of these new derivatives
investigated here (such as, for example the disulfides
7–10) may be activated in the reducing conditions pres-
ent in hypoxic tumors, they have been reduced in situ in
the assay buffer with sodium dithionite, with formation
of the corresponding 2-mercapto-benzenesulfonamides
7H–10H (Scheme 3). The reaction was complete in
10–15 min (TLC control).


It should be observed that compound 4 is in fact identi-
cal with 7H, and the enzyme assay of these two prepara-
tions of the same derivative may also be considered as a
control experiment showing that the hypoxia activatable
disulfides effectively inhibit the tumor-associated iso-
forms CA IX and CA XII (see discussion later in the
text).


Inhibition data against the human isozymes hCA I and
II,7 as well as the transmembrane, tumor-associated iso-
zymes hCA IX and hCA XII with the sulfonamides 1–16
investigated here, the reduced derivatives 7H–10H, as
well as standard, clinically used CAIs are shown in
Table 1. Among the last such compounds are acetazola-
mide AAZ, methazolamide MZA, ethoxzolamide EZA,
dichlorophenamide DCP, and indisulam IND, previous-
ly investigated by us for targeting the tumor-associated
CA isoforms.15–17


It is well known that ortho-substitution of benzenesulf-
onamides with bulky moieties is detrimental to the CA
inhibitory properties of such derivatives,18 but few
recent studies investigated this ortho effect in detail.
As most of the derivatives 1–16 possess just this type
of substitution pattern, our study represents the most
detailed investigation regarding the role of the ortho
substituent on the CA inhibitory properties of
benzenesulfonamides, against four physiologically
relevant isoforms, that is, hCA I, II, IX, and XII.


Thus, the slow cytosolic isoform hCA I was moderately
inhibited by compounds 1–16 investigated here, with
inhibition constants in the range of 2.6–392 lM
(whereas the clinically used inhibitors presented in
Table 1 showed much more potent inhibitory activity
against this isoform, with KIs in the range of 25
nM–1.20 lM). Indeed, the compounds possessing
bulky moieties in ortho to the sulfamoyl group, such
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Table 1. Inhibition data of sulfonamides 1–16 reported in the present


paper and standard CA inhibitors, against isozymes I, II, IX, and XII,


by a stopped-flow, CO2 hydration assay17


Inhibitor KI
c


hCA Ia


(lM)


hCA IIa


(nM)


hCA IXb


(nM)


hCA XIIb


(nM)


AAZ 0.90 12 25 5.7


MZA 0.78 14 27 3.4


EZA 0.025 8 34 22


DCP 1.20 38 50 50


IND 0.031 15 24 3.4


1 220 >10,000 >10,000 >10,000


2 379 >10,000 >10,000 >10,000


3 113 >10,000 >10,000 >10,000


4 7.3 8.7 115 118


5 10.9 3800 139 108


6 392 2675 >10,000 1000


7 310 >10,000 780 1970


7H 7.5 8.6 113 117


8 22.1 4620 766 190


8H 2.6 19.6 14.5 20


9 82.1 6100 >10,000 >10,000


9H 19.7 19.9 40.9 35.6


10 7.8 5570 >10,000 >10,000


10H 6.4 18.5 56 53


11 11.6 547 5440 2404


12 27.3 806 4995 3045


13 5.1 9.6 1840 1348


14 5.8 244 1613 1103


15 7.7 9.2 1440 1390


16 14.2 536 3415 2417


a Human (cloned) isozymes, by the CO2 hydration method.
b Catalytic domain of human, cloned isozyme, by the CO2 hydration


method.17


c Errors in the range of 5–10% of the reported value (from three dif-


ferent assays).
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as 1–3, 6, 7, and 9, were the least effective inhibitors
(KIs in the range of 82.1–392 lM). Compounds 8,
9H, 12, and 16 were on the other hand more effective
hCA I inhibitors, with KIs in the range of
14.2–27.3 lM. The remaining derivatives (4, 5, 7H,
8H, 10, 10H, 11, and 13–15) showed much better
hCA I inhibitory activity, with KIs in the range of
2.6–11.6 lM. It is noteworthy that all the reduced com-
pounds 7H–10H (possessing 2-mercaptobenzenesulf-
onamide functionalities) were much more effective
inhibitors as compared to the corresponding disulfides
7–10, obviously due to their less bulky character, asso-
ciated with a facilitated access to the Zn(II) ion within
the enzyme active site. It can also be observed that
pure 4 as well as 7H (which is 4 generated in situ by
dithionite reduction) had the same biological activity.
It should also be observed that in addition to the
ortho-SH moiety which leads to the best CA I inhibi-
tors in this library of substituted sulfonamides, some
other 2-substituents lead to effective inhibitors, such
as the esters present in 13 and 14. It is interesting to
note that the corresponding carboxylic acids 11 and
12 were much worse inhibitors, whereas the carbohy-
drazides 15 and 16 showed an intermediate behavior
between that of the esters and the carboxylic acids. It
is quite difficult to rationalize these results at this
moment, since no X-ray crystallographic structures of
such adducts are available.


The rapid, physiologically most relevant cytosolic
isozyme hCA II showed also a very interesting inhibition

profile with the compounds investigated here. Thus, a
number of such derivatives, among which 1–3, and
5–10, showed very weak inhibitory activity, with KIs
either above 10 lM, or in the range of 2675–6.1 lM. It
may be observed that all these compounds either possess
very bulky ortho-substituents (such as 1–3, 6) or are
disulfides, and as thus, possess a very bulky structure,
which is not favorable to their binding within the
restricted cavity of the hCA II active site.19–24 However,
reduction of the disulfide to the corresponding mercapto
derivatives, leads to an impressive increase of the inhib-
itory activity. Indeed, derivatives 4 (7H), 8H, 9H, and
10H behave as potent hCA II inhibitors, with inhibition
constants in the range of 8.6–19.9 nM, in the same range
as the clinically used sulfonamides AAZ–IND (KIs in the
range of 8–38 nM). Among the derivatives 11–16, it is
again interesting to observe that the ester 13 and the cor-
responding carbohydrazide 15 are also quite potent
hCA II inhibitors (KIs in the range of 9.2–9.6 nM),
whereas the other compounds are weak inhibitors
(KIs in the range of 244–806 nM). Thus, SAR is
very strict for this small group of compounds: for
example, the additional methyl group present in 14 with
respect to 13 leads to a 25.4-fold decrease of inhibitory
activity, whereas for the pair 15 and 16 (which again
differ only by a methyl group), this loss of activity is
58.2-fold.
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Against the tumor-associated isoform hCA IX, again
the compounds incorporating bulky 2-substituents, such
as 1–3, 6, 9, and 10–16, showed weak inhibitory activity,
with KIs in the range of 1.6 to >10 lM. The same situa-
tion observed for hCA II is in fact also present here.
Again by reduction of the disulfides 7–10, much more
effective inhibitors are generated. Indeed, derivatives 4
(7H), 8H, 9H, and 10H showed inhibition constants in
the range of 14.5–115 nM, in a broader range as com-
pared to hCA II, which is in fact a positive finding for
the potential design of hypoxia activatable, CA IX-
selective inhibitors. Thus, for the pairs disulfide/mercap-
tan of types 7–10 and 7H–10H, respectively, only a
moderate inhibitory activity has been observed for 7H
(a 6.9-fold increase of inhibitory activity of 7H
over 7), whereas for the remaining derivatives this
increase was quite consistent (52.8-fold for 8H over 8;
243-fold for 9H over 9, and 178-fold for 10H over 10,
respectively). The best CA IX inhibitor was 8H, which
is also a good hCA II and XII inhibitor, but its highest
affinity is anyhow for hCA IX. It is also interesting to
note that the nature of the R1 moiety in 8–10 (and the
corresponding reduced derivatives) greatly influences
their hCA IX inhibitory capacity, and many other such
derivatives should be investigated in the future. The
mercaptobenzenesulfonamides 8H–10H showed hCA
IX inhibitory activity in the same range as the clinically
used compounds AAZ–IND (Table 1).


Similarly with hCA IX, hCA XII was modestly inhibited
by the bulky derivatives 1–3, 6, 7, 9, and 10–16, which
showed inhibition constants in the range of 1.1 to
>10 lM. The mercapto-derivatives 4 (7H), 8H, 9H,
and 10H showed inhibition constants in the range of
20–118 nM. Thus, the SAR of this library of sulfona-
mides for the inhibition of this isozyme is quite similar
to what is described above for hCA IX.


In conclusion, a series of 2-mercapto-substituted-ben-
zenesulfonamides, and their corresponding disulfides
and sulfones has been prepared by an original procedure
starting from hydrochlorothiazide or 2-mercapto-4-
chloro-5-carboxy/methyl-benzenesulfonamides, respec-
tively. The new derivatives were investigated as inhibi-
tors of four CAs, that is, the cytosolic, ubiquitous
isozymes CA I and II, as well as the transmembrane,
tumor-associated isozymes CA IX and XII. All the
derivatives incorporating bulky moieties in ortho to
the sulfonamide group, including the disulfides, showed
very weak inhibitory activity against all investigated iso-
zymes (KIs in the range of 1–10 lM), whereas com-
pounds possessing such more compact groups (SH,
SMe, SO2CH2COOMe, etc.) were much better inhibi-
tors (KIs in the range of 14.5–190 nM). Some disulfide/
mercaptan pairs of compounds lead to a consistent
inhibitory power increase (52.8- to 243-fold) of the
reduced (SH type of compound) over the oxidized (S-S
type) derivative, allowing thus for the design of hypox-
ia-activatable drugs. Indeed, both CA IX and CA XII
are highly overexpressed in hypoxic tumors, and this
type of compound may allow the development of less
toxic antitumor therapies. The best inhibitor detected
here (hypoxia-activatable compound) 8H, showed an

inhibition constant of 14.5 nM against CA IX, of
20 nM against CA XII, of 19.6 nM against CA II, and
of 2.6 lM against CA I.
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Abstract—The structure–activity and structure–property relationships of anilinoquinazoline inhibitors of EGFR were investigated.
Strategies to lower volume of distribution and shorten half-life through structure and pKa modulation are discussed.
� 2006 Elsevier Ltd. All rights reserved.
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1 Gefitinib

In recent years, 4-anilinoquinazolines have emerged as a
versatile template for inhibition of a diverse range of
receptor tyrosine kinases. The most widely studied of
these is the epidermal growth factor receptor (EGFR),1


with the small-molecule inhibitor gefitinib 12 being the
first agent from this class to be approved for the treat-
ment of non-small cell lung cancer refractory to prior
chemotherapeutic intervention. Subsequent research
aimed at further exploration of the SAR of this novel
template has led to compounds that selectively target
an array of different kinases, including for example
SRC,3 aurora,4 the MAP kinase p38 and CDK2.5 Our
own efforts have also identified ZD6474 2,6 a highly po-
tent inhibitor of vascular endothelial growth factor
(VEGF) Receptor and EGFR that is currently in clinical
trials for the treatment of non-small cell lung cancer.7


Gefitinib 1 and ZD6474 2 share the same anilinoquinaz-
oline core, but differ in both the aniline substitution
pattern, and the nature and position of the side chains.
These basic side chains (gefitinib pKa = 7.2, ZD6474
pKa = 9.3) serve to improve physical properties and con-
fer a favourable pharmacokinetic profile in animals and
human. One consequence of the introduction of a basic
side chain is to increase the volume of distribution at
steady state (Vdss), and thus increase the observed
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half-life. Whilst a long terminal half-life is desirable in
terms of increasing drug exposure and ultimately effica-
cy, drug accumulation may in theory be an issue, and
extended washout times required should therapy need
to be discontinued. A detailed DMPK study of gefitinib
indicated half-lives of 7–14 h in rat with corresponding
Vdss = 8–10 l/kg.8 Mean terminal half-life in healthy vol-
unteers is 28 h (range 12–51 h)9 and two separate phase
1 studies in cancer patients have indicated a mean
terminal half-life of 41 h,10 and 48 h, respectively (range
37–65 h).11 In a comparison between ZD6474 and
ZD4190 3, an early prototype VEGFR inhibitor, the
switch to a basic side chain from a neutral one saw the
half-lives increase 12- and 8-fold in rat and dog, respec-
tively.6 In a phase I study in 49 cancer patients, the half-
life of ZD6474 was found to be approximately 120 h.12
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Since treatment outcome for many anti-cancer agents is
often directly linked with pharmacokinetic exposure13


and this exposure can vary substantially between
patients, we sought to re-examine the structure–activity
relationships of gefitinib analogues, in particular with a
view to further optimising potency, and to modulate
half-life through direct targeting of Vdss. Whilst lowering
Vdss should have the desired effect of reducing half-life
(given a constant clearance), at the outset of this work
it was unclear how this strategy would influence physical
properties, and critically, the observed in vivo efficacy,
since effective tissue penetration and duration of effect
will still be required at the site of action. Herein we re-
port our preliminary findings.


Aniline variants of gefitinib, 10 and 11, were synthesised
by a procedure analogous to that previously reported.14


Scheme 1 outlines the generic synthesis of the remaining
compounds presented in this study. Accordingly,
chloroquinazoline 414 was treated with the requisite flu-
orochloroanilines to give anilinoquinazolines 5, whose
6-phenol could be unmasked by treatment with ammonia
in methanol, to give 6. Alkylation of 6 with protected
side chains was effected under basic conditions, with sul-
fonate esters derived from the corresponding alcohols to
give precursors 7 (n = 0 and 1). Cleavage of the side-
chain carbamates with TFA to yield N–H piperidines
8 was followed by derivatisation, under appropriate
conditions to give target compounds, represented by 9.


We first examined alternative fluorine regioisomers of 1,
specifically 2-fluoro analogue 10 and 6-fluoro analogue
11 (Table 1). Introduction of the 2-fluoro substituent
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Scheme 1. Generic synthesis scheme for 6-substituted anilinoquinaz-


olines. Reagents and conditions: (a) fluorochloroaniline, IPA, reflux;


(b) aq NH3, MeOH, 50 �C; (c) n = 0: R-OMs, CsF, DMA, 85 �C;


n = 1: R-OTos, K2CO3, DMA, 80 �C; (d) TFA, 25 �C; (e) R = Me: aq


formaldehyde, HCO2H, 90 �C; R = CH2CH2OMe: K2CO3, DMA,


60 �C; R = CH2CONH2: DIPEA, DCM, 25 �C; R = SO2Me: DIPEA,


DCM, 25 �C.

resulted in a potent inhibitor of EGFR at both enzyme
and cellular levels.15 Interestingly, improvements were
seen in both solubility and plasma protein binding
(PPB) measurements in both rat and mouse for this
seemingly conservative change. The 6-fluoro analogue
11 was in comparison a weaker inhibitor of EGFR,
although again showed significant increases in solubility
greater than for 10. Protein binding for 11 was also
improved, although in this case slightly inferior to 10
in both species. Table 2 gives selected pharmacokinetic
data for these compounds. In the rat, compared to 1,
both 10 and 11 show improved exposure, driven through
a combination of lower clearance and improved bio-
availability.16 As a precursor to disease model profiling
in mouse xenograft studies, high dose mouse pharmaco-
kinetic studies (po only) were conducted. Again, 10 and
11 showed greater free exposure in the mouse compared
to 1, with 10 in particular showing superior and extended
coverage. By the 24 h time-point however plasma levels
of 10 and gefitinib 1 were similar, and not detected
for 11.


We next examined alternative side chains in combina-
tion with these three anilines. Table 3 indicates poten-
cy and physicochemical data for the N-
methylpiperidin-4-ylmethoxy side chain (designated
A, as present in ZD6474) and N-methylpiperidin-4-
yloxy side chain (designated B). Compounds 12 and
13 which both contain the 2-fluoroaniline again show
potent enzyme and cellular inhibition. In particular,
both solubility and rat PPB are improved with side
chain B compared with side chain A. In general, ob-
served solid state melting points for compounds which
contained a secondary alkoxide side chain at C-6,
such as B, were lower than for the corresponding pri-
mary alkoxide side chains such as in A, which we
attribute to less efficient crystal packing. This may
contribute in part to the observed physicochemical dif-
ferences, and it is speculated that a similar phenome-
non may be at work with 2-fluoro analogues 10 and
11 where additional twist in the aniline ring in the sol-
id state leads to improved solubility. For 4-fluoro and
6-fluoro analogues with side chains A and B, activity
appears less consistent, with 15 and 17 (which both
contain N-methylpiperidin-4-yloxy side chain B) show-
ing reduced enzyme and cellular activity.


Compounds 12–17 all share relatively basic side
chains (N-methylpiperidin-4-ylmethoxy side chain A,
pKa = 9.3; N-methylpiperidin-4-yloxy side chain B,
pKa = 8.8) that contribute to the good physicochemical
properties observed. However, the expectation was, as
discussed above, that this may result in an undesirable
pharmacokinetic profile. Table 5 details rat pharmacoki-
netic data for compound 13, which shows a very high
Vdss of 20.8 l/kg consistent with the side-chain basicity,
and high plasma clearance and low total plasma levels,
despite showing good bioavailability.17 The solubility
and free fraction increments observed by switching to
anilines containing a 2-fluoro substituent, as in 10 and
11, combined with the observations around similar
improvements with N-methylpiperidin-4-yloxy side
chain B, led us to target a small array of compounds







Table 3. Potency and physicochemical data for anilinoquinazolines 12–17


HN


N


N


Cl


O


O


R


F


N N


2


46


R =


A B


Compound Aniline R EGFR IC50
a (nM) KB cell IC50


a (nM) Solubilityb (lM) Rat PPB %


free drugc


12 2-F A 2 ± 0 15 ± 6 15 11.2


13 2-F B 2 ± 2 21 ± 1 130 18.3


14 4-F A 3 ± 2 18 ± 7 120 2.5


15 4-F B 10 ± 2 300 100 8.2


16 6-F A 9 ± 2 58 ± 4 1885 8.6


17 6-F B 106 ± 15 115 ± 54 — —


a For determinations where n P 2, standard deviation is given.
b Aqueous solubility measured in pH 7.4 buffer on pure but generally amorphous material.
c Measured at 37 �C.


Table 1. Potency and physicochemical properties of fluorine regioisomers of gefitinib


HN


N


N


Cl


O


O


N


O


F


2


46


Compound EGFR IC50
a (nM) KB cell IC50


a (nM) Solubilityb (lM) Rat PPB %


free drugc


Mouse PPB %


free drugc


1 4-F 23d 80d 4 3.3 3.0


10 2-F 18 ± 5 21 ± 9 50 7.2 7.5


11 6-F 51 ± 4 110 ± 37 320 5.3 7.3


a For determinations where n P 2, standard deviation is given.
b Aqueous solubility measured in pH 7.4 buffer on pure but generally amorphous material.
c Measured at 37 �C.
d See Ref. 14.


Table 2. In vivo pharmacokinetics of fluorine regioisomers of gefitinib in rodents


Compound Rat pharmacokinetic profilea Mouse free plasma levels b (lM)


Bioavailability (%) Cl (ml/min/kg) Vdss (l/kg) AUC (po)c (lM h) 2 h 4 h 6 h 24 h


1 4-F 56 68 5.8 0.32 0.26 0.13 0.15 0.01


10 2-F 73 29 4.3 0.94 0.43 0.68 0.41 0.01


11 6-F 71 16 3.5 1.64 0.30 0.36 0.17 0


a From an oral dose of 10 mg/kg, iv dose of 2 mg/kg in Alderley Park—Wistar rats.
b Following a single oral dose of 50 mg/kg in Alderley Park mice. Free levels calculated on the basis of data in Table 1.
c Total AUC normalised to a dose of 1 mg/kg.
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based upon reduction of the pKa in this series. It was
anticipated that the likely reduction in solubility and
free drug levels through lowering of pKa could at least
in part be ameliorated by these beneficial structural
changes. Accordingly, we selected three N-substituents
to span a range of lowered side-chain basicities, an
N-methoxyethoxy (pKa = 8.1, compounds 18 and 21),
and N-2-acetamide (pKa = 6.7, compounds 19 and 22)
and an N–SO2Me (neutral, compounds 20 and 23) side
chain (Table 4).

As before, compounds containing the 2-fluoro aniline
showed greater potency at enzyme and cellular levels
than their 6-fluoro counterparts. Activity was fairly con-
sistent across the various N-substituents for a given ani-
line, although the more basic analogues 18 and 21 did
show reduced activity, particularly in cells. Compounds
19 and 20 are particularly noteworthy for their very po-
tent inhibition of EGFR in these assays. The examina-
tion of the effects on solubility and free fraction for a
particular triad in this set is instructive. Free fraction
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is seen to progressively decrease moving from basic to
neutral with both anilines (compare the transition 18
through 20, and 21 through 23). A similar effect is seen
in solubility for the 6-fluoro analogues 21–23, where sol-
ubility drops from 210 lM for the more basic 21 to
1 lM for the neutral 23. This effect is not observed with
the 2-fluoroanilino analogues 18–20, where solubility re-
mains modest over the pKa range.


Based on the superior potency seen throughout this
study with 2-fluoroanilino analogues, and the
acceptable physicochemical properties observed with re-
duced side-chain pKas seen for compounds 18–20 in par-
ticular, these compounds were progressed into a rat
pharmacokinetic study (Table 5). All three compounds,
as anticipated, exhibit a lower Vdss relative to the highly

Table 6. Comparison of xenograft data for compounds 1 and 20


Compound Dose (mg/kg) Inhibition of


tumour volumea (%)


1 50 60


1 100 84


20 50 53


20 100 60


20b 2 · 50 91


a Inhibition of tumour volume relative to control group measured at day 17
b Doses separated by 12 h.
c Exposure observed in xenograft study.


Table 4. Potency and physicochemical data for anilinoquinazolines 18–23


O


O
N


R


Compound Aniline R EGFr IC50
a (nM


18 2-F CH2CH2OMe 3 ± 1


19 2-F CH2CONH2 2 ± 1


20 2-F SO2Me 2 ± 2


21 6-F CH2CH2OMe 114 ± 1


22 6-F CH2CONH2 9 ± 2


23 6-F SO2Me 1 ± 0


a For determinations where n P 2, standard deviation is given.
b Aqueous solubility measured in pH 7.4 buffer on pure but generally amorp
c Measured at 37 �C.
d Measured at 25 �C.


Table 5. Selected rat pharmacokinetic dataa for anilinoquinazolines 13, and


Compound R Side-chain pKa Bioavailabi


13 Me 8.8 74


18 CH2CH2OMe 8.1 30


19 CH2CONH2 6.7 27


20 SO2Me — 45


a From an oral dose of 5 mg/kg, iv dose of 2 mg/kg in Alderley Park—Wista
b Total AUC normalised to a dose of 1 mg/kg.

basic close analogue 13. Bioavailability was observed to
be modest, perhaps reflecting solubility limited absorp-
tion. Nevertheless, oral exposure was high, as clearance
is significantly lowered in this set. Taking all this data
together, compound 20 emerged as the best balance of
potency, DMPK and physical properties and was select-
ed for further profiling in a mouse LoVo xenograft
study. One question regarding the targeting of Vdss as
a strategy to reduce half-life is the effect on achieving
sufficient and extended coverage in disease models.
For compound 20, the observed half-life in rat is 1.6 h,
demonstrating the impact of lowering Vdss in this series,
through targeting of lower pKa.


We elected to examine 20 in the disease model with
both once, and twice daily dosing to examine the

Significance


(P value)


AUC (po)c


(lM h)


Cmax
c (lM)


0.018 78.7 8.1


0.002 85.9 6.7


0.018 224.9 30.6


0.011 450.5 36.8


<0.001 286.3 23.9


.


NH


N


N


Cl


F


2


6


) KB cell


IC50
a (nM)


Solubilityb (lM) Rat PPB %


free drugc


35 ± 30 3.5 13.4


4 ± 3 1.7 4.4d


7 ± 4 4 3.3


166 210 9.9


10 ± 11 8.9 3.1


41 ± 13 1 1.8


hous material.


18–20


lity (%) Cl (ml/min/kg) Vdss (l/kg) AUC


(po)b (lM h)


129 20.8 0.08


11 1.3 0.95


16 2.7 0.59


13 1.5 1.18


r rats.
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impact of these changes. Female nude mice were
implanted subcutaneously with 1 · 107 LoVo colon
tumour cells. Once tumours were established, animals
were randomised between groups (n = 7 per group)
and dosed po with compound suspended in 1% (v/v)
polysorbate 80. Table 6 indicates the efficacy and
exposure of compound 20 in this study, alongside 1
for comparative purposes. As expected, gefitinib 1
shows good activity and clear dose–response at 50
and 100 mg/kg doses. Compound 20 shows compara-
ble activity at 50 mg/kg, although appears less
efficacious at the higher dose of 100 mg/kg, despite
linear increases in exposure over the dose range.
However, consistent with the shorter half-life for this
compound, dosing twice a day results in 91%
inhibition of tumour volume relative to control
animals, substantially better than once a day dosing,
including at 100 mg/kg.


In summary, in the compounds tested aniline and side-
chain structural modifications to the EGFR inhibitory
anilinoquinazoline template gave substantial increases
in enzyme and cellular potencies. These changes in com-
bination with side-chain pKa modulation have led to
compounds with a markedly altered pharmacokinetic
profile, which nevertheless show profound inhibition
of tumour growth in a selected disease model.
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Abstract—The discovery, synthesis and structure–activity relationship (SAR) of a novel series of EP1 receptor antagonists is
described. Pyrazole acid 4, identified from a chemical array, had desirable physicochemical properties, an excellent in vitro micro-
somal inhibition and cytochrome P450 (CYP450) profile and good exposure levels in blood. This compound had an ED50 of 1.3 mg/
kg in a rat pain model. A range of more potent analogues in the in vitro assay was identified using efficient array chemistry. These
EP1 antagonists have potential as agents in the treatment of PGE2 mediated pain.
� 2006 Elsevier Ltd. All rights reserved.

Prostaglandin E2 (PGE2) is one of a number of prosta-
glandins generated through the metabolism of arachi-
donic acid and acts locally both in the periphery and
CNS. PGE2 mediates a multitude of pharmacological
actions and acts predominantly through four identified
GPCRs (EP1–4).1 EP1 receptor-deficient mice show
reduced pain sensitivity, similar to the effects of COX-2
inhibition with a NSAID (non-steroidal anti-inflamma-
tory drug). EP1 receptor antagonist ONO-8711 has
shown efficacy in numerous preclinical models of pain
in rats, including allodynia,2 neuropathic pain,3 and
postoperative pain.4 Furthermore, the EP1 receptor
antagonist ZD-6416 (1) has demonstrated human effica-
cy in visceral pain.5 Hence, selective EP1 receptor antag-
onists would be expected to be efficacious in the
treatment of pain and, in addition, have the potential
to circumvent the gastrointestinal (GI) side effects asso-
ciated with NSAIDS,6 and the cardiovascular side
effects associated with COX-2 inhibitors.7 Several small
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molecule EP1 receptor antagonists have been identified
by various companies, including ZD-6416 (1)8,9 from
AstraZeneca, ONO-8711 and ONO-8713 (2)10 from
Ono and thiophene 311 from Merck Frosst, Figure 1.


In our efforts to discover new EP1 antagonists we initi-
ated a chemistry effort exploring azole acids as motifs.
We chose azoles because of their prevalence in drug mol-
ecules that have good general physico-chemical proper-
ties and good bioavailability.12 We report here the
discovery, SAR and synthetic accessibility of pyrazole
acids (e.g., compound 4, Fig. 2) as a new series of EP1


antagonists.


We chose to utilize the well-established lipophilic ortho-
benzyloxyphenyl portion of known EP1 antagonists
(e.g., 3) as a privileged fragment to attach to a variety
of heterocyclic acids using simple alkylation chemistry,
Scheme 1.


Alkylation of 54 azole esters with bromide 5 (detailed
chemistry shown in Scheme 2) gave, after ester hydroly-
sis, the final products as azole acids. In some cases
regioisomers were formed as a result of the azole alkyl-
ation chemistry, these were not separated but assayed as



mailto:Steve.C.McKeown@gsk.com





Table 1. Physicochemical, in vitro metabolism and CYP450 profile of 4


Parameter Value


Solubility @ pH 7.4 (mg/mL) 0.85


CYP450,a IC50 (lM) 21 @ 1A2,


>100 @ 2C9,>100 @ 2C19,


>100 @ 2D6, >100 @ 3A4


Microsomal Cli (mL/min/g liver) <0.5 rat; 0.6 human


ClogP 5.1


logD @ pH 7.4 1.15


Molecular weight 401


a In vitro CYP450 assay results using Gentest protocol.


Table 2. In vivo PK data for compound 4


Parameter Value


Cmax (lM) 5.69 ± 1.41


Tmax (h) 0.5


AUC (lM h) 16.26 ± 6.49


AUC/dose (min kg/L) 124 ± 51
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Figure 1. Selective ‘non-prostanoid’ EP1 antagonists.
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mixtures. Our initial hit, 4, was identified as a potent
EP1 antagonist having a pKi of 7.8 against EP1 and
pKi < 5.7 against EP3 in our FLIPR assays.13 The EP1


potency was confirmed in a [3H]PGE2 displacement
binding assay (pIC50 8.2).14 Pyrazole 4 was immediately
attractive because of its relatively low molecular weight
(401 Da), good solubility and selectivity against EP3.


Compound 4 showed a low level of inhibition of CYP450
isoforms routinely tested and showed excellent stability in
our microsomal clearance assay giving intrinsic clearanc-
es of <0.5 (rat) and 0.6 (human) mL/min/g liver (Table 1).


The in vivo pharmacokinetic (PK) profile of 4 was as-
sessed in rat (Table 2) (dose = 3 mg/kg po). The data
show a high level of 4 in blood after 0.5 h with a Cmax


of 5.69 lM and an AUC/dose of 124 min kg/L suggest-
ing good bioavailability (absolute bioavailability for this
compound was not determined).


These data suggested that 4 and close analogues would
have a suitable profile for oral administration. A chem-
istry programme was then initiated to explore the SAR
around 4.

O


Br
Br


OH


Br
OH


57


a,b


Scheme 2. Reagents and conditions: (a) EtOH, NaOH, BnBr; (b) PBr3; (c)


O


Br


Br


i) 54 Azole Esters, Bas


ii) Ester Hydrolysis


5


Scheme 1. Array chemistry plan.

Initially we investigated the substitution on the pyrazole
ring. Each of the compounds was prepared according to
Scheme 2. Phenol 7 was selectively alkylated and the
intermediate alcohol was then converted with PBr3 to
the bromide 5. A selection of pyrazole esters (commer-
cially available) were then alkylated with 5 under basic
conditions (KOtBu). Ester hydrolysis gave the final car-
boxylic acids. Any regioisomers formed from the alkyl-
ation step were separated by chromatography,
characterized by NOE and HMBC NMR experiments
and assayed individually.
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KOtBu, EtOH, azole ester, 60 �C; (d) LiOH, 40 �C, EtOH.


O


Br


OH


O
e


6


B


C
Azole







Table 4. EP1 Potency of heterocycle replacement


R


O


Br


Compound R Av EP1 pKi (FLIPR)13


8 N
N


CO2H
7.26 ± 0.29


18 N


N


CO2H


<5.7


19 N


N


CO2H


<5.7


20 N


N
CO2H


<5.7


21 N


N
CO2H


<5.7


22 N


N N
CO2H


<5.7
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No increase in potency was observed by varying either
the substituent at the 4- or the 5-position of the pyrazole
(Table 3). The des-methyl compound 8 showed similar
potency to the hit molecule 4. All analogues with sub-
stituents at the 4-position were less potent. Interestingly,
increasing the size of the group at the 5-position from
methyl to n-butyl (11) also led to a loss in potency.
Introduction of a larger, more polar acetamide substitu-
ent also led to a decrease in potency (10).


We then investigated the effect on potency of the hetero-
cycle and the importance of the regiochemistry of the
carboxylic acid using the chemistry described in Scheme
2 and employing commercially available heterocyclic
esters. Imidazole 18 and pyrazole 19 were inactive (Table
4) suggesting that the 1,3 relationship of the carboxylic
acid and the methylene linker was required for optimal
EP1 potency. It also appeared that the heteroatom in
the 2-position of the pyrazole was very important since
the analogues 20–22 were far less potent. We believe that
the 2-nitrogen between the carboxylic acid and methy-
lene linker plays a significant role in varying the affinity
to the receptor by influencing the acidity of the carbox-
ylic acid (either by electron density effects or by means
of an internal H-bond with the carboxylic acid) or by
forming an additional H-bond with the receptor.


We next examined the substitution around phenyl ring
C of the benzyl group. The synthesis of the analogues
is described in Scheme 3. The hydrazine 24 was formed
by reductive alkylation of tert-butyl carbazate with phe-
nol aldehyde 23. After TFA deprotection, the hydrazine
24 was treated with ethyl 2,4-dioxopentanoate (25) to
yield predominantly the desired regioisomer 26 which
was conveniently purified by preferential crystallization
from the reaction mixture upon cooling. An efficient
method16 was then developed whereby, in the same
pot, after alkylation of the phenol 26 (NaOH and alkyl-
ating agent), LiOH was added to affect ester hydrolysis.
Final purification was achieved using chromatography.

Table 3. EP1 Potency of pyrazole substitutions


N
N


O


Br


OH


O


R
45


Compound R Av EP1 pKi


(FLIPR)13
Av EP1 pIC50


(binding)14


4 5-Me 7.82 ± 0.38 8.19 ± 0.04


8 5-H 7.26 ± 0.29 8.01 ± 0.10


9 5-(2-)Thiophene 6.21 ± 0.14 6.71 ± 0.07


10 5-NHCOMe <5.7


11 5-nBu 6.01 ± 0.18


12 4-Fluoro 6.16 ± 0.32 6.91 ± 0.09


13 4-Me 5.87 ± 0.16 6.37 ± 0.05


14 4-Br <5.7 6.34 ± 0.06


15 4-CH2OH <5.7 6.17 ± 0.11


16 4-CF3 <5.7 5.59 ± 0.14


17 4-Cl <5.7


311 n/a 8.90 ± 0.6015 8.45 ± 0. 0415

The results in Table 5 show that substitution at the
3-position of ring C was detrimental to potency (entries
35–41). However, substitution at the 2- and/or 4-posi-
tion led to analogues with up to 100-fold increase in
potency for EP1 with the 2,4-dichloro derivative (27)
giving the highest functional potency (pKi 9.2). All com-
pounds in Table 5 showed no inhibition in our EP3


FLIPR assay (pKi < 5.7).


Finally, we undertook a combinatorial approach to
investigate the effect of varying the bromine substituent
in 4 with either Cl, F, OMe, or H, together with varying
ring C with those substitutions that gave an increase in
potency relative to 4 in Table 5. The syntheses of the
four phenol intermediates were achieved by using the
conditions described in Scheme 3.16 Each of the four
phenols was then alkylated with 7 chosen alkylating
agents.


Table 6 shows the potency of selected results from the
array with the bromo- and chloro-substituent, giving
highest potency on central ring B. Replacement of the
bromo with hydrogen (46) resulted in a 10-fold drop
in potency. Figure 3 shows the results of the complete
combinatorial array (and includes the original bromo
compounds for comparative purposes) and illustrates
that the SAR is consistent between the substituents on
ring C and B, with 2,4-dichloro consistently giving the
higher potency and the chloro substituent giving gener-
ally higher potency over bromo on ring B.


Each of the analogues 44–48 showed very low clearance
in the microsomal clearance assay and low inhibitory
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Scheme 3. Reagents and conditions: (a) AcOH, BocNHNH2; (b) Na(OAc3)BH; (c) TFA, CH2Cl2; (d) 25, AcOH, reflux, 1 h; (e) EtOH, NaOH, RBr,


70 �C, 16 h; (f) EtOH, LiOH, 40 �C, 3 h.


Table 5. EP1 Potency of benzyloxy analogues


N
N


O


Br


OH


O


R


C


AB


Compound R Av EP1 pKi


(FLIPR)13
Av EP1 pIC50


(binding)14


27 2,4-DiCl 9.31 ± 0.20 9.88 ± 0.32


28 2,4-DiF 8.58 ± 0.41 9.28 ± 0.93


29 4-Cl 8.06 ± 0.33 8.06 ± 0.51


30 4-F 7.93 ± 0.34 8.13 ± 0.39


4 H 7.82 ± 0.38 8.19 ± 0.04


31 2-Cl 7.54 ± 0.19 8.50 ± 1.40


32 2-MeO 7.16 ± 0.19


33 4-CF3 7.01 ± 0.11 7.45 ± 0.50


34 2,6-DiF 6.98 ± 0.15 7.83 ± 0.55


35 3-Br 6.89 ± 0.23 7.75 ± 0.12


36 3-Cl 6.37 ± 0.15 6.94 ± 0.66


37 3-Me 6.28 ± 0.09 6.90 ± 0.53


38 3-NO2 6.47 ± 0.54


39 3-CF3 5.96 ± 0.07 6.51 ± 0.61


40 3,5-DiCl 5.95 ± 0.15


41 3-CF3,4-Cl <5.7 6.24 ± 0.17


42 4-tBu <5.7 5.91 ± 0.35


43 3,5-DiCF3 <5.7 5.28 ± 0.23


Table 6. EP1 Potency of examples from Scheme 3


N
N


O


X


OH


O
R


X=Br,Cl, F, H,OMe


7 x R
C


AB


Compound X R Av EP1 pKi


(FLIPR)13
Av EP3 pKi


(FLIPR)2


27 Br 2,4-DiCl 9.31 ± 0.20 <5.7


44 Cl 2,4-DiCl 9.26 ± 0.14 <5.7


45 Cl 2,4-DiF 8.95 ± 0.24 <5.7


46 H 2,4-DiCl 8.08 ± 0.01 <5.7


47 F 2,4-DiCl 7.69 ± 1.14 6.45 ± 0.14


48 F 2,4-DiF 8.10 ± 0.16 <5.7


2,4-DiCl 2,4-DiF 2,6-DiF 2-Cl 4-Cl 4-F H


5


6


7


8


9


10


3-Br
3-Cl
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3-MeO
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R
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Figure 3. EP1 SAR around rings B (shapes) and C (x-axis).
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potential of CYP450 isoforms (data not shown), similar
to that described for 4. A number of pyrazole acids have
now been progressed through the established FCA

(Freund’s Complete Adjuvant) in vivo rat model of
inflammatory pain.17 Pyrazole 4 was effective in this
model with an ED50 of 1.3 mg/kg. This and related com-
pounds are now the subject of further investigations.


In summary, we have described the discovery, synthesis
and structure–activity relationships (SARs) of a novel
series of selective EP1 antagonists. Pyrazole acid 4, iden-
tified from a chemical array, had desirable physicochem-
ical properties and was shown to attain high exposure
levels in blood after oral administration. A range of
potent analogues with potencies up to 9.3 (pKi) were
identified using efficient array chemistry. These EP1


antagonists show potential as useful agents in the treat-
ment of pain.
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Abstract—A series of 4,5-disubstituted cis-pyrrolidinones was investigated as inhibitors of 17b-HSD II for the treatment of osteo-
porosis. Biochemical data for several compounds are given. Compound 42 was selected as the lead candidate.
� 2006 Elsevier Ltd. All rights reserved.

NO


OH


S


The goal of this project was to identify an orally active
inhibitor of 17b-hydroxysteroid dehydrogenase, type II
(17b-HSD II),1 an enzyme known to oxidize many
steroid substrates. We aimed to test the hypothesis that
such an inhibitor could increase local bone concentra-
tions of estradiol resulting in maintenance of bone qual-
ity and strength in an osteoporosis model.2 We
previously reported on the discovery of 4,5-disubstituted
cis-pyrrolidinone 1 as a 17b-HSD II inhibitor.3 Here, we
discuss further refinement of the series to identify a suit-
able compound for in vivo studies.


The screening cascade began with a biochemical assay
that measured conversion of NAD to NADPH by
recombinant human 17b-HSD II. Next, inhibition of
estradiol to estrone conversion by intact osteoblast
MG63 cells was measured. Advanced compounds were
evaluated against 11b-HSD II, the closest structurally
related hydroxysteroid dehydrogenase, and for absence
of binding in several hormone receptor assays. Analogs
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of interest were resolved into enantiomers by chiral
chromatography, and evaluated in plasma exposure
studies.


The relative stereochemistry illustrated in Figure 1 was
critical for activity against 17b-HSD II.3 Further inves-
tigations were needed to understand the SAR involving
the two phenyl groups. Related regioisomers of the
2-phenylthiophene show only slightly lower activity
against 17b-HSD II, suggesting that the thiophene is
in a large pocket or exposed to solvent (Table 1).
Although benzothiophene 4 showed moderate activity,
it was rapidly degraded by liver microsomes and was
not pursued.


Due to the relatively large tolerance to modifications of
the D-ring, we sought to improve potency along with

1


A


D


Figure 1. Pyrrolidinone 1 shown with relative stereochemistry.
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Table 2. D-ring analogs4


N


O


OH


S


R


Compound R 17b-HSD II


IC50 (lM)


1 0.10


8


F


0.12


9


F3C


0.28


10


F


0.58


11


OMe


0.34


12


NMe2


0.15


13


CO2H


1.32


14 OH 0.48


15 CF3 4.11


16 F 0.14


17 CN 0.03


18 Cl 1.28


19
N


0.15


20
N


0.30


21 CO2H 0.38


22 S 0.33


23 F 1.19


(continued on next page)


Table 1. Thiophene substitution pattern4


N


O


OH


Ar


Compound Ar 17b-HSD II


IC50 (lM)


1 S 0.10


2


S


0.58


3


S


0.32


4
S


0.59
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some of the biopharmaceutical properties, specifically
solubility, by varying this position (Table 2). These ana-
logs were prepared either by direct addition of an aryl
thiophene to 5 as previously reported,5 or, via Suzuki
coupling of 6 with various boronic acids (Scheme 1).


A wide variety of substituents such as mono-, di-, and
tri-substituted phenyls, naphthyls, and biphenyls were
investigated. Loss of activity was seen with some large
or more lipophilic groups, however reasonable activity
was maintained over a very diverse set of analogs.


Substituents at the meta-position of the phenyl ring did
not greatly affect activity. Both electron-withdrawing
(10) and electron-donating (11 and 12) groups caused
a slight drop-off in activity. At the para-position, hydro-
philic substituents generally showed much better activity
than lipophilic groups. The para-position also seemed to
be readily oxidized by liver microsomes. In comparing
the active enantiomers of 1 (para-H) and 16 (para-F)
after 20 min in rat microsomes, we found only 11% of
(�)-1 remaining while there was 94% of (�)-16 remain-
ing. The putative metabolite, phenol 14, maintains mod-
erate activity.


Most of the pyrrolidinones were poorly soluble in water.
To improve water solubility, nitrogen heterocycles and
acid derivatives were synthesized. Acids 13 and 21 were
more soluble but unfortunately were much less active in
the cell assay. The 2- and 3-pyridyl compounds, 19 and
20, respectively, maintained activity in the cell however,
they were still poorly soluble as a free base.
Nevertheless, the pyridyl analogs had the option for salt
formation at a later stage to aid solubility.


Linking groups were investigated between the thiophene
and the phenyl group (22–26). Again we found that a
wide variety of groups were tolerated, however sulfone







Table 2 (continued)


Compound R 17b-HSD II


IC50 (lM)


24 S
O


O


0.16


25 NS


O


O
O 0.07


26
O


0.95


Table 3. Substituted A-ring analogs4


NO


HO


R2


S
R1


Example R1 R2 17b HSD II


IC50 (lM)


30a 2-F 0.01


31 F 2-F 0.06


32 S
O


O


2-F 0.06


33 F 2-OCH3 0.12


34 S
O


O


2-OCH3 0.04


B(OH)2


R


NO


O


THF, n-BuLi


SBr Br


Pd(Ph3P)4
Na2CO3, DME


NO


OH


S


NO


OH


S
Br


R


65


7


-70 oC
(67%)


H


Scheme 1. Late stage modification of D-ring.
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linkers were the most potent in the biochemical assay.
Phenyl sulfones (24) gave compounds that were potent
in the biochemical and cell assays. Sulfonamide 25 was
very active against the enzyme, but lost activity 10-fold
in the cellular assay.


Turning to the preparation of A-ring analogs, few
changes could be made using the initial route.5 However,
an alternative synthesis based on an intramolecular
Michael addition was developed that allows for the pro-
duction of A-ring analogs (Scheme 2).6


In vitro evaluation of this series indicated that substitu-
tion at the ortho-position by small groups was neutral to
beneficial while substitutents at the meta- and para-posi-
tions, for the most part diminished the 17b-HSD II

HCl


2) LiHMDS


N
H


CO2Et


2) LiBH4


OH


O


NO


OEt


O


R2


NO


OH


R2


EDCI, DMAP


1) H2, Pd/C


27


28 29


1)


R2


Scheme 2. Intramolecular Michael addition route.

activity. An ortho-fluorine generally improved the activ-
ity 10-fold (30–35) (Table 3).


In summary, biochemical potency against 17b-HSD II
was achieved with analogs from a novel, non-steroidal
structural class (Tables 1–3). The majority of enzyme
active compounds maintained activity in the cell estradiol
conversion functional assay. The pyrrolidinones did not
show appreciable binding to the estrogen, androgen or
other steroid receptors and no tangible activity was seen
in the counter-screens (11 b-HSD II, 17b-HSD I, and
17b-HSD III).


The SAR in the pyrrolidinone series differed greatly
between human and rat enzyme; this was not unexpected
since rat 17b-HSD II has only a 60% homology to the
human protein.7 Since SAR from biochemical assays
using monkey enzyme correlated with the human re-
sults, it was felt a proof of principle experiment should
be conducted in Cynomolgus macaques. In preparation
for this study, select analogs were separated into enanti-

35 S
O


O
Cl 2-OCH3 0.19


36 F 3-F 0.48


37 FF 3-OCH3 2.55


38 4-F 0.76


39 4-OCH3 0.88


a Single enantiomer.







Table 4. Resolved enantiomers9


NO


HO


R2


S
R1


Example R1 R2 17b-HSD


II IC50 (lM)


MG63 cell


IC50 (lM)


40 F H 0.12 0.10


41 F 2-F 0.22 0.06


42
N


H 0.05 0.09


43
N


2-F 0.03 0.03


44 S
O


O


H 0.06 0.48


Table 5. Exposure studies


Sprague–Dawley


rat 20 mg/kg, po


Cynomolgus macaque


30 mg/kg, po


AUCnorm (g h/L) 76.1 179


Cmax, norm (g/L) 28.7 36.4


Compound 42 was dosed as a suspension in CMC/Tween 80/Rasp-


berry crystal light (0.5/0.5/99).


4968 J. Wood et al. / Bioorg. Med. Chem. Lett. 16 (2006) 4965–4968

omers using chiral HPLC.8 Compounds as single enan-
tiomers were prioritized in rat serum exposure studies
(po) before moving to Cynomolgus macaque expo-
sure studies. Representative compounds are shown in
Table 4.


Compound 43, when dosed as the hydrochloride salt,
had very low exposure level in the rats and so was not
considered further. Compounds 40, 41, 42, and 44 ad-
vanced to plasma exposure studies in macaques. In all
cases except for 42, the exposure level was 2–10-fold
lower in macaques than in rats, based on AUC. A par-
allel trend was observed in microsomal incubations, that
is, compounds 40, 41, and 44 were more stable in rat
microsomal assays than in the macaque, while 42 was
more stable in the macaque assay. Table 5 outlines the
plasma levels obtained for 42. The hydrochloride salt
of 42 was also profiled in plasma studies and did not
show significantly different plasma levels than the

parent. Based on its overall in vitro profile and the
Cynomolgus macaque exposure profile, compound 42
was selected as the lead to establish non-human primate
proof-of-concept.
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Abstract—A focused library of variously substituted 9-aminoacridine compounds was screened for bioactivity against accumulation
of the infectious prion protein isoform, denoted PrPSc, in a cell model of prion replication. The efficacy of compounds against PrPSc


accumulation was influenced by both substituents of the distal tertiary amine and acridine heterocycle, while cellular cytotoxicity
was encoded in the acridine heterocycle substituents.
� 2006 Elsevier Ltd. All rights reserved.

In the prion diseases, the cellular prion protein, denoted
PrPC, undergoes a conformational conversion to a path-
ogenic isoform, designated PrPSc.1 PrPSc is characterized
structurally by substantial beta-sheet content and a ten-
dency to exist as higher-order oligomeric species.2


A search for potential therapeutic compounds by phe-
notypic screening in PrPSc-infected cells identified 9-ami-
noacridine-based compounds, including quinacrine
(Fig. 1, 1), that were effective at reducing PrPSc in these
cell-based models of prion replication.3–5 Quinacrine has
since been evaluated in animal models of prion disease6,7


and is the focus of clinical studies to evaluate its useful-
ness in the treatment of human prion diseases.8 Our
medicinal chemistry efforts have focused on defining a
relevant structure–activity relationship (SAR) for 9-ami-

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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noacridine compounds, with a goal of identifying more
potent compounds for therapeutic application. Recent
ADMET studies highlighted the undesirable toxicity of
quinacrine, a relatively high rate of P-glycoprotein–med-
iated efflux that reduces effective CNS concentrations,
and P-450 instability.9–12 Thus, it is imperative to iden-
tify not only potent 9-aminoacridine compounds, but
also analogs that may overcome some of the pharmaco-
kinetic limitations of quinacrine.

Figure 1. The 9-aminoacridine compound, quinacrine, 1. 9-Aminoac-


ridine numbering, 2.
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To begin to define in more detail the structural
requirements of bioactive 9-aminoacridine
compounds, a library of variously substituted com-
pounds was prepared and screened for bioactivity
in mouse neuroblastoma cells persistently infected
with PrPSc (ScN2a).13 The synthesis of the acridine
compound library has been reported in detail
elsewhere.14 The compound library of 144 unique
compounds was synthesized in parallel, and in such
a way as to allow diverse substituents to be incorpo-
rated into the acridine heterocycle as well as into
the distal dibasic side chain at C-9 (see Fig. 1, 2
for acridine numbering).


The purity and identity of library components was
confirmed by LC–MS prior to screening in culture.
Acridine compounds were assayed for both cellular
cytotoxicity and efficacy against PrPSc accumulation
using a duplex screening assay that has been described
previously.15


Briefly, ScN2a cells are incubated on microtiter plates
in the presence of the test compound for five days, at
which time, cell viability is determined using the
fluorescent probe, Calcein-AM. Subsequently, cells
were lysed, digested with proteinase K (PK), and the
PK-resistant fragment of PrPSc, designated PrP
27-30,16 was precipitated using sodium phosphotung-
stic acid (PTA).17 PrP 27-30 is quantified by ELISA
using high-affinity antibodies directed against PrP.18


The acridine library was initially screened at 1 lM
concentration, then certain 9-aminoacridine com-
pounds were selected for further characterization over
a concentration range of 0.01 to 25 lM. The duplex
screening assay quantifies both cellular cytotoxicity,
expressed as the concentration required to reduce
viable cells to 50% (Table 1, LD50), and bioactivity
(Table 1, EC50), expressed as the compound concen-
tration needed to reduce PrPSc to 50%, relative to
untreated control ScN2a cells.


Certain 9-aminoacridine compounds are cytotoxic due
to intercalation of the acridine heterocycle between
adjacent nucleic acid bases.19 This feature has made
acridine compounds useful nuclear imaging agents,20


and targets for cancer chemotherapies.21 However,
the resulting cytotoxicity must be mitigated when con-
sidering the potential therapeutic applications of this
class. The substituents of the acridine heterocycle
appeared to be the dominant factor in determining
cytotoxicity of the library components. Acridine
heterocycles substituted with 3-fluoro-6-methoxy-
4-methylacridine (e.g., 11, LD50 = 0.6 ± 0.1 lM and
12, LD50 = 0.6 ± 0.1 lM) and 3-methoxy-5-methylacri-
dine (e.g., 13, LD50 = 1.3 ± 0.1 lM and 14, LD50 =
1.4 ± 0.1 lM) demonstrated potent toxicity, with
LD50 values approximately 10-fold lower than quina-
crine (1, LD50 = 9.6 ± 0.7 lM). The ScN2a cell cyto-
toxicity of 9-aminoacridine compounds was validated
by screening select compounds for cellular cytotoxicity
in human kidney (HEK293) and liver (HEPG2)
cells.22 LD50 values (Table 1) derived from HEK293
and HEPG2 cell lines generally paralleled cytotoxicity

SAR derived from ScN2a cells. Notably, compound 7
was approximately 2-fold less cytotoxic than quina-
crine toward both HEK293 and HEPG2 cell lines.
The potent toxicity resulting from 3-fluoro-6-meth-
oxy-4-methyl- (e.g., 11) and 3-methoxy-5-methyl-
(e.g., 13) substitution patterns has not previously been
described. The resultant toxicity of these substitution
patterns would exclude their use in future studies
directed toward developing prion therapeutics, but
may have an application in the development of potent
cancer chemotherapeutics.


Previous SAR studies on 9-aminoacridine compounds re-
vealed a dependence of bioactivity on the steric and elec-
tronic features of the acridine C-9 substituent, with potent
compounds bearing alkyl diamine substituents.4 In addi-
tion to the bioactive C-9 substituent of quinacrine (e.g., 1,
EC50 = 0.5 ± 0.1 lM and 6, EC50 = 0.7 ± 0.1 lM), the
current acridine library explored a variety of additional
diamine substituents, where diversity was incorporated
at the distal tertiary amine. The chemistry allowed for
the synthesis of both symmetric (Fig. 1, 2, R3 = R4) and
non-symmetric (2, R3 5 R4) distal tertiary amines. Com-
pounds with smaller alkyl-substituted distal amines (e.g.,
7, EC50 = 0.4 ± 0.1 lM and 8, EC50 = 0.8 ± 0.1 lM) had
greater bioactivity over those with larger aryl substituents
(e.g., 9, EC50 = 7.1 ± 0.4 lM and 10, EC50 = 3.9 ±
0.3 lM). A variety of acridine heterocycle substituents
were tolerated (Table 1). The 6-chloro-2-methoxyacridine
substitution (e.g., 3, EC50 = 0.6 ± 0.1 lM) and regiomeric
pattern, 2-choloro-6-methoxyacridine (e.g., 5, EC50 =
0.4 ± 0.1 lM), both performed well. Of note were
2-(trifluoromethyl)-6-methoxyacridine–substituted com-
pounds (e.g., 7, EC50 = 0.4 ± 0.1 lM and 8, EC50 = 0.8
± 0.1 lM), which were typically bioactive at nanomolar
concentrations when substituted with appropriate distal
amines.


Given the existing toxicity of the acridine class, it is
useful to consider a therapeutic index [LD50/EC50]
when evaluating acridine compounds for overall effi-
cacy in a cell-based assay of prion accumulation.
For clinical application, an ideal therapeutic index
would be large. However, given the uniformly fatal
progression of the prion diseases, therapeutic indices
of lower values may be tolerated. Acridine
compounds 6 (LD50/EC50 = 23.3 ± 6.3) and 7 (LD50/
EC50 = 28.6 ± 6.8) had therapeutic indices equivalent
to quinacrine (1, LD50/EC50 = 18.5 ± 2.9). Additional-
ly, compound 7 had reduced cytotoxicity toward liver
and kidney cells, relative to quinacrine. As such,
these compounds may warrant further ADMET char-
acterization and evaluation in animal models of prion
disease.


In summary, we have further defined the SAR of
anti-prion 9-aminoacridine compounds using a focused
library of substituted acridine analogs. Our findings
demonstrate the importance of the acridine heterocycle
in determining compound cytotoxicity and the involve-
ment of both the heterocyclic scaffold and C-9
substituent in determining bioactivity against PrPSc


accumulation.







Table 1. Bioactivity and cytotoxicity of 9-aminoacridine compounds


Compound ScN2a EC50


± SEa (lM)


ScN2a LD50


± SEb (lM)


Therapeutic


index ± SEc


HEK293 LD50


± SEb (lM)


HEPG2 LD50


± SEb (lM)


1 (quinacrine) 0.5 ± 0.1 9.6 ± 0.7 18.5 ± 2.9 7.6 ± 0.8 7.9 ± 0.8


3 0.6 ± 0.1 6.4 ± 0.1 10.9 ± 1.3 NDd ND


4 0.6 ± 0.1 8.5 ± 1.8 13.6 ± 4.4 4.4 ± 0.6 6.9 ± 1.7


5 0.4 ± 0.1 6.0 ± 0.3 15.8 ± 2.1 10.7 ± 1.1 13.8 ± 0.1


6 0.7 ± 0.1 17.4 ± 1.7 23.3 ± 6.3 NDd ND


7 0.4 ± 0.1 11.7 ± 1.3 28.6 ± 6.8 16.4 ± 2.3 18.1 ± 3.5


8 0.8 ± 0.1 7.6 ± 1.0 9.8 ± 1.8 14.6 ± 1.4 16.5 ± 3.8


9 7.1 ± 0.4 18.3 ± 4.0 2.6 ± 0.7 22.4 ± 2.4 >25


10 3.9 ± 0.3 13.0 ± 1.8 2.6 ± 0.7 23.1 ± 1.9 >25


11 NDd 0.6 ± 0.1 ND 0.8 ± 0.1 0.7 ± 0.1


12 NDd 0.6 ± 0.1 ND 0.7 ± 0.1 0.6 ± 0.1


13 1.0 ± 0.2 1.3 ± 0.1 1.3 ± 0.3 1.4 ± 0.4 0.7 ± 0.1


14 1.0 ± 0.4 1.4 ± 0.1 1.3 ± 0.5 0.7 ± 0.1 0.7 ± 0.1


a Compound concentration required to reduce PrPSc to 50%, relative to untreated ScN2a cells.
b Compound concentration required to reduce the number of viable cells to 50%, relative to untreated control cells, either ScN2a, HEK293 or


HEPG2 cells.
c Ratio LD50/EC50 for ScN2a cells.
d Not determined; insufficient data to derive full dose–response curves. Dose–response curves were performed in triplicate and derived from three


independent experiments. Standard errors (SE) are rounded to two significant figures.
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Abstract—Fatty acid synthase (FAS) is emerging as a potential therapeutic target to treat cancer and obesity. Bioassay-guided frac-
tionation of a MeOH extract of the rhizomes of Dryopteris crassirhizoma (Dryopteridaceae), using an in vitro FAS inhibitory assay,
resulted in the isolation of a series of acylphloroglucinols, as the active principles. The isolates 1–10 inhibited FAS with IC50 values
ranging from 23.1 ± 1.4 to 71.7 ± 3.9 lM. The results of the present study indicate that the acylphloroglucinol derivatives could be
considered to be a promising class of FAS inhibitors.
� 2006 Elsevier Ltd. All rights reserved.

Mammalian fatty acid synthase (FAS) is a multi-enzyme
complex that catalyzes the nicotinamide adenine dinu-
cleotide phosphate (NADPH)-dependent condensation
of acetyl-CoA and malonyl-CoA to produce the saturat-
ed 16-carbon fatty acid, palmitate.1 This enzyme is com-
posed of two identical subunits, each containing seven
catalytic domains and an acyl carrier protein.1 Recently,
a number of studies have suggested that FAS is a poten-
tial target for drug discovery.2–11 In contrast to normal
tissues, high levels of FAS expression have been found
in many human cancers, including carcinoma of the
breast, prostate, colon, and ovary.2–6 This difference in
expression of FAS between normal and cancer cells
has raised the possibility that inhibition of FAS might
offer a therapeutic approach in cancer treatment.2–6


Actually, administration of FAS inhibitors such as ceru-
lenin and C75 to various cancer cell lines resulted in the
induction of apoptosis in vitro and in vivo.2–6 Further-
more, specific blockage of FAS using RNA interference
technology resulted in growth arrest and cell death of
cancer cells.7 FAS is also expressed in hypothalamic
neurons and possibly involved in the regulation of food
intake.8,9 Recent studies have shown that the FAS inhib-
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itors, cerulenin and C75, inhibit food intake, and cause
significant body weight loss in both lean and ob/ob
mice.8,9 These results suggest that compounds that re-
duce FAS activity or expression levels may be useful
for the treatment of cancer and obesity. Although there
have been a number of reports on the designing and
development of FAS inhibitors,5,10–12 new types of
FAS inhibitors with suitable pharmacological properties
remain to be discovered. Because plants could be a
promising source for the development of new FAS
inhibitors,11,12 we have undertaken a screen of hundreds
of plant extracts against FAS.


During this screening effort we found that a MeOH ex-
tract of the rhizomes of Dryopteris crassirhizoma inhib-
ited FAS activity (>70% inhibition at 50 lg/ml).
D. crassirhizoma belongs to Dryopteridaceae and is a
fern growing in wet, shaded forests, open grassy areas,
or on rocks and along streams primarily in mountains.13


The rhizomes of this species have been used as a vermi-
fuge, astringent, vulnerary, antibacterial, and anti-in-
flammatory agent, and used internally in the treatment
of hemorrhage, uterine bleeding, and mumps.13 Charac-
teristic phloroglucinol derivatives, such as albaspidins,
norflavaspidic acids, flavaspidic acids, deaspidins,
para-aspidins, and filixic acids, have been reported as
constituents of the genus Dryopteris,14 and have been
found to possess antioxidant, antibacterial, and
antitumor promoting activities.15–17 Previous study has
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demonstrated that kaempferol glycosides isolated from
D. crassirhizoma inhibited human immunodeficiency
virus reverse transcriptase-associated DNA polymerase
and ribonuclease H activities.18 Despite a number of
studies on the chemical constituents and biological
activities of the genus Dryopteris, there have been no
investigations with regard to its FAS inhibitory activity.
This prompted us to investigate the FAS inhibitory
compounds from the species. Bioassay-guided fraction-
ation of a MeOH extract of the rhizomes of this species
led to the isolation of a series of phloroglucinol deriva-
tives, as the active principles (Fig. 1). In this paper, we
report on the isolation and structure identification of
these compounds, and their FAS inhibitory activity.


The rhizomes of D. crassirhizoma were purchased from
a local market in Daejeon, Korea, and identified by
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Figure 1. Structures of compounds 1–10 isolated from D. crassirhizoma.

Professor Byung Sun Min, College of Pharmacy, Cath-
olic University of Daegu, Korea. A voucher specimen
(KRIBB No. 018–012) has been deposited in authors’
laboratory. The dried rhizomes (4 kg) were extracted
with MeOH at room temperature for 2 months. The
MeOH extract (420 g) was suspended in H2O (4 l)
and partitioned with hexane, EtOAc, and BuOH,
sequentially. The FAS inhibitory activity was concen-
trated in the hexane- and EtOAc-soluble fraction
(90% and 92% inhibition at 50 lg/ml). The hexane-sol-
uble fraction (129 g) was separated by silica gel column
chromatography (10 · 30 cm; 63–200 lm particle size)
using a gradient of hexane–CHCl3 (from 9:1 to 0:1),
to yield eight fractions (Hfr. 1–Hfr. 8) according to
their TLC profile. Although most of the fractions ex-
cept for Hfr. 1 showed strong FAS inhibitory activity
(>90% inhibition at 50 lg/ml), we were interested in
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Table 1. The inhibitory activity of the compounds 1–10 isolated from


D. crassirhizoma against FAS


Compounds FAS inhibitory


activity IC50


(lM)a


Albaspidin-PP (1) 60.2 ± 3.5


Albaspidin-PB (2) 56.1 ± 2.6


Aspidin-BB (3) 32.6 ± 3.0


Albaspidin-AP (4) 71.7 ± 3.9


Filixic acid-ABP (5) 31.0 ± 2.7


Flavaspidic acid-AB (6) 28.7 ± 1.4


Flavaspidic acid-PB (7) 23.1 ± 1.4


Norflavaspidic acid-AB (8) 29.7 ± 1.1


Aspidinol-B (9) 49.1 ± 2.7


Methylene-bis-methylphlorobutyrophenone (10) 25.4 ± 1.4


3-Hydroxyflavoneb >100 (6.5%)c


(�)-Epicatechinb >100 (10.2%)c


Luteolind 62.5 ± 4.0


Cerulenind 13.0 ± 0.9


a IC50 values were determined by regression analyses and expressed as


means ± SD of three replicates.
b Negative controls.11,12


c The number in parentheses represents a percentage of inhibition at a


level of 100 lM.
d Positive controls.
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Hfr. 2 and Hfr. 3 because their 1H NMR spectra indi-
cated the characteristic signals for phloroglucinols dif-
ferent from those in other fractions. Hfr. 2 [eluted
with hexane–CHCl3 (8:2), 16.7 g] was chromatographed
over silica gel (6.5 · 35 cm; 63–200 lm particle size)
using a mixture of hexane–CH2Cl2–MeOH (30:10:0.5),
to yield four subfractions (Hfr. 2-1–Hfr. 2-4). The
activity was found to be highest in Hfr. 2-1 (2.4 g),
which was further separated by reversed phase column
chromatography (3.5 · 30 cm; LiChroprep� RP-18
40–63 lm particle size) using a stepwise gradient of
AcCN–H2O (from 60:40, 70:30, 80:20 to 100:0; 2 l for
each step), to yield four subfractions, Hfr. 2-1-1 to
Hfr. 2-1-4. Further purification of Hfr. 2-1-1 (753 mg)
by preparative reversed phase HPLC (YMC J-sphere
ODS-H80� column; 20 · 150 mm; 4 lm particle size;
5 ml/min; UV detection at 254 nm) with an isocratic
solvent system of AcCN–H2O (94:6) resulted in the iso-
lation of compounds 1 (35 mg; tR = 36.5–39.8 min), 2
(23 mg; tR = 42.0–46.0 min), and 3 (30 mg; tR = 46.5–
52.0 min). Hfr. 2-1-2 (917 mg) was also purified by
additional HPLC using an isocratic solvent system of
AcCN–H2O (90:10) to isolate 23 mg of 4 (tR = 35–
40 min). Another active fraction, Hfr. 3 [eluted with
hexane–CHCl3 (7:3), 7.4 g], was subjected to silica gel
column chromatography using a gradient of hexane–
EtOAc (from 10:0 to 9:1) to yield 230 mg of crude
compound 5, which was recrystallized in EtOAc to give
pure compound 5. The EtOAc-soluble fraction (91 g)
was chromatographed on a silica gel column
(10 · 30 cm; 63–200 lm particle size) using a gradient
of hexane–CHCl3–EtOH (from 10:10:0.1 to 9:9:2), to
yield six fractions (EAfr. 1–EAfr. 6) according to their
TLC pattern. Since the EAfr. 1 [eluted with hexane–
CHCl3–MeOH (from 10:10:0.1 to 10:10:0.5)] exhibited
the strongest inhibitory activity (91% inhibition at
30 lg/ml), this fraction (30 g) was fractionated by silica
gel column chromatography (9.5 · 17 cm; 63–200 lm
particle size) using a gradient of CHCl3–MeOH (from
40:1 to 1:10), to obtain four subfractions (EAfr. 1-1–
EAfr. 1-4). A portion of EAfr. 1-1 was purified using
preparative TLC [Silica gel 60 F254, 0.5 mm; mobile
phase: hexane–acetone–acetic acid (6:4:0.1); UV detec-
tion at 254 nm] to obtain compounds 6 (1.5 mg; Rf val-
ue 0.32) and 7 (1.7 mg; Rf value 0.35). EAfr. 1-2 [eluted
with CHCl3–MeOH (from 10:1 to 9:1), 4.1 g] was iso-
lated by reversed phase column chromatography
(3.5 · 30 cm; LiChroprep� RP-18 40–63 lm particle
size) using a stepwise gradient of AcCN–H2O (from
35:65, 40:60, 50:50, 60:40 to 70:30; 2 l for each step),
to afford compounds 8 (27 mg) and 9 (33 mg). Purifica-
tion of EAfr. 1-3 [eluted with CHCl3–MeOH (from 8:2
to 7:3), 2.2 g] by preparative reversed phase HPLC with
an isocratic solvent of 33% AcCN in H2O resulted in
the isolation of compound 10 (38 mg; tR = 25–
35 min). The structures of the isolated compounds 1–10
were identified as albaspidin-PP (1), albaspidin-PB (2),
aspidin-BB (3), albaspidin-AP (4), filixic acid-ABP (5),
flavaspidic acid-AB (6), flavaspidic acid-PB (7),
norflavaspidic acid-AB (8), aspidinol-B (9), and methy-
lene-bis-methylphlorobutyrophenone (10), respectively,
by analyses of MS and NMR data,19 and comparison
with those in the literature (Fig. 1).19–24

FAS was purified from chicken liver by using stepwise
ammonium sulfate precipitations, gel filtration, and
anion exchange chromatography as previously
described.25 FAS was 95% pure as estimated from
SDS/PAGE with Coomassie blue staining. FAS activity
was measured by analysis of the incorporation of [3H]
acetyl CoA into palmitate.25,26 All the isolates were as-
sayed for their inhibitory activity against FAS, and the
results are presented in Table 1. The known FAS inhib-
itors, cerulenin (IC50 = 13.0 ± 0.9 lM) and luteolin11,12


(IC50 = 62.5 ± 4.0 lM), were used as positive controls
in this assay. Most of the isolates inhibited FAS in
dose-dependent manners and several of these were more
potent than luteolin. Of the compounds tested, com-
pounds 7 and 10 exhibited the strongest inhibitory activ-
ity with IC50 values of 23.0 ± 1.0 and 25.0 ± 1.1 lM,
respectively. In general, compounds 3, 6, 7, and 8 in
which an acylphloroglucinol moiety is linked with an
acylfilicinic acid moiety (3,5-dihydroxy-4,4-dimethyl-
2,5-cyclohexadien-1-one) were more effective than albas-
pidin derivatives 1, 2, and 4 bearing two acylfilicinic acid
analogues. Clearly, flavaspidic acid-PB (7) was twofold
more active than albaspidin-PB (2). Compound 10 con-
taining two acylphloroglucinol units retained the activi-
ty. These results indicate that the acylphloroglucinol
moiety is required for the activity. However, the loss
of FAS inhibition by aspidinol-B (9) suggests that the
presence of the acylphloroglucinol alone does not confer
high activity. Another trend was recognized from our
data in Table 1. As the length of acyl side chain is
increased, the FAS inhibitory activity appeared to be
slightly increased. Compound 2 displayed slightly higher
activity than compounds 1 and 4 both with shorter acyl
side chains. A similar case was observed between com-
pounds 6 and 7, indicating that the acyl side chains
may affect the FAS inhibitory activity. Despite the pres-
ence of butyryl side chains, compound 3 appeared not to
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be as effective as 7 and 10, suggesting that the substitu-
tion pattern of acylphloroglucinol moiety is more
important for the activity and replacement of a phenolic
hydroxyl group with a methyl ether might be responsible
for the loss of activity. Compounds 6 and 8 demonstrat-
ed similar activity against FAS, suggesting that substitu-
tion of the C-5 0 hydrogen on the acylphloroglucinol with
a methyl group may not affect the activity. The trimeric
compound, filixic acid ABP (5), was also an effective
inhibitor of FAS (IC50 = 31.0 ± 2.7 lM). Although the
structure–activity relationships of phloroglucinol deriv-
atives were not thoroughly investigated, our data indi-
cate that the acylphloroglucinol moiety linked with
either acylfilicinic acid or another phloroglucinol, and
appropriate length of acyl side chain are required for
the activity. These results indicate that the acylphloro-
glucinol skeleton is worthy of further investigation as
a lead for novel FAS inhibitors.


Acylphloroglucinol derivatives have been reported to
have a wide range of biological activities that
include antioxidant, antibacterial, and antitumor
activities.15–17,21 However, to our knowledge, the FAS
inhibitory activity of the acylphloroglucinols is now
being reported for the first time in this study. Several
in vitro studies have shown the cytotoxic effect of acy-
lphloroglucinol derivatives on the human cancer cells
such as carcinoma of the lung, prostate, breast, skin,
and epidermoid in the mouth.27–29 Kapadia et al. also
demonstrated that the acylphloroglucinols isolated from
the genus Dryopteris had in vitro antitumor activity and,
in particular, the dimeric phloroglucinols, aspidin, and
deaspidin, inhibited tumorigenesis in animal model.17


Despite these findings, the mechanisms by which these
compounds exert the antitumor effects are poorly under-
stood. Since high levels of FAS expression have been
found in many human cancers including breast, pros-
tate, colon, and ovary, this enzyme has emerged as a
selective route to treat cancer.2–7 Recent studies have
demonstrated that suppression of FAS by RNA inter-
ference results in induction of apoptosis and inhibition
of FAS by small molecules such as cerulenin and C75
leads to selective cytotoxicity against various cancer cell
lines in vitro and in vivo.4–7,10,12 As shown in the present
study, the acylphloroglucinol derivatives could be con-
sidered as a promising class of FAS inhibitors. This
may provide a new insight into the mechanism underly-
ing their antitumor activity. Further investigation and
optimization of acylphloroglucinols might enable the
preparation of new FAS inhibitors potentially useful
in the treatment of cancers and obesity.
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Abstract—The structure–activity relationship (SAR) of the lactone ring of himbacine derived thrombin receptor (PAR-1) antago-
insts (e.g., 2–5) is described. The effect of the lactone carbonyl group on binding to PAR-1 is dependent on the substitution pattern
of the pyridine ring. A stereoselective intramolecular Michael addition reaction to the vinyl pyridine group was observed for these
pyridine analogs of himbacine in basic conditions at elevated temperature.
� 2006 Elsevier Ltd. All rights reserved.

Thrombin plays essential roles in hemostasis and wound
healing.1 While it stops bleeding through clot formation
in the coagulation cascade, overactivity under patholog-
ical conditions often results in arterial or venous throm-
bosis which will lead to cardiovascular events such as
myocardial infarction or stroke. Various agents that
attenuate the activity of thrombin have been used as
antithrombotic drugs, including indirect or direct
thrombin inhibitors (e.g., heparin or hirudin). However,
their wider use has been tempered by a lack of oral activ-
ity and bleeding side effects.2 Thrombin plays two roles
in thrombus formation: the first is the enzymatic cleav-
age of soluble fibrinogen to form fibrin which cross links
to form the matrix of the clot. Another is the activation
of platelet aggregation through thrombin receptors on
the platelets.3 Fibrin and aggregated platelets together
comprise the insoluble thrombus. Thrombin is the most
potent activator of platelet aggregation, although other
activators such as ADP and thromboxane A2 also con-
tribute. The cloning and characterization of the throm-
bin receptor or protease-activated receptor-1 (PAR-1)
in the early 1990s presented an attractive approach of
using small molecule PAR-1 antagonist as a novel orally
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active antithrombotic agent.4 Because thrombin is the
most potent activator of platelet aggregation, and be-
cause a PAR-1 antagonist would selectively block the
action of thrombin on platelet aggregation without
affecting formation of fibrin or platelet aggregation by
other activators, a PAR-1 antagonist might achieve
good antithrombotic effects with less bleeding side
effects.5–7
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We recently described a novel series of small molecule
PAR-1 antagonists derived from the natural product
himbacine (2–5).8,9 These compounds have a vinyl pyri-
dine appendage attached to the central ring of the tricy-
clic lactone core instead of the vinyl piperidine structure
as in himbacine. We have discovered that the pyridine
ring of the lead compound 1 is an important structural
motif for PAR-1 binding. Optimization of structure–
activity relationships (SARs) at the 5- or 6- positions
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of the pyridine ring led to potent PAR-1 antagonists
such as compounds 4 and 5. Additionally, the 5-phenyl
substituted pyridine compounds such as 5 displayed
good oral activity.8 In addition to the pyridine ring,
the lactone ring also caught our attention as a potential
structural element that can affect PAR-1 binding.10 We
were interested in the effects of substitutions at the C-3
position of the lactone ring and the importance of the
lactone functional group. Here we describe the results
of our studies which help to define the pharmacophore
for PAR-1 binding for the himbacine derived PAR-1
antagonists. During the SAR studies, we discovered an
interesting stereospecific intramolecular Michael addi-
tion reaction for these pyridine analogs of himbacine.


The synthesis of compounds with different substitutions
on the lactone C-3 carbon is shown in Scheme 1. The
tricyclic alkyne intermediates 7a–d were synthesized
from commercially available alkynyl alcohols 6a–d as
described previously.11 The trimethylsilyl group of
7a–d was cleaved and the resulting alkyne was heated
with tributyltin hydride and AIBN to give the vinyltin
intermediates 8a–d which contain >85% of the trans
isomer. Palladium catalyzed coupling reactions of 8a–d
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with 2-chloroquinoline followed by separation gave the
trans products 9a–d.


The synthetic transformations of the lactone ring of the
lead compounds 2–58,9 are exemplified in Scheme 2. Dii-
sobutylaluminum hydride reduction of compound 4
gave the lactol 4a12 which was either converted to the
2-methoxytetrahydrofuran derivative 4c13 with boron
trifluoride etherate and methanol or to the tetrahydrofu-
ran derivative 4d with boron trifluoride etherate and tri-
ethyl silane. Alternatively, the lactone ring of 4 was
reduced with lithium aluminum hydride to give diol
4b. Other lactone compounds such as 2, 3, and 5 under-
went similar transformations to give the derivatives
shown in Table 2. We then attempted to open up the lac-
tone ring to obtain a hydroxy acid derivative. The lac-
tone ring is quite stable to acidic conditions.14 In basic
conditions (10% KOH in dioxane) at room temperature,
the lactone compounds were converted to a highly polar
intermediate product first but upon neutralization and
work up were recovered unchanged. In more vigorous
basic conditions (10% KOH in dioxane at reflux), how-
ever, they were converted in good yield to products
which are consistent by spectroscopic analysis with a
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tetrahydrofuran structure such as 3e (Scheme 2). Appar-
ently the lactone was hydrolyzed under the basic condi-
tions and the intermediate hydroxyl acid underwent an
intramolecular Michael addition of the secondary
hydroxyl group to the vinyl pyridine to form the tetrahy-
drofuran ring. The acid 3e was further derivatized with
benzylamine to give the benzyl amide 3g. An X-ray anal-
ysis of 3g established the stereochemistry around the tet-
rahydrofuran ring.15 The cyclization appears to be
stereoselective since only one diastereoisomer was ob-
served for the product. Attempts to selectively protect
the primary hydroxyl group of the diols such as 4b also
resulted in formation of tetrahydrofuran products from
intramolecular Michael addition of the secondary
hydroxyl group to the vinyl pyridine group. Finally,
an analog 4h of compound 4 where the lactone ring
was removed was prepared by a two-step sequence from
the commercially available trans-1-decalone: a one car-
bon homologation by the procedure of Moskal and
Van Leusen16 and Wadsworth–Emmons–Horner olefin-
ation of the resulting aldehyde using diethyl (6-methoxy-
quinolin-2-ylmethyl)phosphonate.9


The PAR-1 binding activities of the compounds were
measured by the previously reported in vitro assay using
purified human platelet membrane.17 The IC50 values
for the compounds that have different substitutions at
the lactone C-3 position are shown in Table 1.18 Chang-
ing the methyl group to an ethyl group (9a and 9b) de-
creased the binding affinity by 10-fold. Removing the
C-3 methyl group (9c) or having an additional methyl
group (9d) at the C-3 carbon did not affect the bind-
ing (9c, 9d � 9a). Since no apparent improvement in
binding was observed we decided to use the C-3 mono-
methyl group in our subsequent SAR studies due to the
ease in stereoselective synthesis from chiral starting
materials (both enantiomers of 6a are commercially
available).


The PAR-1 binding activities of the lactone carbonyl
modified compounds are listed in Table 2. The lactone
moiety is the most potent group for PAR-1 binding.
Conversions from the lactones (2–5) to the lactols
(2a–4a), diols (2b, 4b, and 5b), or lactol ethers (2-meth-

Table 1.
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oxytetrahydrofurans 3c and 4c), or removal of the
lactone carbonyl group to give the tetrahydrofuran
derivatives (3d–5d) gave weaker binding at the receptor.
However, the degree of reduction in binding affinity
upon conversion of the lactones to other functional
groups is dependent on whether the lactones have the
optimal pyridine moiety for PAR-1 binding. With less
than optimal pyridine moiety this reduction is more pro-
nounced than compounds with optimal pyridine moiety.
For example, in the less than optimal 6-ethylpyridine
series, the lactol 2a and the diol 2b are about 40-fold less
potent than the lactone 2, whereas in the 6-methoxy-
quinoline series where the lactone 4 has a higher affinity
for the PAR-1 receptor, the lactol 4a and the diol 4b are
only about 4- to 5-fold less potent than the lactone 4. In
the 5-(3-trifluoromethyl-phenyl)-pyridine series where
we have discovered some of our most potent PAR-1
antagonists, the diol 5b is almost as potent as the lactone
5. Compounds that retain a H-bond acceptor property
of the lactone carbonyl oxygen such as the lactols
(2a–4a), diols (2b, 4b, and 5b), and lactol ethers (2-meth-
oxytetrahydrofurans 3c and 4c) gave better binding.
Compounds that lack the H-bond acceptor property
such as the tetrahydrofuran derivatives 3d–5d
gave much weaker binding (ca. 40-fold or more) even
in the 5-(3-trifluoromethyl-phenyl)-pyridine series. The
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compound 4h that lacks the lactone ring altogether
decreased the binding by two orders of magnitude com-
paring with compound 4. The intramolecular Michael
addition products (3e and 3g) are significantly less active
as shown in Table 2.


In summary, the SAR of the lactone ring for PAR-1
binding for the himbacine derived PAR-1 antagonists
was evaluated. The C-3 monomethyl group is the pre-
ferred group for stereoselective synthesis of these him-
bacine derived PAR-1 antagonists. The lactone ring is
found to be an important structural motif for PAR-1
binding. Changes to the lactone functional group tend
to give significant loss of binding affinity. This is likely
due to the hydrogen-bond acceptor property of the
lactone carbonyl group. However, the contribution to-
ward binding affinity of the lactone group is less than
that of the pyridine group. Changes to the lactone are
more tolerated for the optimal pyridine groups such as
the 6-methoxyquinoline or the 5-(3-trifluoromethylphe-
nyl)-pyridine group. This SAR information is useful in
designing new PAR-1 antagonists derived from himba-
cine. A stereoselective intramolecular Michael addition
reaction was observed for these pyridine analogs of
himbacine in basic conditions at elevated tempera-
tures. The resulting tricyclic rings have highly defined
conformation and may serve as template for new lead
discoveries. Additional SAR results for the himbacine
derived PAR-1 antagonists will be published in due
course.
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Abstract—A functional screening highlighted a series of spiro-piperidines as 5-HT2B receptor antagonists. Preliminary structure–
activity relationship has been explored driving to potent antagonists (IC50 = 1 nM) and indicating directions for further
explorations.
� 2006 Elsevier Ltd. All rights reserved.
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Serotonin (5-hydroxytryptamine, 5-HT) is a well-known
monoamine neurotransmitter, hormone, and mitogenic
factor which mediates a wide range of physiological
activities in different cells by binding to multiple recep-
tor subtypes. With the exception of the 5-HT3 which is
a ligand-gated ion channel, all of these receptors are
known to be G-protein coupled receptors (GPCRs).


The 5-HT2B receptor was first identified in rat stomach
fundus.1,2 Although originally termed 5-HT2F or
5-HT1-like receptor,3 it was reclassified as 5-HT2B to be-
come the third member of the 5-HT2 receptor family.4–7


5-HT2B receptors are widely expressed in peripheral
tissues of various species. 5-HT2B receptor mRNA or
protein immunoreactivity has been found throughout
the gastrointestinal tract including smooth muscle of
the stomach fundus, esophagus, small intestine, and
colon. The receptor has also been found in the placenta,
uterus, lung, and prostate, and 5-HT2B receptor antago-
nist activities were reported in several diseases such as
prostatic cancer,8 gastrointestinal diseases, migraine,9


CNS disorders, urinary incontinence and bladder
dysfunction,10 and pulmonary hypertension.11 Regulat-
ing 5-HT2B/5-HT interaction appears to be a promising
approach in the development of small-molecule drugs.


Among many 5-HT2B antagonists, SB204741,12,13


LY266097,14 and RS12744515 (Fig. 1) are described as
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selective antagonists at the human receptor. We present
here the identification of a new series of 5-HT2B


antagonists.


Hit identification was realized by screening a set of 1250
small molecules selected for their structural relevance.16


The functional test performed corresponds to the inhibi-
tion of calcium release after activation of 5-HT2B recep-
tor by an agonist (a-methyl-5-hydroxytryptamine) in
CHO cells.17 A series of spiro-piperidine compounds
exhibited potent antagonistic effects, 1 and 2 (Fig. 2)
showing IC50 of 95 and 30 nM, respectively.


In this study, all the spiro compounds were either
purchased commercially or prepared using a 3-step
synthesis (Scheme 1). According to the literature, the
formation of 2 0-hydroxychalcone involved the Claisen–
Schmidt condensation of a 2-hydroxybenzaldehyde I
with an acetophenone II in the presence of base as
catalyst.18,19 Subsequently, hydrazine hydrate was

N


NO


NH


N S


SB-204741


RS-127445


Figure 1. 5-HT2B receptor ligands.
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Table 1. Biological assay results for compounds 1–24


O


N


N


N


Ar


X


Y


Compounda Ar X Y Activityb


IC50
c (nM)


1 4-Pyridyl H H 95


2 4-Fluorophenyl Br H 30


3 4-Fluorophenyl H H <10d


4 Phenyl H H 50–100


5 Phenyl Br H 92


6 4-Chlorophenyl H H 280


7 4-Bromophenyl H H 426


8 4-Chlorophenyl Br H 100–500


9 2-Chlorophenyl H H 753


10 2-Chlorophenyl Br H 856


11 2-Methoxyphenyl Br H 5000


12 4-Methoxyphenyl Br H 5000


13 2-Difluoromethoxyphenyl Br H 427


14 4-Difluoromethoxyphenyl Br H 175


15 3,4-Dichlorophenyl Br H 542


16 3,4-Dimethoxyphenyl Br H 5000


17 3-Pyridyl H H na


18 2-Furyl Br H 5000


19 2-Thienyl Br H 5000


20 1-Naphthyl Br H >10000


21 2-Naphthyl Br H 5000


22 4-Fluorophenyl H MeO 46


23 4-Chlorophenyl H MeO 1470


24 4-Bromophenyl H MeO 1281


a Racemates were used.
b Inhibition of calcium release generated by a-methyl-5-HT (Ref. 17).
c na, not active. Average value from one experiment in duplicate.
d 90% inhibition at 10 nM.
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Scheme 1. Reagents and conditions: (a) KOH, aqueous ethanol, 16 h,


rt; (b) NH2NH2, MeOH, rt; (c) N-substituted piperidin-4-one, neat,


50 �C.


O


N


N


N


N


O


N


N


N


F


Br


1 2


Figure 2. Lead compounds.
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added to the chalcone III in methanol and furnished the
corresponding pyrazoline IV in good yield.19 Finally,
the spiro compound V was obtained by heating the pyr-
azoline with a N-substituted piperdin-4-one at 50 �C.


The 5-HT2B antagonist activity for compounds 1–24 is
shown in Table 1. The most potent compound is the
4-fluorophenyl 3 with an IC50 below 10 nM. Generally,
both the hydrogen (3, 4, 7, and 9) and bromine (2, 5,
8, and 10) substitutions at the position X had similar
potency on the target. On the contrary, when the hydro-
gen in position Y (3, 6, and 7) was replaced with elec-
tron-rich methoxy group (22, 23, and 24), a markedly
reduced activity was observed.


For the aromatic group (Ar), the inhibition was
decreased by using bulkier groups such as naphthyls
(20 and 21) or with heteroaryl groups such as 2-furyl
(18) and 2-thienyl (19). Interestingly, compared to the
lead compound 1, which has an IC50 = 95 nM, the
3-pyridyl analog (17) completely lost its activity. The
effect of varying the pattern on the phenyl group was
explored. Among the 4-halophenyl compounds, 4-fluoro
substitution was the preferred one (comparing 3, 6, and
7, also 22, 23, and 24 activities). In addition, shifting the
halogen from the 4-position (6 and 8) to the 2-position
(9 and 10) resulted in approximately 2-fold loss in activ-
ity. Introduction of an electron-rich methoxy group to
the 4-position of the phenyl ring led to a decrease in
potency. Compounds without any substitution (4 and
5) did not show any improvement compared to the hit
compounds. The 3,4-dichlorophenyl (15) and 3,4-
dimethoxyphenyl (16) compounds retained similar activ-
ity when compared to their mono-4-substituted analogs
(8 and 12). These results disclosed that the

3-phenyl substitution was acceptable but does not seem
to be essential. Replacing the methoxy group of 11 or 12
with a difluoromethoxy group, 13 and 14 showed a
10- to 20-fold increase in biological activity. These
results further showed the importance of the 4-fluoro
substitution pattern for 5-HT2B receptor affinity. From
all these results, both 4-fluorophenyl and 4-pyridyl
groups exhibited a high affinity with 5-HT2B receptor.


The modification of the spiro-piperidine moiety (R4 and
R5) was investigated. Replacement by groups such as
dimethyl (25), cyclohexyl (26), 4-methylcyclohexyl (27),
and tetrahydropyranyl (28) resulted in the complete loss
of activity (Table 2).


Consequently, our efforts were addressed to the
optimization of the N-substitution of the spiro-piperi-
dine scaffold (Table 3). Attachment of an electron-
withdrawing acetyl group to the nitrogen atom led
to the loss of the biological activity (29, 30, and 31).
The bulky benzyl group (comparison between 34 and
42) was also not suitable for the nitrogen substitution,
but the 2-phenylethyl substitution was tolerated
(comparison between 43 and 51). When the N-alkyl
chain evolved from methyl to ethyl and to n-propyl,
the activity was increased by 2-fold for each







Table 2. Variations at the R4 and R5 positions


O


N
N


N


R5
R4


Compounda


R5
R4 Activityb


IC50
c (nM)


25 5000


26 na


27 na


28
O


na


a Racemates were prepared by heating pyrazoline IV with corre-


sponding ketone at 50 �C.
b Inhibition of calcium release generated by a-methyl-5-HT (Ref. 17).
c na, not active. Average value from one experiment in duplicate.


Table 3. Variations at the R position


O


N


N


N


Ar


R


X


Compounda Ar X R Activityb


IC50
c (nM)


29 Phenyl Br Acetyl na


30 4-Fluorophenyl Br Acetyl na


31 4-Chlorophenyl Br Acetyl na


32 2-Chlorophenyl Br Benzyl na


33 4-Chlorophenyl H Benzyl 350


34 4-Methoxyphenyl Br Benzyl na


35 4-Pyridyl H Ethyl 42


36 4-Pyridyl H i-Butyl 21


37 Phenyl Br i-Propyl 188


38 4-Chlorophenyl H i-Propyl 133


39 4-Bromophenyl H i-Propyl >10,000


40 4-Tolyl Br n-Propyl 5000


41 4-Bromophenyl Br n-Propyl 791


42 4-Methoxyphenyl Br n-Propyl 179


43 4-Pyridyl H n-Propyl 15


44 Phenyl H n-Propyl <10d


45 4-Fluorophenyl H n-Propyl 1.8


46 4-Fluorophenyl Me n-Propyl 115


47 4-Fluorophenyl F n-Propyl 26


48 4-Fluorophenyl Cl n-Propyl 32


49 4-Fluorophenyl Br n-Propyl 29


50 2-Chlorophenyl H n-Propyl 500


51 4-Pyridyl H 2-Phenylethyl 16


a Racemates were used.
b Inhibition of calcium release generated by a-methyl-5-HT (Ref. 17).
c na, not active. Average value from one experiment in duplicate.
d 90% inhibition at 10 nM.
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Scheme 2. Reagents and conditions: (a) CAN, CH3CN-water (9:1),


16 h.
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homologation (1, 35, and 43). All the n-propyl series
generally provided the best activity (comparison
between 12–42 and 4–44). Concerning the substitution
at the X-position, the halo-substitution gave similar
activities between 47 and 49 (IC50 = 26 to 32 nM)
but the most active one was the compound without
any substitution (X = H). Therefore, 2-(4-fluorophe-
nyl)-1,10b-dihydro-benzo[e]pyrazolo[1,5-c][1,3]oxazine-
5-spiro-4 0-(1 0-propylpiperidine) (45)20 was selected for
chiral resolution (one chiral center is present in the
pyrazoline ring). From the racemate mixture, both
enantiomers were separated by chromatography using
a chiral column.21 Each enantiomer exhibited very
different activity. The enantiomer with the shorter
retention time, 45tR1, was the most active with an
IC50 = 1.0 nM, while the second one (longer retention
time, 45tR2 was inactive up to 500 nM. Therefore, the
stereochemistry of the compound was important for
the target affinity.


In order to avoid the chirality issue, pyrazole 52 was
synthesized from the pyrazoline 45. Several oxidizing
agents like MnO2, H2O2, and 2,3-dichloro-5,6-dicyano-
1,4-benzoquinone (DDQ) were attempted but failed.
Finally, the reaction was carried out successfully using
ammonium cerium (IV) nitrate (CAN) and gave 50%
yield of 52 which was found to be inactive (Scheme 2).


In summary, a novel series of 5-HT2B receptor ligand
was identified, 2-aryl-1,10b-dihydro-benzo[e]pyrazolo
[1,5-c][1,3]oxazine-5-spiro-4 0-(1 0-alkylpiperidine). We
found that variations of aromatic substitution (Ar)
and N-substitution of the piperidyl can influence the
activity and allowed to highlight potent antagonists
(IC50 < 10 nM in a functional assay). The most dra-
matic structural modification observed was the re-
quired basic nitrogen of the piperidine ring,
indicating a strong proton acceptor interaction, and
the stereospecificity on the pyrazoline ring which
seems related to a specific protein pocket for the aro-
matic group. The established S.A.R. pattern gave the
opportunity for further optimization. Further studies
are needed to find out the selectivity of 5HT receptor
sub-types for these spiro-piperidines.
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Abstract—A series of potent and selective inhibitors of h-MCH-R1 has been developed based on the piperidine glycineamide com-
pounds I and II. These structurally more rigid tetrahydroisoquinolines (III and IV) showed better pharmacokinetics. The highly
potent compounds 12d and 12g displayed excellent rat pk.
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1. Design of tetrahydroisoquinoline MCH antagonists


III and IV.

Melanin concentrating hormone (MCH) is a 19-mem-
bered neuropeptide that is found in the lateral hypothala-
mus and regulates food intake.1,2 There is evidence for
involvement of MCH in feeding and obesity.3 One of
the major findings is that hypothalamic MCH peptide lev-
els increase during fasting in ob/ob and WT mice. ICV
administration of MCH or analogs stimulates feeding in
rodents and MCH�/� mice are hypophagic and leaner
than WT mice but otherwise healthy.4 MCH receptor
knock-out mice are lean, hypophagic, hyperactive, have
reduced fat mass, have increased metabolic rate, and they
are resistant to diet-induced obesity (DIO). Evidence
from knock-outs suggests an MCH receptor antagonist
should be beneficial for treatment of obesity and related
disorders.5,6 Several classes of small molecule MCH-R1
antagonists have recently been disclosed.7–12


Recently we found compounds of the types I and II are
potent and selective MCH-R1 antagonists useful for the
treatment of metabolic diseases.13 Compounds of this
piperidine glycineamide series had been hindered by mod-
erate pharmacological properties primarily due to the
amide hydrolysis. In order to minimize these issues, we
designed constrained analogs III and IV as shown in
Figure 1. This restriction would better define the active
binding conformations and mask the glycineamide
structure. Since the free basic N–H is tied back to the aro-
matic ring, we anticipated less metabolism among these
tetrahydroisoquinoline (THQ) structures (III and IV).
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The synthesis of various spirocyclic as well as 2-substitut-
ed tetrahydroisoquinoline structures and structure–activ-
ity relationships (SARs) are described in this paper.


The spirocyclic tetrahydroisoquinoline compound 2 was
synthesized from 3-methoxyphenethylamine 1 by Pictet–
Spengler cyclization.14 During this reaction, the tert-but-
oxy carbonyl group was hydrolyzed. The methyl group
was removed by the reaction of BBr3 and the Boc group
was re-introduced in good yield. The phenol was con-
verted to the triflate and Suzuki coupling reaction on
this intermediate afforded the biaryl compound 3.15


N-Alkylation using methylbromoacetate gave com-
pound 4. Sodium hydride or trimethylaluminum medi-
ated displacement of methyl ester with aromatic
anilines afforded the corresponding amides in moderate
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yields.16 The Boc deprotection was achieved by trifluo-
roacetic acid and the reductive alkylation using a wide
variety of aldehydes and ketones under standard
reaction conditions furnished the final target
compounds 5a–q in good yields (Scheme 1).


The MCH-R1 affinities of several representative spirocy-
clic glycineamide compounds containing modifications
on the piperidine nitrogen are shown in Table 1. A wide
range of alkyl substitutions on the piperidine nitrogen is
tolerated. The cyclopropylmethyl 5f, cyclopentyl 5g,
cyclobutyl 5i, and cycloheptyl 5j were the best among
the several other compounds prepared. Acylations and
sulfonylations of the piperidine nitrogen completely
eliminate the MCH-R1 binding affinity (5n–q).
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Scheme 1. Reagents and conditions: (a) N-Boc-piperidone, H3PO4,


90 �C; (b) BBr3, CH2Cl2; (c) Boc2O; (d) PhNTf2, CH2Cl2; (e) 3-CN-


phenylboronic acid, Pd(PPh3)4, Na2CO3, Tol/MeOH, 90 �C; (f)


BrCH2COOMe, K2CO3, CH3CN; (g) 3,5-di-Cl-aniline, NaH, THF;


(h) TFA, CH2Cl2; (i) RCHO, NaBH(OAc)3, CH2Cl2.


Table 1. MCH-R1 binding affinities of spirocyclic THQs (5a–q)


N


N


NC


N
H


O


R


Cl


Cl


(5a-q)


Compound R h-MCH-R1


Ki
a (nM)


5a Boc >1000


5b H 59


5c Methyl 38


5d Ethyl 38


5e Isopropyl 29


5f Cyclopropylmethyl 15


5g Cyclopentyl 16


5h 1-Hydroxyethyl 41


5i Cyclobutyl 13


5j Cycloheptyl 11


5k 1-Tetrahydro-3-thienyl 34


5l 1-Tetrahydropyran-4-yl 16


5m 3-Furanylmethyl 36


5n Acetyl 823


5o Methylsulfonyl >1000


5p 1-Dimethylaminosulfonyl >1000


5q 1-Ethylaminosulfonyl >1000


a Values are means of three experiments. Variability around the mean


value was <5%.

Next, we turned our attention to the alterations of the
aromatic amide group in order to optimize the right-
hand side of the molecule. Deprotection of 4 followed
by reductive alkylation and subsequent amidation using
various anilines furnished compounds 6a–j (Scheme 2).
As seen from Table 2, 3,5-dichlorophenyl glycineamide
compound 5f still has the best MCH-R1 binding affinity
(Ki = 15 nM). Other aromatic amides such as 3-Cl-4-F-
phenyl 6d and 3-CF3-4-F-phenyl 6h also showed a sim-
ilar binding profile. We decided to keep the 3,5-dichlor-
ophenyl group as a constant in the further development
of SAR in the THQ series.


After having examined the binding affinity of spirocyclic
compounds, we began looking into the homologated
tetrahydroisoquinoline structures represented by IV
(Fig. 1). Compound of this type was prepared according
to Scheme 3. At first we decided to study the biaryl SAR
in detail. Pictet–Spengler cyclization of 1 with N-cyclo-
pentylpiperidine-4-carboxaldehyde afforded compound
7. Initial trials of this cyclization reaction using phos-
phoric acid gave mixture of products. However, cycliza-
tion reaction in boiling TFA gave 7 in 60% yield.
Further modifications of 7 according to Scheme 3 affor-
ded compounds 10a–p (Table 3).

N
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N
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O
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4 6a-jBoc


Scheme 2. Reagents and conditions: (a) TFA, CH2Cl2; (b) RCHO,


NaBH(OAc)3, CH2Cl2; (c) Ar-NH2, NaH, THF.


Table 2. MCH-R1 binding affinities of spirocyclic THQs (6a–i)


N


N


NC


N
H


O
Ar


(6a-i)


Compound Ar h-MCH-R1


Ki
a (nM)


5f 3,5-Dichlorophenyl 15


6a 3,5-Difluorophenyl 63


6b 3,4-Dichlorophenyl 138


6c 3-CF3-4-Cl-phenyl 119


6d 3-Cl-4-F-phenyl 24


6e 4-Cl-phenyl 138


6f 3-Cl-phenyl 45


6g 3,4-Difluorophenyl 35


6h 3-CF3-4-F-phenyl 25


6i 3-CF3-5-F-phenyl 54


a Values are means of three experiments. Variability around the mean


value was <5%.
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Table 3. MCH-R1 binding affinities of THQs (10a–p)


Ar


N


(10a-p)


N


N
H


O


Cl


Cl


Compound Ar h-MCH-R1


Ki
a (nM)


10a 3-CN-phenyl 11


10b Phenyl 168


10c 4-CN-phenyl 108


10d 3-F-phenyl 73


10e 3-Cl-phenyl 43


10f 3-MeO-phenyl 95


10g 3-CF3-phenyl 191


10h 3-CF3O-phenyl 77


10i 3-CHO-phenyl 77


10j 3,6-Di-Cl-phenyl 87


10k 8-Quinolinyl 799


10l 4-Pyridyl 24


10m 3-Pyridyl 23


10n 3-(1H-Imidazol-2-yl)phenyl 46


10o 1H-Pyrrol-2-yl 455


10p 3-Thienyl 115


a Values are means of three experiments. Variability around the mean


value was <5%.
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Scheme 4. Reagents and conditions: (a) N-benzylpiperidine-4-carbox-


aldehyde, TFA, reflux; (b) BrCH2CONHAr, K2CO3, CH3CN; (c)


BBr3, CH2Cl2; (d) PhNTf2, CH2Cl2; (e) ArB(OH)2, Pd(PPh3)4,


Na2CO3, Tol/MeOH; (f) chloroethylchloroformate, CH2Cl2; (g)


RCHO, NaBH(OAc)3, CH2Cl2.


Table 4. MCH-R1 binding affinities of THQs (12a–q)


N


(12a-q)
N


N
H


O


Cl


Cl


NC


R


Compound R h-MCH-R1


Ki
a (nM)


12a H 26


12b Methyl 22


12c Phenylmethyl 24


12d 5-(OH)-1-pentyl 6.8


12e Cycloheptyl 9.7


12f N-Methylpiperidinyl 68


12g 1-Tetrahydropyran-4-yl 6.4


12h 1-Tetrahydro-3-thienyl 7.0


12i 3-Furanylmethyl 14


12j 2-MeO-phenylmethyl 16


12k Cyclopropylmethyl 9.3


12l Cyclobutyl 15


12m Phenylpropyl 69


12n Isopropyl 35


12o Cyclohexyl 10


12p Acetyl 927


12q Methanesulfonyl 718


a Values are means of three experiments. Variability around the mean


value was <5%.
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As evidenced from Table 3, the biaryl portion of the
molecule is less tolerant of substitutions. 3-Cyanophenyl
moiety is still the best substitution in the biaryl region of
the molecule. Groups like 3- and 4-pyridyls are tolerated
to some extent (10l and 10m). Heterocyclic substitutions
such as 2-pyrrolyl 10o and quinolyl 10k reduce the bind-
ing affinity by 40- to 70-fold. 3-Chlorophenyl substitu-
tion 10e afforded a 4-fold decrease in potency relative
to 3-cyanophenyl.


The piperidine nitrogen SAR was studied according
to Scheme 4. Pictet–Spengler cyclization of 1 with
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Figure 2. Benzimidazole compounds 13 and 14.


Table 5. PK data for selected compounds


Compound h-MCH-R1


Ki
a (nM)


Rat PK (10 mpk, po)b


AUC (ng h/mL)


5g 16 332


10a 11 910


12d 6.8 1636


12g 6.4 1244


12h 7 499


a Values are means of three experiments. Variability around the mean


value was <5%.
b See Ref. 17 for procedure.
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N-benzylpiperidine-4-carboxaldehyde afforded com-
pound 11. N-Alkylation of 11 followed by demethyla-
tion, triflation, and Suzuki coupling produced the
biaryl compound, and subsequent debenzylation and
reductive alkylations using various aldehydes and
ketones gave compounds 12a–q (Scheme 4).


The SAR of the MCH-R1 binding of several tetrahydro-
isoquinoline structures with substitutions on the piperi-
dine nitrogen is summarized in Table 4. Generally
reductive alkylation products showed excellent MCH-
R1 binding affinity. Compounds such as hydroxypentyl
12d (Ki 6.8 nM), tetrahydropyranyl 12g (Ki = 6.4 nM),
tetrahydrothienyl 12h (Ki = 7.0 nM), and cyclopropyl
methyl 12k (Ki = 9.3 nM) are some of the very active
compounds in this series. Other modifications to the
piperidine nitrogen, including acylation, sulfonylation,
and urea formation, resulted in inactive compounds.
These results indicate that the basic nitrogens both in
chemotypes III and IV are very important for MCH-R1
binding affinity. In most of the cases, the MCH-R1
SAR for chemotypes IV parallels that for chemotype III.


We briefly attempted to change the amide portion of the
THQ core by introducing amide isosteres such as benz-
imidazoles and oxazoles. These attempts did not provide
any superior MCH-R1 compounds compared to the
amide derivatives. Some examples are given in Figure
2. Benzimidazole derivatives 13 and 14 showed moder-
ate MCH-R1 binding affinity (Fig. 2).


Compounds with good MCH-R1 affinity were selected
for PK studies (Table 5). Compounds like 12d and 12g
showed remarkable improvement in pharmacokinetics.
The corresponding uncyclized piperidine glycineamides
showed zero or negligible rat AUC under similar exper-
imental conditions.17 These results indicate that con-

formationally restricted analogs are better MCH-R1
antagonists with improved pharmacokinetic profiles.
Further in vivo results will be reported in due course.


In summary, we have undertaken a three-point modifi-
cation of our tetrahydroisoquinoline (THQ) core struc-
tures and generated a number of selective MCH-R1
antagonists. Both spirocyclic as well as homologated
tetrahydroisquinolines followed a similar SAR trend.
We have shown that the basic nitrogen of the piperidine
moiety is very important for high affinity binding. Phar-
macokinetic studies confirmed an enhanced profile rela-
tive to non-THQ analogs.
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Abstract—Analogues of suberoylanilide hydroxamic acid (SAHA) were prepared by replacing the Zn-binding group with squaric
acid, N-hydroxyurea, and 4-hydroxymethyl oxazoline units, also varying the length of the aliphatic chain. No inhibitory activity
on HDAC was observed below 1.0 lM and no cytotoxic activity on different tumor cell lines was seen below 20.0 lM.
� 2006 Elsevier Ltd. All rights reserved.
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HDACs are nuclear enzymes that play a major role in
regulating gene expression.1 They catalyze the deacetyla-
tion of the N-acetyl lysine residues thereby changing the
accessibility of transcription factors to DNA, thus
affecting the chromatin remodeling process. Cell-specific
patterns of gene expression depending on histone acety-
lation result from a balance of the competing activities
of two classes of enzymes, the histone acetyl transferases
(HATs) and the histone deacetylases (HDACs). Pertur-
bation of this balance has been linked to cancer, and
inhibition of HDAC has been shown to have antiprolif-
erative effects on tumor cell lines, resulting in consider-
able interest in this field.2


The list of known inhibitors of HDACs covers a wide
cross-section of structures including natural products
such as Trichostatin A (TSA)3 and unnatural surrogates
such as suberoylanilide hydroxamic acid (SAHA)4


(Fig. 1). A large body of work has been devoted to the
synthesis of hydroxamic acid analogues of acyclic and
heterocyclic compounds.


In spite of the promising results, the potential toxicity of
hydroxamic acids has also instigated the search for other
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zinc-binding groups (ZBGs) that can be incorporated in
the structures of metalloproteases inhibitors in general.5
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Figure 1. Structures of known inhibitors and proposed prototypes.
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We wish to report on our efforts to prepare analogues of
SAHA in which the hydroxamic acid residue has been
replaced by squaric acid, N-hydroxyurea, and hydroxy-
methyl oxazoline units individually (Fig. 1). To the best
of our knowledge, these well-known motifs have not
been synthesized and tested as non-hydroxamate HDAC
inhibitors.6


Being cognizant that the zinc-binding geometry of
hydroxamic acids7 may be different compared to squaric
acids or the N-hydroxyurea units, we also varied the
length of the aliphatic chain to allow for greater flexibil-
ity and accommodation within the active site domain.8


Squaric acid derivatives. Since the first synthesis of squa-
ric acid in 1959,9 a number of derivatives have been
reported and their chemistry has been well studied in dif-
ferent contexts over the years.10,11 Squaric acid-based
inhibitors of matrix metalloproteases were recently
reported.12 Due to its different resonance forms, squaric
acid can mimic acidic functions, which was the main de-
sign element in this study, although it was not clear
whether the spatial requirements could be satisfied in
the active site of HDAC enzymes.8


We therefore focused first on the synthesis of SAHA-
type analogues of different chain lengths and harboring
a squaric acid unit that contains exocyclic nitrogen or
sulfur groups to simulate vinylogous hydroxamic acids
and thioether counterparts as potential zinc binders. A
series of N-Boc x-amino carboxylic acids 1a–c was con-
verted to the corresponding phenylamides 2a–c, and
then cleaved to the amines 3a–c (Scheme 1). Treatment
with the readily available di-n-butyl squarate 4 led to
the corresponding monoamides 5a–c in good yields.13


Mineral acid hydrolysis gave the corresponding squaric
acid SAHA analogues 6a–c in excellent yields.14
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Alternatively, treatment of the esters 5a–c with aqueous
sodium hydrogen sulfide in ethanol afforded the corre-
sponding thiol monoacids as their sodium salts 7a–c.13


The methylthioesters 8a–c were obtained upon treat-
ment with methyl iodide (Scheme 1).


Alternatively, intermediate 4 was converted into the cor-
responding monosodium thiolate by treatment with
sodium hydrogen sulfide in methanol and then coupled
with the readily available bromide 10 (prepared in two
steps from d-valerolactone)6,15 in DMF, to afford 11
(Scheme 2). Treatment with N-methyl hydroxyl-
amine gave the thio squaric N-methyl hydroxamate
analogue 12.
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N-Hydroxyurea derivatives. The replacement of a
hydroxamic acid moiety with an N-hydroxyurea coun-
terpart has received only scant attention in the search
for HDAC inhibitors. In principle, hydroxamic acids
should be more acidic compared to an N-hydroxyurea,
although the requisite terminal functionality to bind
the zinc atom is present in both.


Suzuki and coworkers6 recently reported that a SAHA
N-hydroxyurea derivative was weakly active as an inhib-
itor of HDAC. Our intention was to probe the influence
of the hydrocarbon chain length, knowing that the ac-
tive site domain of SAHA and TSA can accommodate
a limited number of carbon atoms in an acyclic
chain.5a,8


Treatment of the readily available amines 3b–d with
hydroxylamine in the presence of carbonyl diimidazole
led to the intended analogues 13b–d in very good overall
yields (Scheme 3).


Ether and amide analogues of SAHA have been recently
disclosed in a patent.16 We therefore prepared an ether
prototype in the N-hydroxyurea series. Briefly, (±)-
aminopimelic acid 14 was selectively protected as the
lactone acetal 15, diazotized, and the resulting alcohol
then chain-extended via an Arndt-Eistert reaction
(Scheme 4).17
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Ph3P@CHCO2Me, CH2Cl2, 82% for three steps; (iv) NaBH4, NiCl2Æ6H2O


C6H5N@S@O, 1,2,4-triazole, CH2Cl2, 0 �C to rt; (d) PMBO(C@NH)CCl3, c


phosphoryl azide, Et3N, toluene, reflux, then THPONH2, reflux; (f) HCl–M

A series of resulting hydroxy acids 16–18 were converted
to the corresponding anilides 19–21, which were
O-alkylated to give O-PMB ethers 22–24. Intermediate
23 (n = 5) was converted into the corresponding
N-OTHP N-hydroxyurea 25 and the latter subjected to
mild acid hydrolysis to afford 26.


Hydroxymethyl oxazolines. Cook and coworkers18 have
explored the core of 4-hydroxymethyl oxazolines as
potential MMP inhibitors. We therefore prepared
SAHA analogues in which the hydroxamic acid group
was replaced with this moiety as shown in Scheme 5.


Amide 29 was prepared in very good yields starting from
monomethyl suberate 27 and the chiron 28 (readily
available from LL-serine). Subsequent treatment of 29
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Scheme 5. Reagents and conditions: (a) HATU, DIEA, DMAP,


CH2Cl2. (b) TBAF, THF. (c) DAST, K2CO3, CH2Cl2, �78 �C. (d) (i)


LiOHÆH2O, MeOH, H2O, THF; (ii) PhNH2, PyBOP, Et3N, DMAP,


DMF. (e) BCl3, CH2Cl2, �40 �C.
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with TBAF afforded 30 which underwent DAST-medi-
ated ring-closure to give 31 in very good yields.


Saponification of the methyl ester and introduction of
the anilide moiety led to 32 which finally underwent
debenzylation by BCl3 in CH2Cl2 to afford the oxazoli-
dine analogue 33.


Unfortunately, none of the new analogues in the series
exhibited HDAC inhibitory activity below 1.0 lM. Fur-
thermore, no cytotoxic activity on different tumor cell
lines was seen below 20.0 lM.
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Abstract—Studies of structure–activity relationships for the linker in a new series of metabotropic glutamate receptor 5 antagonists
are presented together with in vitro and in vivo pharmacokinetic data.
� 2006 Elsevier Ltd. All rights reserved.
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Figure 2.

We recently disclosed1 that a number of compounds
having the common structure 1 (Fig. 1) showed good
to excellent affinity towards the cloned human metabo-
tropic glutamate receptor 5 (mGluR5).


The aim of the present study was to examine the SAR
around the linker (L) with optional variation of the aryl
B ring under the restriction that the 6-methyl-pyridine
ring (A) and the triple bond are retained (Fig. 2). X
could be, for example, CH2, S, O, or NH (optionally
substituted), while R 0 could be alkyl branches or part
of a bicycle with the B ring.


All compounds were screened in a FLIPR assay and
IC50 values of potent (IC50 < 10,000 nM) compounds
were determined as means of triplicate measurements.2


To synthesize analogues with X being O, S, or NH and
R 0 being H or small alkyl, the procedures described in
Scheme 1 were employed. Thus, Sonogashira cross-cou-
pling3 of 2-bromo-6-methyl-pyridine 2 with a propargy-
lic alcohol by route a4 with subsequent mesylation gave
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3. The mesylate 3 was then reacted with a number of
phenols, thiophenols, and anilines by route c to form a
series of compounds 4. Compound 31 was made like
compound 21 in 34% yield, 19 like 22 in 38% yield.
The synthesis of 20 is previously described.1 A different
route had to be employed in those cases where an appro-
priately branched alcohol for step a (e.g., R 0 = i-Pr) was
not commercially available. Thus, 2 was reacted with
TMS-alkyne and the product 5 was desilylated with base
to give terminal alkyne 6. Reaction of 6 with an alde-
hyde gave 7 which after mesylation was reacted in situ
with thiophenols to give 8. Low yields for the f–g
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Scheme 1. Reagents and conditions: (a) HC„CCH(R 0)OH, (PPh3)2PdCl2, CuI, NEt3, 60 �C, 3.5–4 h (R 0 = H: 56%; R 0 = Me: 67%); (b) MsCl, NEt3,


DCM, �20 �C, 1 h (R 0 = H or R 0 = Me: quant.); (c) compound 21: R = o-Cl, R 0 = H, X = S: Ar-SH, NEt3, DCM, rt, 24 h (44%); compound 22:


R = R 0 = H, X = NH: ArNH2, NEt3, rt, 1.5 h (40%); compound 23: R = R 0 = H, X = S: Ar-SH, NEt3, THF, rt, 1 h (39%); compound 25:


R = R 0 = H, X = N–Me: ArNHMe, K2CO3, DMF, 70 �C, 3 days (38%); compound 29: R = o-Cl, R 0 = Me, X = NH: ArNH2, LiN(SiCH3)2, THF,


0 �C, 20 min, then rt, 20 h (14%); compound 30: R = o-Cl, R 0 = Me, X = O: ArOH, NaH, THF, 0 �C, 20 min, then rt, 24 h (46%); (d)


HC„C(Si(CH3)3), (PPh3)2PdCl2, CuI, NEt3, 60 �C, 2 h then rt, 16 h; (e) K2CO3, DCM/MeOH, rt, 2 h; (f) compound 33: R = o-Cl, R 0 = i-Pr, X = S:


LiN(Si(CH3)3)2, 2-methylpropanal, THF, �78 �C to rt, elute through SCX column, concentrate and continue in (g) MsCl, NEt3, DCM, rt, 3 h,


concentrate, then add Ar-SH, NEt3, DCM, rt, 16 h (4%); (h) Br(CH2)3Ph, (n-Bu)4NF2SiPh3, 60 �C, 24 h; (i) R = R 0 = H, X = S: m-CPBA, 1.4 equiv,


DCM, �50 to 0 �C over 1.5 h.
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sequence was ascribed to instability of the mesylate. The
chain-elongated product 35 was obtained from 5, how-
ever in low yield, by using a fluorosilicate.5 Sulfoxide
24 was made by simple oxidation.


Alkyne 12 to be used for Sonogashira coupling was not
commercially available and was synthesized from the
corresponding aldehyde 11 by the Corey–Fuchs meth-
od6 followed by elimination and hydro-dehalogenation
(Scheme 2).7 Branched compound 36 (Table 1) was
made by the same method, starting with 3-phenyl-butyr-
aldehyde. Aldehyde 11 was obtained by coupling of the
iodobenzene 9 with allyl alcohol 10.8 Compound 34 was
made by Sonogashira coupling from commercial start-
ing materials in 69% yield, according to procedure d in
Scheme 2.


The 2,2-dibromoalkene 15 (Scheme 3) was prepared by
the Corey–Fuchs method from aldehyde 14 and subse-
quently converted into terminal lithium alkyne that
was reacted in situ with phenyl isocyanate to give amide
26. Alternatively, 15 was converted into the 1-bromo al-
kyne16 which was used for a Suzuki coupling to obtain
the heterocyclic 37. To obtain chain-elongated amides
and ureas, the mesylate 3 was reacted with ammonia
to give amine 17 which could be easily reacted with an

I Cl
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O Cl
+


a b


9 10 11


59%


c


87% 96%
cru


Scheme 2. Reagents and conditions: (a) Pd(OAc)2, (n-Bu)4NCl, NaHCO3,


(c) LiN(Si(CH3)3)2, 1.5 equiv, THF, �78 �C, 0.5 h, then n-BuLi, 2.5 equiv, �
CuI, NEt3, 60 �C, 12 h.

acid chloride or an isocyanate to give amide 27 and urea
28, respectively.


Development of structure–activity relationships for the
linker was done with compounds having 6-methyl-pyri-
dine as the A ring and with phenyl or m-chlorophenyl as
the B ring (see Table 1). A clear trend in the SAR of the
linker was the increase in affinity in the series
N < O < S < C (18–21 and 29–31). Compounds from
each of these series were tested against mGluR1, which
has the highest sequence homology to mGluR5 among
the mGluRs, and found to be inactive. Further, com-
pounds 18 and 34 were tested against the mGluRs 3,
4, and 8 and found to be inactive. Interestingly, com-
pound 20 when lacking the Cl-substituent showed no
activity in our assay towards mGluR5;1 nothing similar
was observed for the analogous compounds with N, S,
or C in the linker (compare pairs 19/22, 21/23, and
18/34). In the N-series, N-methylation dramatically de-
creased potency (25) while amides and ureas were either
of low or no potency (26–28). Branching with a methyl
at the a-C somewhat reduced potency (29–31); however,
compounds 29–31 were racemates. By further branching
with ethyl or iso-propyl (32 and 33) the potency clearly
decreased. Branching at the b-C with a methyl group
was allowed (36). Further chain elongation or incorpo-
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Table 1. Variations of the linker (L) and aryl group B
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The alkyne is connected to the 6-methyl-pyridine.
a Value from Ref. 1, included for comparison.


4790 P. Bach et al. / Bioorg. Med. Chem. Lett. 16 (2006) 4788–4791







N NH2N OS
O


O


N N
H


N
H


O


ClN N
H


O
Cl


N O
N Br


Br
N


O


N
H


N
Br


N


S


3


a b


26


27 28


14 15


17


c


d


37


e


f
g


16


39% 8%


   33%
(2 steps)


99%


82%
91%
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acid, Pd(PPh3)4, Na2CO3, rt, 3 days, then 110 �C, 3 h; (e) excess NH3
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m-Cl-Ph–NCO, DCM, 2 h, rt.
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ration of a bicycle resulted in some loss of potency
(35 and 37).


In vitro metabolic stability of compound 18 in rat liver
microsomes showed a CLint = 197 lL/min/mg. Pharma-
cokinetic properties in vivo (dog) of compound 18 were
CL = 66 mL/min/kg, Vss=3.2 L/kg, and T1/2 = 2 h. Tran-
sient lower esophageal sphincter relaxations (TLESRs)
are defined as a complete relaxation of the lower esoph-
ageal sphincter in the absence of swallowing and are the
main mechanism behind gastro-esophageal reflux.
mGluR5 antagonists are useful for the inhibition of
TLESRs and thereby for the treatment of gastro-esoph-
ageal reflux disease (GERD).9 In dog (N = 4), com-
pound 18 at dose 3.9 lmol/kg (iv) reduced the
TLESRs with 31% (SEM = 13).2 As a comparison, the

known mGluR5-selective antagonists 2-methyl-6-(phen-
yl-ethynyl) pyridine (MPEP) in dog (N = 3) at dose
8.7 lmol/kg (iv) reduced the TLESRs with 59%
(SEM = 11).9


In conclusion, structure–activity relationships around
the linker in a series of pyridinyl-alkynes as mGluR5
antagonists have been presented together with dem-
onstration of in vivo effect of one selected
compound.
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Abstract—A novel series of 2-amino-4-(7-azaindol-3-yl)pyrimidines was discovered as cyclin dependent kinase 1 (CDK1) inhibitors.
The core structure was synthesized via Pd(II) catalyzed coupling reaction. A number of analogues showed good potency for CDK1
and exhibited cellular antiproliferation activity. The structure–activity relationship is described.
� 2006 Elsevier Ltd. All rights reserved.

Cyclin dependent kinases (CDKs) are a family of struc-
turally homologous serine/threonine kinases consisted
of a catalytic subunit bound to an activating cyclin mole-
cule. They are emerging as valuable anticancer molecular
targets due to the observation that CDK regulators are
frequently altered and overexpressed in malignancies.1


CDKs and cyclins play essential roles in governing the
eukaryotic cell cycle.2 For example, CDK1/cyclin B regu-
lates transition from G2 to M phase; while CDKs 4 and 6
coupled to cyclin D govern progression from G1 phase;
and CDK2/cyclin A or E controls transition to S phase
and progression through S phase. Intensive HTS
screening and CDK crystal structure-based drug design
efforts have generated a large number of scaffolds as
CDK inhibitors. This tremendous research has also made
it possible to design inhibitors with selectivity for particu-
lar CDKs. Currently two CDK2 selective inhibitors are in
Phase I clinical trial, including 2-aminothiazole derivative
BMS-387032 (SNS-032)3 and the purine analogue
(R)-roscovitine (CYC-202).4


Our efforts to develop small molecular ATP-competitive
CDK inhibitors as cancer therapeutics have resulted in
the discovery of 2-amino-4-aryl-5-chloropyrimidine ana-
logues as antiangiogenic cyclin dependent kinase 1 inhib-
itors.5 We now report the discovery of a related series of
CDK1 inhibitors, 2-amino-4-(7-azaindol-3-yl)pyrimi-
dines, obtained through structure-based analogue syn-
thesis and optimization. Here, we describe the
chemistry, structure–activity relationship (SAR) study,

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


doi:10.1016/j.bmcl.2006.06.073


Keywords: CDK1; 2-Amino-4-(7-azaindol-3-yl)pyrimidine.
* Corresponding author. Tel.: +1 908 392 0158; e-mail:


shenlinhuang@hotmail.com

and biological characterization of these 2-amino-4-
(7-azaindol-3-yl) pyrimidines.


The analogue synthesis began with protection of
7-azaindole, as shown in Scheme 1. The benzenesulfonyl
protected compound 1 was treated with N-bromosuccin-

Scheme 1. Synthesis of 2-amino-4-(7-azaindol-3-yl)pyrimidines 5a–o.


Reagents: (a) benzenesulfonyl chloride, Et3N, THF, 90%; (b) NBS,


THF, 86%; (c) bis(pinacolato)diboron, Pd(II)(dppf)2Cl2, KOAc, THF,


92%; (d) 2,4-dichloropyrimidine, Pd(PPh3)4, K2CO3, DME, 85%; (e)


RNH2, 2-methoxyethanol, 80–95%.
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imide to generate bromide 2, which was converted to bor-
onate 3 using bis(pinacolato) diboron in the presence of
Pd(II)Cl2(dppf).6 It is noteworthy that NH protection
with the benzenesulfonyl group was critical because the
reactions with unprotected 7-azaindole or BOC protected
7-azaindole failed to generate the desired product. Cou-
pling of compound 3 with 2,4-dichloropyrimidine using
Pd(0)(PPh3)4 produced biaryl intermediate 4. This reac-
tion proceeded with superior regioselectivity and high
yield. Next, the chloride of compound 4 was displaced
with various amines to provide the desired analogues
5a–o. Two equiv of amine was used in this step because
cleavage of the benzenesulfonyl group also consumed
one equivalent of amine reagent.


Solubilizing amino side chains were installed using the
chemistry shown in Scheme 2. The hydroxyl compound
5o was reacted with methanesulfonyl chloride to gener-
ate mesylate 6, which was then treated with various
amines to give the desired derivatives 7a–c.


All analogues were tested for kinase and cellular anti-
proliferative activity.7 CDK1 activity was measured
using CDK1 in complex with cyclin B to phosphorylate
a histone-H1 biotinylated peptide substrate. Inhibition
of CDK1 activity was measured by observing a reduced
amount of 33P-c-ATP incorporated into the immobi-
lized substrate in a Flashplate assay format. In the cell
proliferation assay, the HeLa (cervical carcinoma) cell
line was used. The IC50 for inhibition of cell prolifera-
tion was determined by quantifying the incorporation
of 14C-thymidine into cellular DNA. The data are
shown in Table 1. Compound 5a with an unsubstituted
phenyl group showed moderate activity for CDK1 with
an IC50 of 54 nM. Addition of an extra group at C-2
position of the phenyl ring generated mixed results.
For example, a hydroxyl group (5b) was detrimental
to kinase inhibition, while methoxy (5c), fluoro (5d), tri-
fluoromethyl (5e) or ethyl group (5f) had little effect on
potency. On the other hand, chloro (5g), bromo (5h) or
methyl (5i) group at C-2 position was beneficial to

Scheme 2. Synthesis of analogues 7a–c with amino side chains.


Reagents: (a) methanesulfonyl chloride, Et3N, CH2Cl2, 95%; (b)


RNH2, DMF, 80–90%.

activity. Compound 5i had an IC50 of 3 nM for
CDK1. However, shifting methyl group to C-3 or C-4
position of the phenyl ring reduced kinase binding by
more than 10-fold. Compounds 5j and 5k had double-
digit nM IC50s for CDK1. Adding aminoalkyl or
hydroxyalkyl side chain to C-4 position of the 2-methyl-
phenyl ring generated positive effect on both CDK1 and
HeLa cell potency. The enhanced cellular activities for
analogues 7a–c could be resulted from their improved
solubility and cellular permeability. Attaching cyclohex-
yl (5l) or aminocyclohexyl (5n) to the pyrimidine ring
also generated potent compounds, though an extra
methylene linkage between cyclohexyl and the NH
group seemed to be harmful to potency.


The NH of the 7-azaindolyl ring was derivatized with sev-
eral groups in order to assess its role in CDK1 binding.
Using the chemistry shown in Scheme 3, compound 5l
was treated with KOt-Bu, then various electrophiles were
added to produce the corresponding products 8a–d.
Alkylation of the NH with methyl or dimethylaminoethyl
group resulted in a near complete loss of potency. As
shown in Table 2, compounds 8a and 8d had an IC50 of
>10 lM for CDK1. Acetylation or methanesulfonylation
also reduced potency, though to a lesser extent.
Therefore, an unsubstituted NH is crucial for both
CDK1 and cellular antiproliferation activity.


A methyl group was added to C-2 position of the 7-aza-
indolyl ring using the chemistry shown in Scheme 4.
Compound 4 was treated with LDA at �78 �C, followed
by addition of methyl iodide to afford compound 9.
Next the chloride was displaced with trans-1,4-cyclohex-
anediamine to generate diamine 10. In contrast to the
facile removal of the N-benzenesulfonyl group observed
in the synthesis of compounds 5a–o, the adjacent C-2
methyl group caused the N-benzenesulfonyl group to
be stable under the hot aminolysis conditions. There-
fore, an extra deprotecting step with potassium carbon-
ate was used to produce final product 11. Based on the
SAR shown by two closely related series imidazo
[1,2-a]pyridine and imidazo[1,2-a]pyridazine,8 it was
expected that introduction of a methyl group to the
C-2 position would be tolerated. However, the results
for compound 11 showed a 140-fold reduction for
CDK1 inhibition compared to compound 5n, which
indicates that there is a significant difference in SAR be-
tween our series and the two series reported previously
from AstraZeneca group.8


To evaluate the kinase selectivity of this series, selected
compounds 5i and 5l were screened against a panel of
100 kinases with 2 lM of ATP used. At the concentra-
tion of 1 lM, both compounds displayed >50% inhibi-
tion of 61 kinases in the panel, and >80% inhibition of
33 kinases. Strong inhibition for other CDK family
members (including CDK2/cyclinA, CDK2/cyclinE,
CDK 3/cyclinE, CDK5/p35 and CDK6/cyclinD3) was
observed. In addition, many other kinases implicated
in cancer and other diseases were strongly inhibited,
indicating these compounds are promiscuous kinase
inhibitors. The selectivity data highlight a commom
issue: generating selective CDK inhibitors in order to







Table 1. Enzymatic and cellular activity for selected compounds


Compound R CDK1 IC50 (lM) HeLa prolif.


IC50 (lM)


5a Phenyl 0.054 0.382


5b 2-OH–phenyl 0.139 0.955


5c 2-CH3O–phenyl 0.044 0.350


5d 2-F–phenyl 0.046 0.092


5e 2-CF3–phenyl 0.056 0.392


5f 2-CH3CH2–phenyl 0.068 0.292


5g 2-Cl–phenyl 0.009 0.140


5h 2-Br–phenyl 0.013 0.095


5i 2-CH3–phenyl 0.003 0.028


5j 3-CH3–phenyl 0.057 0.290


5k 4-CH3–phenyl 0.040 0.220


5l Cyclohexyl 0.014 0.031


5m Cyclohexyl–CH2 0.151 0.368


5n trans-4-NH2–cyclohexyl 0.002 0.001


5o 4-HO(CH2CH2)–2-CH3–phenyl 0.0006 0.011


7a 4-[Morpholin-4-yl-(CH2)2]–2-CH3–phenyl 0.0019 0.003


7b 4-[Piperidin-1-yl-(CH2)2]–2-CH3–phenyl 0.001 0.003


7c 4-[Pyrrolidin-1-yl-(CH2)2]–2-CH3–phenyl 0.0006 0.003


Scheme 3. Synthesis of analogues 8a–d. Reagents: (a) KO-t-Bu, THF;


(b) methyl iodide for 8a; acetic anhydride for 8b; methanesulfonyl


chloride for 8c; 2-dimethylaminoethyl chloride hydrochloride salt for


8d.


Scheme 4. Synthesis of analogue 11. Reagents: (a) LDA, MeI, THF,


25%; (b) trans-1,4-cyclohexanediamine, 2-methoxyethanol, 50%; (c)


K2CO3, MeOH, 50%.


4820 S. Huang et al. / Bioorg. Med. Chem. Lett. 16 (2006) 4818–4821

reduce off-target side effects still remains as a challenge,
as evidenced by many other CDK scaffolds.9


In summary, a novel series of 2-amino-4-(7-azaindol-3-
yl)pyrimidines was discovered as cyclin dependent
kinase 1 (CDK1) inhibitors. The core structure was

Table 2. Enzymatic and cellular activity for selected compounds


Compound R1 R2 R3 CDK1 IC50 (lM) HeLa prolif. IC50 (lM)


8a Methyl H Cyclohexyl 10.0 52.1


8b Acetyl H Cyclohexyl 0.031 0.023


8c Methanesulfonyl H Cyclohexyl 0.128 0.393


8d 2-Dimethylaminoethyl H Cyclohexyl 10.4 8.9


11 H CH3 trans-4-Aminocyclohexyl 0.28 0.13
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synthesized via Pd(II) catalyzed coupling reaction. With
unsubstituted NH of the 7-azaindolyl group and methyl
group at C-2 position of the phenyl ring, excellent kinase
and cell activity was achieved. By adding aminoalkyl
and hydroxyalkyl side chains to C-4 position of the
2-methylphenyl group, both CDK1 and cell potency were
enhanced. Future work for this series will be mainly
focused on improving its kinase selectivity for CDK1.
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Abstract—New bis-pyridinium oxime reactivators connected with CH2O(CH2)nOCH2 linkers between two pyridinium rings were
designed and synthesized, and their reactivation potency was evaluated for AChE inhibited by organophosphorus VX agent.
Among the prepared compounds, 1,2-dimethoxy-ethylene-bis-N,N 0-4-pyridiumaldoxime dichloride 5a was the most potent and
appeared to be the most promising compound as a potential reactivator for AChE inhibited by organophosphorus VX agent.
� 2006 Elsevier Ltd. All rights reserved.

Exposure to organophosphorus nerve agents such as
sarin, soman, cyclosarin, and VX causes acute intoxica-
tion and this toxic effect is due to the inhibition of
acetylcholinesterase (AChE) followed by the increase
in the amount of the neurotransmitter acetylcholine
(ACh) at central and peripheral sites.1 AChE is one of
the most efficient enzymes known, and ligand binding
studies and X-ray crystallography of Topedo california
AChE (TcAChE) reveal a narrow active site gorge
20 Å deep with two separate ligand binding sites.2 The
acylation site at the bottom of the gorge contains resi-
dues involved in a catalytic triad (in human AChE,
E334, H447, and S203), which binds to the trimethylam-
monium group of acetylcholine. The peripheral site at
the mouth of the gorge includes, among others, residue
W286.3 In an effort to improve drug potency and selec-
tivity, the bivalent ligand strategy was applied to the
development of AChE-targeted therapeutic agents such
as treatment of Alzheimer’s disease (AD).4 In the studies
of bistacrine with alkyl spaces of varying lengths con-
firmed that heptylene-linked tacrine dimer, bis(7)-
tacrine, possessed optimum AChE inhibition potency;
bis(7)-tacrine showed significantly higher potency for
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inhibition of rat AChE than monomeric tacrine.5 The
superior inhibitory capacity of bis(7)-tacrine relative to
tacrine is attributed to dual-site binding, and studies of
related ligands on rat AChE also demonstrated benefi-
cial hydrophobic effects imparted by the alkylene tether
to the peripheral site ligand.6 The importance of these
dual-site binding properties was applied to the design
of bis-pyridiumaldoximes to develop potent reactivator
for AChE inhibited by organophosphorus nerve agents.
Recently, several bis-pyridiumaldoximes linked by a
variable-length alkylene chain as AChE reactivators
were designed by using a ligand docking program and
the X-ray crystal structure of AChE.7 This work was
based upon the identification of two potential binding
sites for bifunctional AChE inhibitors: a high-affinity
tryptophan residue at position 84, deep in the catalytic
gorge, and a low-affinity tryptophan residue at position
279, near the AChE surface. For example, Pang and his
coworkers developed a dimeric oxime 2, 1,7-heptylene-
bis-N,N 0-pyridiumaldoxime dichloride. The oxime 2b is
100 times more potent than pralidoxime in reactivat-
ing hAChE after exposure to echothiophate or
isoflurophate.7


Continuing our effort to develop new oxime reactiva-
tors, we newly designed and evaluated the substances
differing from the currently used oximes in the length
and atoms connecting chain between two pyridinium
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Table 1. Reactivation potency of newly synthesized reactivators


against VX


Oxime


reactivators


Reactivation


potencya (%)


Reactivation


potencyb (%)


5a 44 15


5b 26 12


5c 13 7


5d 5 0


2a 2 10


Pralidoxime 34 0


HI-6 28 13


a Reactivation potency was tested at 10�3 M concentration.
b Reactivation potency was tested at 10�5 M concentration.
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Figure 2. Reactivation potency of newly synthesized reactivators


compared with pralidoxime and HI-6 (source of enzyme—rat brain


homogenate; inhibitor—agent VX; time of inhibition—30 min; time of


reactivation—10 min; pH 7.6; 25 �C).
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rings.8 We are especially interested in oxygen atom,
because oxime reactivators having the linkers of oxygen
atom and methylene such as HI-6 show stronger reacti-
vation activity compared to other commercially avail-
able reactivators (obidoxime and pralidoxime). These
above-mentioned speculations prompted us to design
new oximes in which a longer ether linker was intro-
duced to connect two pyridine rings. In this report, the
two pyridine rings of bis-pyridiumaldoximes were con-
nected with CH2O(CH2)nOCH2 linkers between the
two quaternary nitrogens.


Bis-pyridiumaldoxime 5 connected with CH2O(CH2)n-
OCH2 linkers between the two quaternary nitrogens
were obtained from the alkylation of the corresponding
aldoxime 4 with 1,2-bis-chloromethoxyethane 3a and
1,4-bis-chloromethoxybutane 3b. A mixture of 3a and
2.3 equiv of pyridine aldoxime (4a or 4b) in MeCN
was heated at 45 �C for 20 h to give a bis-pyr-
idiumaldoxime 5a or 5b. In the same method, bis-pyr-
idiumaldoxime 5c or 5d was obtained from 3b and
pyridiumaldoxime 4a or 4c in DMF. The newly synthe-
sized bis-pyridiumaldoxime 5 involving CH2O(CH2)n-
OCH2 linkers were identified by their 1H NMR spectra
and mass spectra.9 Preparation of 1,2-bis-chlorometh-
oxyethane 3a and 1,4-bis-chloromethoxybutane 3b, and
detail synthetic method of the bis-pyridiumaldoxime 5
will be reported soon in due course.


Oxime HI-6 and 2a7 were prepared earlier at the Korea
Research Institute of Chemical Technology (Korea) and
pralidoxime was purchased from Sigma–Aldrich. Nerve
agent VX (O-ethyl S-[2-(diisopropylamino)ethyl] meth-
ylphosphonothioate) was obtained from the Military
Facility Brno (Czech Republic) in 97% purity. In vitro
testing of synthesized reactivators involved a standard
collection of experimental procedures. The whole
method is in detail described in the work of Kuca and
Cabal.10 The reactivation efficacy of tested reactivators
was evaluated in 10% rat brain homogenate that was
incubated with agent VX for 30 min and then, the tested
oxime of appropriate concentration (10�5 and 10�3 M)
was added. After 10 min of reactivation, the activity of
brain AChE was measured using potentiostatic method
with the usage of automatic titrator RTS 822
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Figure 1. Structures of AChE reactivators.

(Radiometer, Denmark). The data about initial rate of
enzyme reaction with substrate made possible the calcu-
lation of the percentage of increase in the activity of
reactivated enzyme in the reaction mixture (Figure 1).


Reactivation potency of newly synthesized reactivator 5
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compounds (5a–c) showed higher reactivation potency
at 10�3 M concentration compared to the concentration
of 10�5 M. Their reactivation potency, especially for 5a
and 5b, was comparable with the potency of pralidoxime
or HI-6. On the contrary, the oxime 5d was the weakest
reactivator in this study tested. At the lower 10�5 M
concentration of the tested compounds, the compounds
5c, 5d and pralidoxime appeared to be poor reactivators,
and 5a, 5b, 2a, and HI-6 were found to exhibit moderate
potency. This concentration (10�5 M) is considered to
be attainable in human.11 Among these compounds,
5a was the most potent and appeared to be the most
promising compound as a potential reactivator. Fur-
thermore, at these concentrations, oxime 5a surpassed
also reactivation potency of currently the most promis-
ing oxime HI-6.12


The newly synthesized compounds (5a–c), especially 5a,
also showed much higher potency than 2a. The main
chemical difference in the structures between 5a and 2a
is the incorporation with two oxygen atoms in the linker
of 5a, and this chemical difference highly influences the
reactivation potency. Thus, the lone electron pairs on
the oxygen atoms might cause additional interaction
between the oxime 5a and the inhibited AChE, however
the oxime 2a cannot have this type of interaction
because of (CH2)7 linker. This hypothesis might be
solved in future at molecular level using molecular
modeling approach. It is generally known that reactiva-
tion potency of AChE reactivators depends on their
chemical structure. There are many structural factors
influencing their potency, for example, presence and

position of quaternary nitrogen, presence, position,
and number of oxime groups, and length and shape of
the connection chain.13


In conclusion, we have synthesized the bis-pyridium-
aldoxime reactivators connected with CH2O(CH2)nOCH2


linkers between two pyridinium rings, and evaluated
their reactivation potency to reactivate AChE inhibited
by organophosphorus VX agent. We examined the
ability of the both linkers used in this study
(CH2O(CH2)2OCH2 and CH2O(CH2)4OCH2) as a link-
er between two pyridinium rings to reactivate inhibited
AChE by organophosphorus agents. Based upon this
study, 5a may provide a useful therapeutic potential
for the reactivation of AChE inhibited by organophos-
phorus VX agent (Scheme 1).
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Abstract—A series of novel aminosubstituted benzopyranoisoindoles possessing structural analogy to an active nitracrine metabo-
lite are reported. The compounds exhibited interesting cytotoxic activity against a panel of cell lines, which was maximized by the
presence of both 1-dialkylaminoethyl and 3-nitro substituents.
� 2006 Elsevier Ltd. All rights reserved.

NO2NH(CH3)2N N N(CH3)2N

1-Nitro-9-[3 0-(dimethylamino)propylamino]acridine
(I, nitracrine, Fig. 1) has been used clinically for several
years in Poland for the treatment of mammary, ovarian,
lung, and colon tumors.1 A number of in vitro studies
have indicated that this drug undergoes metabolic
reduction of the 1-nitro group to form a reactive species,
while inhibition of this reaction by oxygen transforms
the drug into an extremely potent, hypoxia selective
cytotoxic agent.2 Intercalative DNA binding does not
appear to be directly responsible for cytotoxicity, but
it may contribute to the high potency of the drug, by
serving to target reactive, reduced cellular metabolites
to the DNA.3 Unfortunately, the in vivo effectiveness
of nitracrine on solid tumors is limited, probably be-
cause reductive metabolism is too rapid to allow efficient
distribution through hypoxic tumor areas.4 In an effort
to elucidate the bioreduction pathway, extensive struc-
tural studies of the cellular metabolites performed in
various biological systems revealed the presence of
highly reactive intermediates. The initially generated
1-aminoderivative of nitracrine is susceptible to
intramolecular cyclization, giving rise to the dihydropy-
razoloacridine II (Fig. 1). This key metabolite was
found to be a reactive species, as it easily undergoes
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transformations in the presence of electrophilic carbon
atoms, resulting in the formation of a six-membered ring
attached to positions 1- and 9- of the acridine core.5


During our work directed toward the synthesis of vari-
ous xanthenone derivatives and the evaluation of their
antiproliferative activity, we have prepared aminosubsti-
tuted pyranoxanthenones, their pyrazole-fused counter-
parts, and some related benzopyranoindazoles, which
have shown interesting cytotoxicity against a panel of
tumor cell lines.6–8 As part of our ongoing efforts in this
field, we have recently reported on the synthesis of a
novel benzopyranoisoindole ring system.9 This scaffold
could potentially provide bioisosters of the active nitra-
crine metabolite (II) and with this prospect in mind, we
report the preparation of a number of related aminosub-
stituted derivatives and the evaluation of their in vitro
cytotoxic activity.


For the synthesis of the target compounds commer-
cial 2-iodobenzoic acid (1, Scheme 1) was first con-

N N
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IINitracrine (I)


Figure 1. Structures of Nitracrine and its active metabolite.
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verted to the corresponding ethyl benzoate 2 and
then treated with m-cresol in the presence of cesium
carbonate and cuprous chloride to provide the diary-
lether 3 in 89% yield. This diarylether has been pre-
viously prepared,10 but the yield of the reaction was
clearly improved, through the alterations reported
herein. Compound 3 was first saponified and then
ring-closed, upon treatment with trifluoroacetic anhy-
dride, to result in a mixture of the isomeric xanthe-
nones 5 and 6, which were separated by column
chromatography (silica gel, cyclohexane/EtOAc 15:1)
and identified. The use of trifluoroacetic anhydride,
as an alternative to the reported acetic anhydride/
sulfuric acid,10a or PPA,10b improved the yield of
both isomers 5 and 6, and provided a larger amount
of the required compound 5 (57%, instead of the
reported 42%). 1-Methylxanthenone (5) was then
nitrated to provide only the 2-nitroderivative 7,9


which was treated with NBS in the presence of a cat-
alytic amount of benzoyl peroxide to give the 1-bro-
momethyl analogue 8.


Reaction of the bromide 8 with ethylamine provided
quantitatively, in one step, the isoindole derivative 9
(Scheme 2).9 The presence of the nitro group in
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Scheme 2. Synthesis of compounds 10a–c, 11a–c, and 12a–c. Reag


2-dialkylaminoethylamine, DMSO, 90 �C, 2 h, 78–85%; (c) 2-dialkylaminoet

compound 8 is necessary for effective ring closure.
Indeed, when 1-bromomethylxanthen-9(9H)-one11 was
heated at reflux with an ethanolic solution of 2-diethyla-
minoethylamine, only N,N-diethyl-N 0-[(9-oxo-9H-
xanthen-1-yl)methyl]ethane-1,2-diamine was obtained.


The nitro group of 9 could be displaced easily and upon
treatment with 2-dialkylaminoethylamines resulted in
the target derivatives 10a–c.12 Similarly, when the bro-
mide 8 was treated with suitable ethanediamines, it pro-
vided in one step the amines 11a–c,13 which upon
nucleophilic substitution of the nitro group yielded the
target derivatives 12a–c.14


The in vitro cytotoxic activity of the new compounds
was evaluated by using the MTT assay6–8 in the colorec-
tal adenocarcinoma cell line HT-29, the uterine sarcoma
MES-SA as well as its variant MES-SA/Dx5, reported
to be 100-fold resistant to doxorubicin.15 The results,
including reference compounds mitoxantrone and doxo-
rubicin, are presented in Table 1.


The nitroderivative 9 is inactive against the HT-29 cell
line and exhibits moderate activity against MES-SA
uterine sarcoma cells, as well as the corresponding
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Table 2. DNA-content analysisa


Compoundb G0/G1 S G2/M Apoptosis


9 62.14 37.86 0.00 2.51


10a 74.70 21.55 3.75 1.17


10b 77.69 21.34 0.97 0.79


10c 74.33 23.53 2.14 0.52


11a 57.44 20.65 21.91 4.15


11b 55.57 15.33 29.10 7.36


11c 64.04 33.73 2.23 14.10


12a 68.91 25.87 5.22 0.55


12b 68.09 28.13 3.78 0.54


12c 73.58 26.42 0.00 1.44


Control 63.68 33.19 3.14 0.29


a Values represent cell-cycle phase distribution (%), while apoptosis has


been calculated as percentage of the total number of events. One out


of two similar experiments is depicted.
b All compounds were administered at concentration equal to their


IC50, except for 12b and 12c which were used at 50 lM.


Table 1. Inhibition of proliferation induced after incubation for 72 h with the xanthenone derivatives (IC50
a values in lM)


Compound NRR HT-29 MES-SA MES-SA/Dx5 RFb


9 — >100 19.8 (±9.12) 11.5 (±5.74) 0.6


10a N(CH3)2 44.6 (±6.12) 45.8 (±4.18) 31.9 (±8.83) 0.7


10b N(CH2CH3)2 19.9 (±5.31) 31.0 (±1.20) 15.7 (±7.12) 0.5


10c N(CH2)4 46.6 (±4.02) 24.7 (±6.05) 15.5 (±6.94) 0.6


11a N(CH3)2 4.2 (±0.78) 0.9 (±0.03) 0.8 (±0.12) 0.9


11b N(CH2CH3)2 6.8 (±4.39) 1.1 (±0.35) 1.4 (±0.26) 1.3


11c N(CH2)4 3.3 (±0.38) 0.6 (±0.09) 0.6 (±0.11) 1.0


12a N(CH3)2 65.1 (±9.71) 50.4 (±7.30) 40.3 (±8.56) 0.8


12b N(CH2CH3)2 29.8 (±8.57) >100 20.8 (±7.80) —


12c N(CH2)4 50.5 (±3.67) 60.5 (±8.57) 17.7 (±4.59) 0.3


Mx 0.025 (±0.008) 0.003 (±0.001) 0.028 (±0.002) 9.3


Dx 0.153 (±0.076) 0.0097 (±0.0012) 0.704 (±0.337) 72.6


a The results represent mean (±standard deviation) of three independent experiments and are expressed as IC50, the concentration that reduced by


50% the optical density of treated cells with respect to untreated controls.
b IC50 resistant cells/IC50 sensitive cells.
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MES-SA/Dx5 variant. Derivatives 10a–c and 12a–c,
that possess two side chains in positions 1- and 3-,
show a low profile of cytotoxicity, in all cell lines. In
contrast, the 3-nitro aminoderivatives, 11a–c, appear
to be highly active against both HT-29 and MES-SA
cell lines and their IC50 values vary typically within
the range of 0.6–6.8 lM. This could be considered an
important finding, since it is evident that the insertion
of an aminosubstituted side chain in position 1- of the
molecule in conjunction with the existence of a 3-nitro
group substantially increases cytotoxic activity. This
improvement is not so pronounced when the nitro
group is replaced by an additional aminosubstituted
side chain. Among the compounds 11, the pyrrolidine
analogue 11c is the most cytotoxic derivative, followed
by the dimethylamino analogue 11a. From a direct
comparison of activity toward sensitive and resistant
cell lines, it is evident that the compounds appear to
be active against MES-SA and also possess generally
comparable cytotoxicity against the doxorubicin
resistant MES-SA/Dx5 cell line. The ability of com-
pounds 11a–c to overcome multidrug resistance to
the MES-SA/Dx5 cell line is clearly indicated by the
resistant factor (RF) values, which are practically all
equal to 1. These results suggest that the novel com-
pounds are hardly recognized by the protein machinery
governing multidrug resistance.

Cell-cycle perturbations induced after incubation of
exponentially growing MES-SA uterine sarcoma cells
with the new compounds for 24 h were studied by
flow-cytometric analysis of DNA content.8 The sub-
diploid peak observed during this analysis was used
for the assessment of cell death due to apoptosis. As
shown in Table 2, compounds 11a and 11b provoke
a significant G2/M arrest, as well as cell death by
apoptosis. Furthermore, compound 11c does not seem
to block the cell-cycle in the G2 phase at the specific
time-point selected for the FACS analysis, however it
possesses a strong apoptotic effect, which is in accor-
dance with its high cytotoxic activity. Finally, com-
pounds 10a–c and 12a–c induce to a greater or a
lesser extent, a G1 block.


In conclusion, we have prepared a series of novel
bioactive xanthenone aminoderivatives. This class of
compounds constitute new potential anticancer leads
and the observed variation of in vitro activity against co-
lon HT-29 and MES-SA uterine sarcoma cell lines of-
fered the opportunity to determine the substitution
pattern favorable for cytotoxicity.
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Abstract—A series of potent inhibitors of the sodium hydrogen exchanger-1 (NHE-1) is described. Structure–activity relationships
identified the 3-methyl-4-fluoro analog 9t as a highly potent (IC50 = 0.0065 lM) and selective (NHE-2/NHE-1 = 1400) non-acylgua-
nidine NHE-1 inhibitor. Pharmacokinetic studies showed that compound 9t has an oral bioavailability of 52% and a plasma half life
of 1.5 h in rats. Because of its promising potency, selectivity, and a good pharmacokinetic profile, compound 9t was selected for
further studies.
� 2006 Elsevier Ltd. All rights reserved.
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Sodium hydrogen exchanger-1 (NHE-1) has attracted
considerable attention over the past several years.1 This
is largely because NHE-1 inhibitors have the potential
to treat myocardial ischemia, a leading cause of death
in the western world.2 Several NHE-1 inhibitors have
been evaluated preclinically and clinically for indications
such as myocardial infarction, ischemic heart disease,
and angina. The results of a phase II/III clinical trial
of cariporide (1) in patients with acute coronary syn-
drome were less than encouraging.3 The lack of positive
clinical data for cariporide (1) may be due to the design
of the trial or the modest potency (IC50 = 3.5 lM) of the
compound; however, the results from clinical trials on a
follow-up compound, eniporide (2, IC50 = 0.4 lM), have
also been disappointing.4


The salient feature of most known NHE-1 inhibitors is
an acylguanidine functionality. We believed that the
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acylguanidine group has the potential to undergo cleav-
age under metabolic conditions, releasing guanidine, a
known cause of toxicity.


In our efforts to discover more potent, efficacious, and
safe NHE-1 inhibitors, we sought to investigate com-
pounds with an acylguanidine surrogate group.5 Several
imidazole containing NHE-1 inhibitors, represented by
3, had previously been reported in the literature.6 Eval-
uation of these compounds showed only modest potency
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Scheme 1. Reagents and conditions: (a) KOtBu/neat/140 �C; (b) H2/
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for NHE-1 (3, IC50 = 0.25 lM). Using piperidinylimi-
dazole as a core template, we systematically introduced
a variety of groups at the 1-position of piperidine ring as
well as the imidazole group. This paper describes our ef-
forts to optimize piperidinylimidazoles with arylpyrimi-
dine substituents (4).


Synthesis of the various analogs described herein started
with the readily available piperidinylimidazole core 5 as
outlined in Scheme 1. Thus treatment of N-cbz-piperi-
done with excess 4-methylimidazole (5 equiv) in the
presence of potassium tert-butoxide at 140 �C (melt)
afforded the corresponding 4-hydroxypiperidine deriva-
tive in 40% yield after silica gel chromatography. This
material could be readily converted to compound 5 (iso-
lated as HCl salt) via catalytic hydrogenation using 10%
palladium on carbon. Condensation of 5 with the tri-
halopyrimidine 6 provided compound 7 in 80% yield
(Scheme 1). The chlorine in 7 was displaced with a meth-
oxy group (NaOMe/MeOH) to provide the 2-methoxy
analog 8 in 81% yield. The pyrimidinyl bromide 8 was
then converted to the biaryl derivative 9t via Suzuki
reaction in 94% yield. Thus, all three halides in 6 were
conveniently displaced in a stepwise fashion to provide
the requisite compound.


Synthesis of the aminoimidazole 9p is summarized
in Scheme 2. The imidazole analog 9o (see Scheme 3
for synthesis of 9o) was treated with 4-meth-
oxybenzenediazonium tetrafluoroborate to give the
diazo compound 11, which upon hydrogenation over
platinum oxide provided the desired product 9p in
62% overall yield. Acetylation of 9p with acetic anhy-
dride in pyridine gave the N-acetyl compound 9q.


The ethoxy analog 9b was prepared from the corre-
sponding chloro analog 9d by treatment with sodium
ethoxide in ethanol at room temperature (80%). Similar-

ly the morpholine derivative 9c was prepared from 9d by
heating it in neat morpholine at 80 �C. Compound 9d
could be prepared via condensation of 4,6-dichloro-5-
phenylpyrimidine (12) with piperidinylimidazole 5 in
diglyme in the presence of potassium carbonate at
150 �C for 30 min (Scheme 3). Compounds 9e–o were
prepared via Suzuki coupling of the corresponding chlo-
ropyrimidinylimidazole 13 (prepared via coupling of
compound 5 with the corresponding dichloropyrimi-
dine) with an appropriate arylboronic acid (Scheme 3).
Methylation of the imidazole 9o with potassium carbon-
ate and methyl iodide in acetone gave predominantly the
N3-methylated product 9r. Compounds 9s–v were syn-
thesized by displacement of the chloride of 7 by the
appropriate nucleophile (MeO�, morpholine, and
iPrO�) prior to Suzuki coupling (Scheme 3).


Synthesis of the nitrile 9w and the amide 9x was carried
out as outlined in Scheme 4. The nitrile 14 was prepared
by heating the chloride 7 with tert-butylcyanoacetate in
THF followed by decarboxylation (CF3COOH, 60 �C).
The bromide 14 was converted to 9w via Suzuki cou-
pling in 80% yield. Hydrolysis of the nitrile 9w (2%
NaOH and MeOH) and coupling of the resulting acid
with isopropylamine provided the amide 9x (78%).


The NHE-1 and NHE-2 activities were assessed as de-
scribed.7 These experiments were carried out in AP1 cell
line expressing human NHE isoforms. This cell line has
no endogenous NHE activity. The IC50 values were
determined by measuring the ability of the compounds
to inhibit 50% of the sodium dependent recovery of
pH following imposed acidosis. Using this protocol,
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the NHE-1 IC50 of cariporide (1) and eniporide (2) were
measured as 3.5 and 0.4 lM, respectively. The IC50 of
the imidazole analog 3 was 0.25 lM, while that of the
baseline compound 9a was 0.52 lM. Starting from 9a,
we optimized the SAR by elaborating the aryl, the
pyrimidine, and the imidazole rings.

Table 1. NHE-1 inhibitory activity of the various imidazole derived analogs


NN


N


R2


R1


R6


1


2 3


4


5
6


R5


Compound R1 R2 R3


9a H H H


9b OEt H H


9c 1-Morpholino H H


9d Cl H H


9e H H H


9f H H H


9g H H H


9h H H H


9i H H H


9j H H H


9k H H H


9l H H H


9m H H H


9n H H H


9o H H H


9p H H H


9q H H H


9r H H Me


9s H –OMe H


9t H –OMe H


9u H 1-Morpholine H


9v H –OiPr H


9w H –CH2CN H


9x H CH2C(O)NHiPr H


1 Cariporide — —


2 Eniporide — —


3 — — —


a Each value is an average of at least two determinations.

Replacing a pyrimidine proton in 9a with an ethoxy
group (compound 9b) did not have an effect on the
potency. However, significant activity was lost when
the ethoxy group in 9b was replaced by a morpholino
group (9c). Compound 9b, which contains electron
releasing ethoxy group, has similar potency to the ana-
log with an electron withdrawing chloro substituent
(9d). The potency appears to be sensitive to the size of
the R1 group, as shown by comparison of the morpho-
lino analog 9c with compounds having relatively smaller
substituents at this position (9a, 9b, and 9d).


While introduction of a chlorine atom at the 4-position
of the pendant phenyl ring (compound 9e) had no effect
on potency, introduction of a 3-chloro on the phenyl
ring (9f, IC50 = 0.061 lM) resulted in a nearly 6-fold
improvement in potency. The 2-chloro analog (9g,
IC50 = 0.061 lM) showed potency similar to the 3-chlo-
ro compound 9f. The 3- and 2-methoxy analogs (9h and
9i) showed no significant improvement in potency rela-
tive to the starting compound 9a. The lack of potency
of the methylenedioxy analog 9j may reflect a sterically
restricted binding site. While the compounds with
3-methyl (9m, IC50 = 0.027 lM), and 2-chloro groups

N
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Me


R4


R3


R4 R5 R6 IC50
a (lM)


H H H 0.52


H H H 0.82


H H H 8.6


H H H 0.58


H H 4-Cl 0.35


H H 3-Cl 0.061


H H 2-Cl 0.061


H H 3-OMe 0.35


H H 2-OMe 0.94


H H (3,4)-OCH2O– 45.5% at 1 lM


H H 2-Me 0.25


H H 4-Me 1.0


H H 3-Me 0.027


H 3-Me 4-F 0.021


H 3-Cl 4-F 0.041


NH2 3-Cl 4-F 0.0054


NH-Ac 3-Cl 4-F 1.9


H 3-Cl 4-F 11


H 3-Cl 4-F 0.015


H 3-Me 4-F 0.0065


H 3-Me 4-F 0.0079


H 3-Me 4-F 0.0074


H 3-Me 4-F 0.0046


H 3-Me 4-F 0.087


— — — 3.5


— — — 0.40


— — — 0.25







Table 2. NHE-2 activities of compound 9t, cariporide (1), and


eniporide (2)


Compound NHE2 (IC50, lM) NHE2/NHE1


9t 9 1400


1 62 18


2 17 43
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(9g, IC50 = 0.061 lM) showed good potency, com-
pounds with 2- and 4-methyl groups (9k and 9l, respec-
tively) were significantly less active. The presence of a 4-
fluoro group adjacent to the 3-methyl (9n) or 3-chloro
(9o) groups had no significant impact on potency.


Introduction of an amino group at the 2-position (R4) of
the imidazole of 9o gave 9p, possessing 8-fold greater
potency over the parent. Acetylation of the amino group
eroded potency (9q, IC50 = 1.9 lM), as did N-methyla-
tion (R3 = Me) of the imidazole nitrogen (9r,
IC50 = 11 lM).


Further modifications were made at the 2-position (R2) of
the pyrimidine ring. Introduction of a 2-methoxy group to
compound 9o improved NHE-1 inhibitory activity by 2-
fold (compound 9s, IC50 = 0.015 lM). Similarly, intro-
duction of a methoxy group to the 3-methyl-4-fluorophe-
nyl analog 9n resulted in ca. 3-fold enhancement in
potency (9t, IC50 = 0.0065 lM). Introduction of other
substituents to the 2-position of the pyrimidine, such as
morpholino (9u, IC50 = 0.0079 lM), O-isopropoxy (9v,
IC50 = 0.0074 lM), and cyanomethyl (9w, IC50 =
0.0046 lM), retained nanomolar potency (see Table 1).


Most compounds described herein showed good selec-
tivity for NHE-1 over NHE-2.8 Table 2 displays NHE-
2 activities for 9t, cariporide, and eniporide. The IC50


for inhibition of NHE-2 activity was 9 lM for 9t. Thus,
compound 9t is one of the most selective (1400-fold)
NHE-1 inhibitors known and, accordingly, may possess
a significantly improved safety profile.9


To further differentiate between these highly potent
NHE-1 inhibitors, we determined their oral bioavailabil-
ities in rats. Compounds with IC50 values <0.020 lM
were initially evaluated in a coarse rat PK study. Based
on the data from the coarse PK studies, compound 9t
was selected for further evaluation in a full rat PK
study.10 After a single oral or intraarterial dose,
compound 9t had an oral bioavailability of 52% and a
plasma half life of 1.5 h in rats.


In summary, we have identified compound 9t, with excel-
lent NHE-1 inhibitory activity (IC50 = 0.0065 lM) and
significantly greater selectivity for NHE-1 over NHE-2
(1400-fold) than either cariporide (1) or eniporide (2). In
addition, 9t is 60-fold more potent against NHE-1 than
eniporide (2) and nearly 500-fold more potent than carip-

oride (1). It has a good oral bioavailability (52%) and mod-
est plasma half life (1.5 h). Compound 9t was thus selected
for further studies.
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Abstract—New bis-aromatic and heterocyclic trisulfide derivatives 5, 7–10 were synthesized by optimizing lead dibenzyl trisulfide
natural product (4) to evaluate their anti-tumor activities. Five compounds 5–7, 9, and 10 exhibited potent anti-tumor activities
against eight different tumor cell lines with low cytotoxicity against HepG2. Initial SAR was discussed, and MOA of these
anti-microtubule agents was suggested based on cell kinetic response patterns observed on RT-CES system.
� 2006 Elsevier Ltd. All rights reserved.
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Cancer, including over 200 diseases, is the second big-
gest cause of death in the developed countries. A variety
of cancer chemotherapeutic drugs have been used in
clinics and greatly improved survival rates of different
human cancers.1 However, cancer chemotherapy has
generally not been curative, and the tumor cells often
develop multi-drug resistance (MDR) to various chemo-
therapeutic agents.2 The limited efficacy and serious side
effects of available cytotoxic agents often resulted in the
termination of the chemotherapy for some patients.
Therefore, cancer is still the most important unmet med-
ical challenge, and there is an urgent need for new and
safe drugs for cancer chemotherapy.


Over 50% of the anti-cancer drugs currently used are
either natural products or derived from natural prod-
ucts.3 The clinical successes of anti-mitotic drugs paclit-
axel and epithilone stimulated the search for new
natural products. Clinically used anti-microtubule
agents of taxanes, alkaloids, and other types of natural
products have complicated chemical structures and
restricted access to the natural resources.4 Therefore,
derivatization of the biologically active natural
compounds and exploration of new small-molecule
anti-microtubule agents5 are efficient strategies to
accelerate the discovery and development of novel
cancer chemotherapeutic agents.


The naturally-occurring antibiotics varacin (1), lesso-
clinotoxin A (2), 5-(methylthio)varacin (3)6 (Fig. 1)
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Calicheamicin,7 and esperamicin8 derivatives have cyclic
or acyclic polysulfide moieties, which are critical for bio-
logical activities of these natural products. To explore
new classes of anti-tumor agents, we discovered anti-tu-
mor activity of natural compound dibenzyl trisulfide (4)
through cell-based assay screening using RT-CES (real-
time cell electronic sensing) cellular screening technolo-
gy (a label-free and non-invasive cell-based assay tech-
nology to quantitatively monitor the dynamic cell
response in real time instead of traditional single point
cellular assays).9 Compound 4 is a biologically active tri-
sulfide that was isolated from the sub-tropical shrub
Petiveria alliacea L.10 The immunomodulatory activity,
molecular mechanism, and some other biological activi-

4, Dibenzyl Trisulfide


Figure 1. Organo sulfur natural products.
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ties of natural compound 4 were reported.11 However,
its anti-tumor, anti-inflammatory, and/or anti-infective
activities as well as its potential pharmaceutical applica-
tion have not been studied. Based on the real-time inhib-
itory results against various tumor cell lines (see below)
and the initial mechanistic studies of compound 4, we
decided to optimize lead 4 and further study in vitro
and in vivo anti-tumor activity as well as the mechanistic
property of this new class of anti-tumor agents.


Dibenzyl trisulfide (4) was synthesized from benzyl
sulfenylthiocarbonate in low yield and from labile
benzyl hydrodisulfide intermediate.12 It was also syn-
thesized by the reaction of labile benzyl sulfur chloride
with bis(tributyltin)sulfide.13 The direct coupling of
halides catalyzed by copper (II) and tin (II) reagents
resulted in a mixture of di-/tri-/tetra-sulfides.14 Banerji
and Kalena15 synthesized compound 4 in 66% yield
through diimidazolylsulfide derivative. This would be
an efficient method for the synthesis of new trisulfide
compounds if the distillation of the toxic and easily
decomposed sulfur dichloride reagent can be avoided.
Therefore, we simplified the synthetic procedures by
directly utilizing commercially available sulfur dichlo-
ride solution. The new substituted benzyl trisulfide
derivatives 5–13 were then synthesized in good to
excellent isolated yields using the modified procedure
(Table 1 and Scheme 1). In order to explore different
heterocyclic and flexibility effect of trisulfide deriva-
tives on their anti-tumor activity, we also utilized
the modified protocol and synthesized new heterocy-
clic or flexible trisulfide derivatives 14–20 (Table 2).
The bis-aryl methyl type of trisulfides 5–12 and 14
as well as bis(phenyl-ethylene)trisulfide (16) were syn-
thesized in higher yields, while the sterically hindered
bis(2,4,6-trimethyl-benzyl)trisulfide (13) was obtained
in 68% yield. The bis-heterocyclic trisulfides 18–20
were also obtained in relatively lower yields because
of the low nucleophilicity of the corresponding hetero-
cyclic mercaptans. Bis(4-fluorobenzyl)trisulfide (5) was
fully characterized by 1H NMR, 13C NMR, 19F
NMR, MS, FT-IR, and UV–vis spectroscopic as well
as elemental analyses.16 Other derivatives were also
characterized by 1H NMR spectroscopic analysis.17

Table 1. Anti-tumor cellular activity of trisulfides (IC50, lM)


S
S


R


Compound R Yielda (%) Jurkatb A2780 OVCA


4 H15 0.35 0.40 1.4


5 p-F 87 0.15 0.5 0.85


6 p-Cl18 90 0.47 0.7 2.25


7 o-Cl 77 0.51 0.75 0.50


8 p-Br 84 — 1.50 1.31


9 p-Me 97 — 1.43 0.9


10 m-Me 99 0.34 0.75 0.60


11 m-CF3 100 8.0 11.8 33.5


12 p-tBu 96 — >50 >50


13 2,4,6-tri-Me 68 — >50 >50


a Isolated yields.
b Result from MTT assay.

Typical procedure for the synthesis of bis-aryl trisulfides is
as follows: To a stirred solution of N-trimethylsilylimi-
dazole (1.42 mmol) in 1.5 mL of anhydrous hexanes was
added slowly sulfur dichloride solution in dichlorometh-
ane (0.7 mL, 1.0 M, 0.7 mmol) at room temperature
under a nitrogen atmosphere. The reaction mixture hav-
ing white precipitate was stirred for 40 min and then
cooled to 0 �C. A solution of a mercaptan (1.41 mmol)
in 2 mL of anhydrous hexanes was added dropwise under
stirring and nitrogen atmosphere. The resulting reaction
mixture was stirred at 0 �C for 1 h and then at room
temperature for 3 h. The white solid was filtered off
through a pad of Celite and washed with small amount
of hexanes. The filtrate was washed with water and then
brine. The organic phase was dried over anhydrous
sodium sulfate and concentrated under reduced pressure.
The residue was purified by flash chromatography on a
silica gel column using hexanes–ethyl acetate (40–60:1)
as an eluent. The fractions were monitored with silica
gel TLC using hexanes–ethyl acetate (40:1) as a develop-
ing solvent. The resulting white solid product (except
for oily products 10, 14, and 16–18) was re-crystallized
from hexanes to give desired white crystalline products.


Compounds 4–20 were screened against Ovarian (A2780
and OVCAR4), fibrosarcoma (HT1080), non-small cell
lung (H460), breast (MCF7 and M231), and adenocarci-
noma (HeLa) tumor cell lines as well as toxicity-indicat-
ing cell line HepG2 using RT-CES cell-based assay.9

S


R


R4 HT1080 H460 MCF7 M231 HeLa HepG2


1.9 5.1 6.6 2.4 2.5 >100


1.0 2.1 2.1 3.1 0.29 >100


1.2 9.6 4.4 2.3 8.5 >100


2.2 23.2 7.8 1.06 2.0 >100


1.39 4.8 16 1.33 1.1 >100


0.82 0.6 2.3 0.78 0.42 >100


1.9 12.5 2.75 1.06 6.1 >100


27.5 50 49 41 2.7 >100


>50 >50 >50 >50 >50 >100


>50 >50 >50 >50 >50 >100







Table 2. Anti-tumor cellular activity of bis-aromatic/heterocyclic trisulfides (IC50, lM)


Ar
S


S
S


Ar


Compound Ar Yieldsa (%) Jurkatb A2780 OVCAR4 HT1080 H460 MCF7 M231 HeLa HepG2


14
S


100 2.6 1.3 12.2 3.6 33.5 6.25 17.5 7.0 >100


15


S


61 1.2 2.6 5.1 5.3 20 5.6 4.8 2.2 >100


16 96 4.68 6.25 10.5 9.4 42.2 8.8 19.1 4.3 >100


17
N


79 7.27 4.4 11.5 9.0 18.2 11.9 16.0 — >100


18
N


N
47 >25 17.4 34.8 36 31.5 31.6 >50 — >100


19
N


F3C 53 >50 >50 >50 >50 >50 >50 >50 — >100


20
S


51 >50 >50 >50 >50 >50 >50 >50 — >100


a Isolated yields.
b Result from MTT assay.
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The inhibitory activities, expressed as IC50 (Tables 1 and
2), were obtained at the 48 h time point-although the
real time inhibitory effect for any given time point was
recorded. The inhibitory activity against leukemia (Jur-
kat) tumor cell line was obtained by MTT assay.19 Bis-
aryl trisulfide derivatives 4–10 substituted with small
functional groups exhibited potent cellular anti-tumor
activity. Bis(4-fluoro-benzyl)trisulfide (5) and bis(4-
methylbenzyl)trisulfide (9) showed the most potent
activity against most of the tested tumor cell lines.
Compounds 5 and 9 have slightly different inhibitory
preferences against different cell lines. However,
compounds 12 and 13 with bulky or more alkyl substit-
uents are inactive. Bis(thiophen-2-yl-methyl)trisulfide
(14) and bis-(benzo[B]thiophen-2-yl-methyl)trisulfide
(15) showed similar anti-tumor activities. Inserting a
CH2 group on both sides of the trisulfide 4 gave more
flexible compound 16, which was less active than 4.
Compound 17 having pyridinyl moiety has equivalent
activity with that of compound 16. However, pyrizinyl
derivative 18 having two nitrogen atoms in aromatic
rings was much less active. The less flexible compounds
19 and 20 completely lost activity. The tested trisulfide
derivatives have more potent inhibitory effect against
Jurkat, A2780, OVCAR4, HT1080, and HeLa tumor
cells than against H460, MCF7, and M231 tumor cells.
The non-inhibitory effect of these compounds against
HepG2 cell line indicated low cytotoxicity of these com-
pounds, which also shows the potential for this type of
compound to be used as anti-tumor agents.


The real-time cell electronic sensing (RT-CESTM) system
is a label-free and cell-based screening assay.9 The key
advantage of this assay is the real-time measurement of

the kinetic responses. It provides important insights in
to various cellular processes and useful mechanistic
information for the action of drugs. Therefore, high-
quality lead compounds and the mechanism of action
can be easily discovered from the screening results.
Some of the potent trisulfide derivatives such as 4, 5,
7, and 9 showed the same kinetic responding pattern
as that of paclitaxel. Therefore, these compounds were
predicted and then verified to have the same mode of
action as anti-cancer drug paclitaxel.20 These com-
pounds also inhibit tumor cells by disturbing tubulin-
microtubule dynamic equilibrium, therefore, arrest the
cells to M phase to block cell division, eventually
causing cell apoptosis.20 This new class of anti-microtu-
bule agents has potential to become useful cancer
chemotherapeutic agents. The detail mechanism of
action, drug target, and cell cycle specific inhibition
as well as in vivo anti-tumor activities of these agents
will be discussed in due course.
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Abstract—Synthesis and some structure–activity relationships for a new series of propargyl ethers as mGluR5 antagonists are
reported.
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1. HTS-hit 1 and known mGluR5-antagonists MPEP (2) and


MTEP (3).

The metabotropic glutamate receptors (mGluRs) are a
family of G-protein coupled receptors.1 Based on
sequence homology, the mGluRs have until now been
divided into eight subtypes, comprising 3 groups with
mGluR1 and mGluR5 forming group I. mGluR2 and
mGluR3 are forming group II, while group III includes
mGluR4, mGluR6, mGluR7, and mGluR8. The
sequence homology between the eight mGluRs is high,
40–50% between the groups, and more than 60% within
a group. For group I the homology is 61%.2


The group I receptors work by stimulating phospholi-
pase C which raises the intracellular inositol phosphates
and Ca2+ levels.3 Antagonism of mGluR5 has been
related to the treatment of disease states such as pain,4


depression,5 and anxiety.6 Another recently discovered
potential indication for mGluR5 antagonists is gastro-
esophageal reflux disease (GERD).7


An HTS campaign on the AstraZeneca substance collec-
tion against the cloned human mGluR5 receptor pre-
sented the pyridinyl-alkyne 18 (Fig. 1) as a quite
potent ligand (racemate; IC50 = 300 nM, FLIPR) with
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selectivity over mGluR1 (IC50 P 10,000 nM, FLIPR).
Compound 1 belonged to a cluster of hits that are struc-
turally related to the two known non-competitive
mGluR5-selective antagonists9 2-methyl-6-(phenyl-ethy-
nyl) pyridine (MPEP, 2)10 and 3-[(2-methyl-1,3-thiazol-
4-yl)ethynyl]pyridine (MTEP, 3)11 that showed high
potencies toward mGluR5 with IC50s of 2 nM and
5 nM, respectively.12 Various analogues of MPEP and
MTEP have been reported.13 A series of close analogues
to 1 was synthesized by rather straightforward method-
ologies, as outlined in Scheme 1.


Thus, Sonogashira cross-coupling14 of 2-bromo-6-
methyl pyridine 4 with propargyl alcohol by route
a15 with subsequent mesylation by route b gave 5.
The mesylate 5 was then reacted with a selection of
phenols in a parallel format by route c, forming a ser-
ies of ethers 6. Purification was done by reverse-phase



mailto:Peter.Bach@astrazeneca.com





Table 1. SAR around aryl Ar1


O O
Ar1


Compound Ar1 IC50 (nM) SEM


7
N


1540 559


8
N


397 78


9
N


7926 3593


10


N
>10,000 —


11
N


>10,000 —


12
NO


>10,000 —


13
N


S
>10,000 —


14
N


N
>10,000 —


15
N


>10,000 —


N Br N O S
O


O
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R
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4


a+b
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Scheme 1. Reagents and conditions: (a) HC „ CCH2OH, (PPh3)2PdCl2, CuI, NEt3, 60 �C, 3.5–4 h (56%); (b) MsCl, NEt3, DCM, �20 �C, 1 h (98%);


(c) ArOH, K2CO3, acetone, 60 �C, 5 h (R = p-Cl: 40%) or ArOH, K2CO3, acetone, 60 �C, 20 h, then DMF, 60 �C, 20 h (R = p-Me: 28%) or ArOH,


NaH, THF, rt, 18 h (R = p-OMe: 12%); (d) K2CO3, acetone, 60 �C, 17 h (R = H: 78%); (e) (PPh3)2PdCl2, CuI, NEt3, 60 �C, 2 h (R = H: 66%).
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chromatography with focus on high purity of the
screening compounds rather than on high yields.
Thus, yields for step c varied from 11% to 85% with
yields 25–45% being typical. For scale-up it proved
useful first to form a propargyl ether by route d16, fol-
lowed by Sonogashira coupling by route e to give the
final ether products 6. Route e was also employed for
reactions with other halogenoheterocycles than 4 in
order to study structure–activity relationships (SAR)
around the binding site of the pyridine ring.


Development of SAR was made around the two aromatic
ring systems, Ar1 and Ar2 (Fig. 2). Synthesized com-
pounds were tested in a FLIPR assay.17 IC50 values
for active (IC50 < 10,000 nM) compounds were deter-
mined as means of three measurements. MPEP and
MTEP measured in this assay showed activities of
22 nM (SEM = 1.9) and 77 nM (SEM = 6.4),
respectively.


Initially, variation of the aryl Ar1 was investigated. A
series (compounds 7–12, Table 1) of methyl/methoxy
pyridines illustrated the very tight SAR around the
Ar1 ring. 6-Methylation gave a fourfold increase in
potency, while the 3-, 4-, and 5-monomethyl compounds
were inactive. Likewise, an attempt to introduce alterna-
tive heterocycles (13–15) gave inactive compounds.
Compounds 7 and 8 were also tested in a mGluR1 assay
and found to be inactive (IC50 > 10,000 nM). Having
identified the 6-methyl-pyridinyl group as optimal for
Ar1, a SAR investigation was made for the aryl Ar2 (Ta-
ble 2). With the Ar2 ring being phenyl no potency
(IC50 > 10,000 nM) was observed (16). A slight increase
in potency was observed for compounds having simple
substituents in the o-position (17). Remarkably, potency
was significantly increased by having simple substituents
in the m- and/or p-position (18–25) most pronounced for
lipophilic groups (compare 18–20 with 8 and 22–23)
with basically no dependency on the electron donating/

O
Ar1


Ar2


Figure 2.

withdrawing ability of the substituents (compare 8 and
22). Further branching was allowed in the p-position
(21). Compounds with heterocycles (26–29) as the Ar2


group showed at best medium potencies. In vitro meta-
bolic stability of the most potent compound 24 in rat
liver microsomes showed a CLint = 278 lL/min/mg.


For Ar1 there are some similarities to the SAR for
MPEP.13c For example in the series 8–12, the best com-
pound is 8 where the methyl group is in the 6-position like







Table 2. SAR around aryl Ar2


N O Ar2


Compound Ar2 IC50 (nM) SEM


16 >10,000 —


17
Cl


>3000 —


18
Cl


101 0.6


19
Cl


102 10.9


20 115 7.9


21 83 6.5


22 N
+


O


O
416 96


23
O


455 156


24
Cl


Cl
15 3.0


25 36 2.9


26
N


>10,000 —


27
N


2490 508


28


N


O


OMe 1490 510


29


NOH
825 113
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in MPEP. Having methoxy instead of methyl in the 6-po-
sition lowered the activity 80-fold in the case of MPEP
and gave an inactive compound (12) in our series. Com-
pound 9 had low activity in analogy to the corresponding
5-methyl MPEP-isomer being inactive. However, com-
pounds 10 and 11 showed no activity, while the corre-
sponding 4- (respectively 3-) methyl MPEP-isomers still
had good activity. For Ar2 the SAR is not obviously relat-
ed to that for MPEP.


In summary, a new series of pyridinyl-alkynes was
revealed to include potent antagonists of the cloned
human metabotropic glutamate receptor 5.
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Abstract—A series of a-benzylpropionylpiperazines were synthesized and tested as antagonists of the melanocortin-4 receptor. In
addition to its high potency and selectivity, R-11a had desirable pharmacokinetic properties including high brain penetration in
mice.
� 2006 Elsevier Ltd. All rights reserved.

We have previously identified a series of arylpropionyl-
piperazines such as 1b as melanocortin-4 receptor
(MC4R) antagonists from an initial lead 1a. It has been
found that introducing an amino acid group increases
binding affinity.1 Thus, the glycine derivative 2 has a
Ki value 19 nM, which is about 4-fold better than 1b.
To further improve potency of this novel series, we have
conducted an extensive survey on the ‘right-hand’ amide.
Here, we report the discovery of potent and orally
bioavailable MC4R antagonists (Fig. 1).


Compounds 4–14 were prepared from reactions of the
key intermediate 32 with various carboxylic acids under
coupling conditions, or acid chlorides. a-Benzylpropionic
acids for 8–12 were synthesized from the benzylation
of methylmalonate, followed by hydrolysis and decar-
boxylation.3 Chiral a-benzylpropionic acids were syn-
thesized from alkylation of propionyl oxazolone as an
Evan’s chiral auxiliary.4 Finally, 1,1-dimethyl-3-(4-
chlorophenyl)propionic acid for 14 was synthesized
from benzylation of the corresponding isobutyric acid.5


These compounds were then tested for their binding
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affinity at the human MC4 receptor using [125I]NDP-
MSH as previously reported6 (Fig. 2).


In comparison with 3-(2,4-dichlorophenyl)propionyl-
piperazine 1b (Ki = 74 nM), the 2,4-dichlorophenylace-
tyl analog 4a (Ki = 2.8 lM) was much less potent
(Table 1). Other 4-chlorophenyl and cyclohexyl analogs
(4b–e) were only weakly active. The 2,4-dic-
hlorophenoxyacetamide 5a had a Ki of 4.2 lM, which
was much less potent than its carbon derivative 1b. A
broad survey of substituted phenoxy analogs only
resulted in weakly potent compounds (5b–n) regardless
of the substitution on the phenyl ring. Similarly, the
2,4-dichlorophenylthioacetamide 6a (Ki = 1.5 lM) was
weakly potent. Other amine-containing compounds
(7a–e) displayed poor binding affinity. These results sug-
gest that the 2,4-dichlorophenyl group of compounds
4a, 5a or 6a is not able to mimic that of 1b, possibly
due to its unfavored conformation caused by the differ-
ent connection (Table 1).


We then introduced a methyl group at the a-position of
the phenylpropionyl group of 1 to reduce the flexibility
of this side chain. Thus, the R-configured methyl analog
of 1b was found to have potency about 3-fold better
than its parent (R-8p, Ki = 26 nM), while the S-antipode
S-8p was approximately 2-fold less active than 1b. It was
also found by surveying the substitution at the phenyl
ring of the racemic a-benzylpropionyl group that the
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Figure 1. Phenylpropionylpiperazine MC4R antagonists.
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Figure 2. Compounds synthesized for this study.


Table 1. SAR of substituted acetamides at the human MC4R


F3C


N


NH2


N


O
R1


4-7


Compound R1 Ki (nM)


4a 2,4-ClPh 2800


4b 4-ClPhCOCH2 820


4c 4-ClPhCOCH(Me) 1100


4d c-HexCH2 5700


4e c-HexCH2CH2 4100


5a 2,4-ClPhO 4200


5b PhO >10,000


5c 4-ClPhO 2900


5d 4-MePhO 4400


5e 4-MeOPhO 3800


5f 4-HOPhO 4600


5g 4-NO2PhO 3100


5h 3-ClPhO 2600


5i 2-ClPhO 4500


5j 2,4-MePhO 4000


5k 3,4-ClPhO 2500


5l 2,3-ClPhO 2500


5m 1-Naphthyl-O 2600


5n 2-Naphthyl-O 2000


6a 2,4-ClPhS 1500


7a PhNH 3600


7b 1-Benzimidazolyl 2100


7c c-HexNHCH2 4800


7d NH2COCH2 >10,000


7e Me2NCOCH2 >10,000
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4-chloro (8a) and the 2,4-dichloro compound 8p (by
comparing the R-isomers) possessed similar binding
affinity, while the 4-methoxy analog (8b) was less potent.
The 3-substitution was detrimental for potency, thus,
compounds 8c–j were low to moderately active. For
the 2,4-di-substitution (8k–o), 2-methoxy-4-chlorophe-
nyl gave a compound with the best binding affinity
(8o, Ki = 14 nM). The R-isomer of 8o (R-8o,
Ki = 6.5 nM) was about 5-fold better than its S-isomer,
which agreed with the results from compounds R-8p
and S-8p (Table 2).


For substitution at the ‘left-hand’ phenyl ring, a chloro-
group almost matched with the trifluoromethyl moiety
for binding affinity (9a–c), while a less lipophilic fluorine
decreased potency (10a, Ki = 390 nM). The R-config-
ured 4-methyl analogs (R-11a–d) were comparatively ac-
tive to 9, while the unsubstituted compounds (R-12a–d)
displayed about 2- to 3-fold reduction in binding affini-
ty, suggesting the 4-trifluoromethyl group from the ini-
tial lead was not critical for potency, although its
strong electron-withdrawing property might reduce the
potential metabolic oxidation of the electron-rich aniline
group.7 Finally, the R-benzylamine 13 (Ki = 1.7 lM)
exhibited much lower binding affinity than its S-isomer
(R-12d, Ki = 12 nM), demonstrating stereo-preference
of this a-alkyl benzylamine group (Table 2).


Interestingly, the a,a-dimethyl phenylpropionyl com-
pound 14 exhibited a Ki of 810 nM, which was over
10-fold less potent than 1b. All these results seem to sug-
gest that the R-methyl group of 8–12 locks the phenyl
ring at the propionyl group into a favored conformation







Table 2. SAR of 2-methyl-3-arylpropionyl amides at human MC4R


X


N


NH2


N


O


Y


N


NH2


N


O138-12


Cl


R,S


S R


R


Compound X Y Ki (nM)


8a CF3 4-Cl 47


R-8a CF3 4-Cl 31


8b CF3 4-MeO 120


8c CF3 3-Cl 920


8d CF3 3-MeO 3100


8e CF3 3-EtO 2200


8f CF3 3-Me,4-Cl 71


8g CF3 3,4-Me 240


8h CF3 3-F,4-MeO 200


8i CF3 3-MeO,4-Cl 230


8j CF3 3,4-Cl 120


8k CF3 2,4-Me 92


8l CF3 2-F,4-Cl 60


8m CF3 2-Me,4-Cl 38


8n CF3 2-HO,4-Cl 36


8o CF3 2-MeO,4-Cl 14


R-8o CF3 2-MeO,4-Cl 6.5


S-8o CF3 2-MeO,4-Cl 31


R-8p CF3 2,4-Cl 26


S-8p CF3 2,4-Cl 140


8r CF3 2-MeO,2,4-Cl 230


8q CF3 3,4-Cl 1600


9a Cl 4-Cl 67


9b Cl 4-MeO 160


9c Cl 2-MeO,4-Cl 9.1


10a F 4-Cl 390


R-11a Me 4-Cl 25


R-11b Me 2-Me,4-Cl 5.9


R-11c Me 2-F,4-Cl 20


R-11d Me 2-MeO,4-Cl 8.1


R-11e Me 2,4-Cl 8.8


R-12a H 4-Cl 80


R-12b H 2-F,4-Cl 67


R-12c H 2,4-Cl 16


R-12d H 2-Me,4-Cl 12


13 1700


Table 3. Selectivity profiles of 8o and R-11aa


Compound Ki (nM)


MC1R MC3R MC4R MC5R


8o (23%) 320 14 86


R-11a 3100 1300 25 1000


a Binding affinity at the human melanocortin receptors stably expres-


sed in HEK 283 cells using [125I]NDP-MSH as radiolabeled ligand.


Table 4. Pharmacokinetic parameters of compounds 8o and R-11a in


micea


Compound 8o R-11a


iv dose (mg/kg) 5 5


CL (mL/min kg) 62.3 33.3


Vd (L/kg) 10.3 10.2


t1/2 (h) 1.9 3.5


AUC (ng/mL h) 1452 2558


Cbrain (ng/g)@1, 4 h 735, 122 940, 330


Cbrain/Cplasma 2.3, 1.9 2.9, 1.4


po dose (mg/kg) 10 10


Cmax (ng/mL) 99 267


Tmax (h) 0.25 0.5


AUC (ng/mL h) 249 1762


F (%) 8.6 34.4


a Average of three animals.
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for its interaction with the receptor.8,9 The ‘Y’ shape
conformation for the Tic-D(4-Cl)Phe piperazine of the
THIQ MC4R agonist has been demonstrated by its
X-ray structure.10


Selected compounds were further tested for their selec-
tivity over the other melanocortin receptor subtypes.
Thus, 8o displayed low affinity at the MC1 and MC3
receptors, while it still had moderate binding affinity at
the MC5 receptor (Ki = 80 nM, Table 3). In contrast,
R-11a exhibited high selectivity. None of the compounds
exhibited significant stimulation of cAMP release in cells
expressing the MC4 receptor, demonstrating that they
were not functional agonists. Instead, 8o and R-11a
showed dose-dependent inhibition of a-MSH-stimulated
cAMP production with IC50 values of 1.7 and 0.56 lM,
respectively.

Due to the desirable in vitro properties, 8o and R-11a
were profiled for their pharmacokinetic properties in
mice. After an intravenous injection at 5 mg/kg, 8o
exhibited a plasma clearance (CL) of 62.3 mL/min kg,
and volume of distribution (Vd) of 10.3 L/kg, resulting
in a half-life (t1/2) of 1.9 h in this species. At 1 and 4 h
postdosing, the whole brain concentrations were 735
and 122 ng/g, which gave brain/plasma ratio of 2.3
and 1.9, respectively. After an oral dose of 10 mg/kg,
8o reached a maximal concentration of 99 ng/mL at
0.25 h, suggesting a very fast absorption. Its area under
curve (AUC) was 249 ng/mL h, which resulted in an
absolute bioavailability of 8.6%. The low bioavailability
could be caused by its high clearance associated with its
high lipophilicity (measured logD was > 4).11,12 In com-
parison, the less lipophilic R-11a (measured logD of 3)
had a CL value of 33.3 mL/min kg, a Vd of 10.2 L/kg,
and a t1/2 of 3.5 h. In addition to its high brain penetra-
tion (b/p ratio was 2.9 and 1.4 at 1 and 4 h postdosing,
respectively), R-11a had an oral bioavailability of 34.4%
(Table 4).


In conclusion, a series of a-benzylpropionylpiperazines
were synthesized and tested as antagonists of the mela-
nocortin-4 receptor. Potent and selective derivatives
were discovered from this series. In addition, R-11a
had good pharmacokinetic profile, including high brain
penetration.
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Abstract—Four chimera peptides composed of ORL1 receptor ligand Ac-RYYRIK-NH2 and a l-opioid receptor agonist dermor-
phin YAFGYPS-NH2 or YRFB-NH2, with a spacer linking the two pharmacophores, were synthesized and tested for their receptor
binding properties. Chimera peptides with long spacers (a Lys and five or eight Gly residues) showed synergistically improved affin-
ity for both the l-opioid receptor and ORL1 receptor, while the chimera peptides with short spacers (Lys residue only) showed
decreased or similar affinity compared to the monomeric receptor ligands. Chimera peptides containing long spacers may prove
to be useful tools for studying ORL1 receptor/l-opioid receptor heterodimers.
� 2006 Elsevier Ltd. All rights reserved.

Nociceptin (NOC)1 (also known as orphanin FQ2) is a
heptadecapeptide, FGGFTGARKSARKLANQ, isolat-
ed from brain as endogenous ligand for the opioid-
receptor-like 1 (ORL1) receptor, one of the G-protein
coupled receptors (GPCR), which is highly homologous
to the traditional opioid receptors. Although NOC
structurally resembles the opioid peptide dynorphin A,
its pharmacological effects differ from those of opioids.
The system consisting of the ORL1 receptor and its
endogenous ligand NOC is involved in a variety of phys-
iological functions, including analgesia or pain modula-
tion.3 NOC has unique pharmacological properties: it
elicits analgesia in the spinal cord and hyperalgesia or
anti-opioid analgesic effects in the brain.1–9 Dooley
et al. have recently identified some hexapeptides with
high ORL1 receptor affinities similar to NOC.10 These
hexapeptides have shown to be partial agonists in the
stimulation of [35S]GTPcS binding and inhibition of for-
skolin-stimulated cAMP accumulation in CHO cells
expressing human ORL1 receptor.10 Berger et al. have
revealed that one of these peptides Acetyl-Arg-Tyr-
Tyr-Arg-Ile-Lys-NH2 (Ac-RYYRIK-NH2) behaves as
antagonist for G protein activation in rat brains and
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inhibits the chronotropic effect evoked by NOC.11 These
results suggest that the hexapeptide amide is a possible
lead molecule for more potent NOC antagonists or anal-
gesic drugs.


It is well established that a number of GPCR, including
opioid receptors, interact with each other to form homo-
dimers or heterodimers, and that this is essential for
their activation. Pan et al. have recently demonstrated
that ORL1 receptor can form heterodimers with l-opi-
oid receptors to form a receptor complex with a unique
binding selectivity profile.12 The study of compounds
that can activate ORL1/l-opioid receptor heterodimers
is interesting as it allows us to investigate the organiza-
tion of such heterodimers and to develop compounds
with novel biological properties. In this study, we
designed and synthesized four chimera peptides by
combining the NOC antagonist Ac-RYYRIK-NH2


with potent l-opioid receptor agonistic peptides, der-
morphin Tyr-DD-Ala-Phe-Gly-Tyr-Pro-Ser-NH2 (YAF-
GYPS-NH2)13 and Tyr-DD-Arg-Phe-bAla-NH2 (YRFB-
NH2).14 As shown in Fig. 1, the two pharmacophore
peptides were linked tail to tail by a Lys spacer (short
spacer, analogs 1 and 3) or by a Lys and five or eight
Gly residues (long spacer, analogs 2 and 4), with
Ac-RYYRIK at the a-amino group and opioid agonistic
ligands at the e-amino group of the Lys residue. The
spacer length employed in analogs 2 and 4 was similar
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Table 2. Receptor binding affinity of chimera peptides and monomeric


receptor ligands


Peptide IC50 ± SEM


(nM)


l-Opioid receptor
a[3H]DAMGO


ORL1 receptor
b [3H]NOC


Ac-RYYRIK-NH2 >10000 0.767 ± 0.267


Dermorphin


(YAFGYPS-NH2)


0.538 ± 0.294 >10000


YRFB 1.18 ± 0.272 >10000


Analog 1 0.150 ± 0.076 11.6 ± 3.00


Analog 2 0.00236 ± 0.00121 0.0464 ± 0.0097


Analog 3 2.76 ± 0.781 0.789 ± 0.293


Analog 4 0.0477 ± 0.0228 0.0803 ± 0.0403


a Using rat brain homogenate.
b Using cell membrane expressing human ORL1 receptor in HEK-293


cells.


Ac-RYYRIK-GGG-K-NH2


Ac-RYYRIK-K-NH2


Analog 1:
YAFGYPS


Analog 2:
YAFGYPS-GG


Analog 3:
Ac-RYYRIK-K-NH2


YRFB


Ac-RYYRIK-GGG-K-NH2


Analog 4: YRFB-GGGGG


Figure 1. Synthetic chimera peptides.
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to those reported to be sufficient to cross-link ORL1 or
l-opioid receptor homodimers, as suggested by recent
papers.15,16 We describe here the synthesis and novel
receptor binding properties of the chimera peptides.


The chimera peptides were synthesized by a Fmoc-based
solid-phase method according to a procedure described
previously.17 Starting with a Fmoc-Lys(Alloc)-NH-
SAL-resin, the sequence of the Ac-RYYRIK pharmaco-
phore was constructed at the a-amino group of the Lys
residue to yield Na-acetylated protected hexapeptide-
Lys(Alloc)-NH-SAL-resin. Then, after removal of the
Alloc group with (Ph3P)4Pd/PhSiH system,18 the se-
quence of l-agonistic ligands was constructed at the
e-amino group of Lys. Deblocking and cleavage from
the resin of fully protected peptide resin by TFA-5%
phenol and purification on preparative HPLC, as
described previously,17 afforded highly pure chimera
peptides. The analytical data of synthetic analogs are
shown in Table 1.19


The receptor binding properties of the synthetic peptides
were determined by competition experiments with
[3H]DAMGO using rat brain homogenates (l-opioid
receptor) and with [3H]NOC using cell membranes
expressing human ORL1 receptor expressed in HEK-
293 cells (ORL1 receptor), according to procedures de-
scribed previously.15 As shown in Table 2, dermorphin
and YRFB exhibited high l-opioid receptor affinities,
with IC50 values of 0.538 and 1.18 nM, respectively,

Table 1. Analytical data of synthetic peptides


Analog [a]D
a(�) HPLCa tR(min) ESI-MS


Calcdb Found Ser


1 �43.3 21.67 927.083 927.60 0.86


[M+2H]2+ (1)


2 �8.0 20.59 713.478 713.40 0.89


[M+3H]3+ (1)


3 �6.7 16.61 802.965 803.60 —


[M+2H]2+


4 �1.3 14.49 687.784 688.50 —


[M+3H]3+


a See Ref. 19 for conditions.
b Average mass.
c bAla was detected at the same elution position as Phe using an analyzer (H

whereas these l-opioid ligands had no intrinsic affinity
for the ORL1 receptor. Ac-RYYRIK-NH2 possessed
a high ORL1 receptor affinity, with an IC50 value of
0.767 nM, but no substantial affinity for l-opioid
receptors.


Analog 1, which contains Ac-RYYRIK and dermorphin
YAFGYPS pharmacophores with a short spacer,
showed high l-opioid receptor affinity, comparable to
that of dermorphin itself. This analog also showed a
potent affinity for ORL1 receptor, although its affinity
was one order of magnitude lower than that of
Ac-RYYRIK-NH2. Interestingly, analog 2, which con-
tains a long spacer composed of a Lys and five Gly
residues, showed greatly increased affinity for both
receptors compared with the corresponding monomeric
ligand, with a 200-fold increase in affinity for the
l-opioid receptor and a 17-fold increase in affinity for
the ORL1 receptor. However, analog 3, in which
Ac-RYYRIK is linked to another l-opioid receptor
ligand, YRFB, by a short spacer, showed a 5-fold reduc-
tion in affinity for the l-opioid receptor and a high
ORL1 receptor affinity, comparable to Ac-RYYRIK-
NH2. Analog 4 was designed to have a similar peptide
length to that of analog 2 by inserting five Gly residues
at the e-side chain of the spacer Lys residue. This com-
pound showed affinities for both the l-opioid receptor
and the ORL1 receptor that were improved by an order
of magnitude as compared to the monomeric ligands.

Amino acid analysisa


Gly Ala Ile Tyr Phe Lys Arg Pro


1.01 0.93 1.02 3.72 1.08 2.02 1.95 1.05


(1) (1) (1) (4) (1) (2) (2) (1)


6.08 1.04 0.99 3.98 1.03 2.01 1.85 1.04


(6) (1) (1) (4) (1) (2) (2) (1)


— — 1.02 2.85 1.39c 2.01 2.92 —


(1) (3) (2) (2) (3)


7.33 — 1.13 2.35 1.31c 1.91 3.00 —


(8) (1) (3) (2) (2) (3)


itachi L-8500) and calculated as Phe.
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Dimeric opioid ligands often show high receptor binding
and biological activity compared to those of the mono-
meric ligand.16,20–23 The present study demonstrates that
Ac-RYYRIK-NH2/l-opioid receptor agonist chimera
peptides have high binding affinities for both ORL1 and
l-opioid receptors. It is interesting that the receptor bind-
ing affinities of the analogs containing long spacers (2 and
4) were synergistically increased, showing 60- and 240-
fold improvements, compared to the corresponding
short-spacer analogs (1 and 2). Since two closely located
pharmacophores may each interfere with the binding of
the other to its receptor site, the addition of long spacers
(2 and 4) should serve to prevent such interference. This
study also revealed that spacer length in the cross-linking
of two pharmacophores is an important element in bind-
ing with both receptors. The high-affinity ligands (2 and 4)
may serve as useful tools for investigating ORL1 receptor/
l-opioid receptor heterodimers which probably exist in
opioid systems. These compounds also may have a poten-
tial as analgesics with novel biological properties.
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Abstract—In this paper, we report the synthesis of diastereomerically pure N-(4-substituted-2,4-diaminobutanoyl)piperidines. These
compounds were prepared to investigate the influence of the 4-substitution on the dipeptidyl peptidase II (DPP II) activity and selec-
tivity of the parent N-(2,4-diaminobutanoyl)piperidine. The (4S)-methyl compound showed subnanomolar inhibition, comparable
with the parent compound. The (4R)-methyl group or bigger substituents decreased the activity.
� 2006 Elsevier Ltd. All rights reserved.

Proline selective serine-type dipeptidyl peptidases
cleave off dipeptides from the amino terminus of
peptides or proteins with preferentially proline at the
penultimate position. Representative examples are
dipeptidyl peptidase II, IV, 8 and 9 (DPP II, DPP
IV, DPP8 and DPP9) and fibroblast-activation protein
a (FAPa). DPP IV is by far the best studied member
among these enzymes, and is currently a well-validated
target for the treatment of type 2 diabetes. Hence,
these peptidases are often referred to as DPP IV activ-
ity- and/or structure-homologues (DASH) proteins.
DPP II (EC 3.4.14.2) is less well studied. It is a 58-
kDa glycoprotein, active as a homodimer formed with
a leucine zipper motif and is identical to quiescent cell
proline peptidase (QPP, DPP7). It is widely found in
the human body and targeted to intracellular vesicles
but the natural substrates and physiological functions
are largely unknown. No sequence homology has been
found between DPP II and DPP IV. It shows, in con-
trast with the other DPPs, an optimum at acidic pH
but it cleaves, like DPP IV, N-terminal dipeptides from
oligopeptides with Ala or Pro at the penultimate posi-
tion.1,2 The kinetics of DPP II mediated hydrolysis of
chromogenic and fluorogenic dipeptide derivatives have
been characterized.3
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The development of potent and selective inhibitors is a
very important item in research programmes on DPP
II. It is of utmost importance in the unraveling of the
biochemical and physiological functions of the enzyme
and in the disclosure of potential therapeutic properties
of its inhibition.


In a series of previous papers we reported a systematic
search for DPP II inhibitors.4,5 The optimal P1 group
appeared to be a piperidine unit and LL-2,4-diaminobu-
tyric acid gave the best results as P2 building block.
Subnanomolar inhibitors were obtained when the
core structure, 2,4-diaminobutanoylpiperidine, was
N4-substituted with a benzyl group such as in
UAMC00039 (N4-(4-chlorobenzyl)-2,4-diaminobutan-
oylpiperidine). This compound is not only a highly
potent inhibitor (Ki of 0.082 ± 0.048 nM) of DPP II
but shows a high selectivity towards DPP IV and
DPP 8 (SI > 10000). UAMC00039 showed no toxicity
and good oral bioavailability.6


We further investigated the importance of the diamino-
butanoyl chain, more in particular the influence of 4-
substituents and prepared a set of 4-alkyl-derivatives
(1–7). These substitutions may indeed influence the flex-
ibility and lipophilicity of the compound and interfere in
the interaction with the active site of the enzyme. As well
(4R)- as (4S)-compounds were prepared.


The 4-substituted 2,4-diaminobutyric acids were pre-
pared using the corresponding dehydroaminoacids as
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Scheme 1. Reagents: R=Me, Et, sec-But, iso-Pro, Bz. (a) N,O-dimethylhydroxylamine hydrochloride, TBTU, TEA, DMF; (b) LiAlH4, THF; (c)


methyl 2-benzyloxycarbonylamino-2-(dimethoxyphosphoryl)-acetate, DBU, DCM; (d) H2, R,R [Rh(COD)DIPAMP]+BF4�, EtOH, 3 Bar; (e) 75%


KOH/MeOH; (f) piperidine, TBTU, TEA, DMF; (g) TFA/DCM (1:1); (h) p-chlorobenzaldehyde, NaCNBH3, AcOH, MeOH; (i) 33% HBr/AcOH.
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intermediates (Scheme 1; (2S,4S) shown). The latter
are common starting materials for the synthesis of
unnatural amino acids7 and were prepared through a
Horner–Wadsworth–Emmons reaction.8 This method
was already used for the synthesis of protected 2,4-
diaminobutyric acid.9 Another literature described
method used a diketopiperazine-derived dehydroamino
acid for the stereoselective synthesis of substituted 2,4-
diamino acids.10 We used the commercially available
methyl 2-benzyloxycarbonylamino-2-dimethoxyphos-
phoryl acetate and the corresponding (S)- or (R)-
Boc-protected aminoaldehydes as starting compounds.
The latter were prepared from the corresponding ami-
no acids by a lithium aluminium hydride reduction of
their N-methoxy-N-methylamides. Stereoselective
hydrogenation of the a,b-unsaturated amino acids
with an optically active homogeneous catalyst was
used. As (2R)-diaminobutyric acid amides were found
to be poorly active DPP II inhibitors, we focused on
the (2S)-configuration and used R, R [Rh(COD)DIP-
AMP]+BF4� as a catalyst11 and obtained (2S)-com-
pounds with a % de of about 80. The piperidyl
amides were obtained by TBTU coupling after hydro-
lysis of the methyl ester and the final N-benzyl com-
pounds were prepared by reductive amination with
p-chlorobenzaldehyde and sodium cyanoborohydride

Table 1. Biological data


Entry R1 Stereochemistry


1 CH3 2S,4S


2 CH3 2S,4R


3 C2H5 2S,4S


4b i-Pr 2S,4R


5 s-Bu 2S,4R


6 Bn 2S,4S


7 Bn 2S,4R


UAMC000395 H 2S


a IC50 (lM); the errors shown are the errors on the fit.
b (4R) of compounds 4, 5 corresponds to (4S) of compounds 1, 3, 6.

after Boc-deprotection with trifluoroacetic acid. At
this stage the (2S)-compounds were purified until
100% de by chromatography and finally Z-deprotected
by hydrobromic acid/acetic acid.


A set of compounds were prepared with methyl-,
ethyl-, isopropyl-, sec-butyl and benzyl substituents
(Table 1). All compounds were evaluated as
described for their ability to inhibit DPP II, DPP IV
and DPP 8 and their IC50s compared with reference
compound UAMC00039.5 Results are summarized in
Table 1.


Following conclusions can be drawn from the results
obtained:


• The (4S)-methyl-(2S)-compound (1) shows about the
same activity as the reference compound. The corre-
sponding (2S,4R)-compound (2) is about 100 times
less active. The (4S)-methyl group does not hinder
the inhibitor–enzyme interaction and keeps the inhib-
itor in its active conformation.


• Larger substituents at the 4-position decrease the
activity: the (4S)-ethyl-(2S)-compound (3) and the
(4S)-benzyl-(2S)-compound (6) are about 5 times less
active. Isopropyl- and sec-butyl substitutions (com-

DPP IIa DPP IVa DPP 8a


0.00062 ± 0.00003 325 ± 16 148 ± 16


0.057 ± 0.004 >250 65 ± 2


0.0034 ± 0.0002 >100 >100


0.019 ± 0.001 >125 >100


0.084 ± 0.006 234 ± 31 >100


0.0038 ± 0.0002 >125 >100


0.0465 ± 0.0133 >125 >500


0.00022 ± 0.00002 196 ± 8 142 ± 17
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pounds 4, 5) afford lower inhibitory activities. The
lower activity for (4R) compounds is confirmed by
benzyl compound 7.


• The selectivity of N-(2,4-diaminobutanoyl)piperidines
towards DPP II is confirmed: each compound shows a
selectivity index of >1000 over DPP IV and DPP 8.


These results will be used in the investigation of the
active site of DPP II and its interaction with inhibitors.
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