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Abstract—The iron salt-mediated Polonovski reaction efficiently N-demethylates certain opiate alkaloids. In this process, the use of
the hydrochloride salt of the tertiary N-methyl amine oxide was reported to give better yields of the desired N-demethylated product.
Herein, we report further investigation into the use of N-oxide salts in the iron salt-mediated Polonovski reaction. An efficient
approach for the removal of iron salts that greatly facilitates isolation and purification of the N-nor product is also described.
� 2006 Elsevier Ltd. All rights reserved.

The N-methyl group is a characteristic moiety associated
with many naturally occurring alkaloids of biological
significance, including the prominent analgesic opiates
morphine and codeine. Formation of the secondary
amine in the opiate skeleton allows for substitution of
the nitrogen atom, leading to the synthesis of pharma-
ceutically useful opiates such as naloxone (1), naltrexone
(2), nalbuphine (3) and buprenorphine (4).1 Thus, the
formation of the N-demethylated derivative is an impor-
tant intermediate in the synthesis of synthetic opiates.
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A number of procedures have been reported for the N-
demethylation of opiate alkaloids. These include reac-
tion with cyanogen bromide (von Braun reaction)2 or
a substituted chloroformate3 followed by cleavage of
the resultant cyanamide or carbamate. Reaction with a
dialkyl azodicarboxylate followed by hydrolysis has also
been used to effect this conversion. Photochemical4 and
microbial5 N-demethylation procedures are known,
though the former has proven to be low yielding in the
case of opiates.


In a recent preliminary communication, we reported an
inexpensive and effective approach for the N-demethyl-
ation of opiate alkaloids which employed a modified
iron salt-mediated Polonovski reaction.6 This approach
involved the conversion of the tertiary N-methyl amine
to the corresponding N-oxide (by treatment with hydro-
gen peroxide or m-chloroperbenzoic acid) followed by
treatment with iron sulfate. A range of opiates were suc-
cessfully N-demethylated using this procedure in moder-
ate to high yield. In all cases, the major by-product
formed during the iron sulfate step was the parent
N-methyl compound. It was found that isolation of
the corresponding N-oxide as its hydrochloride salt pri-
or to iron treatment afforded superior yields of the de-
sired ‘N-nor’ product. A high yielding example of this
procedure is the conversion of codeine methyl ether
(CME, 5a) to the corresponding N-nor analogue 5b,
which proceeded in 87% yield over two steps (Scheme
1). More recently, an alternative method for the deoxy-
genative demethylation of tertiary amine-N-oxides has
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been reported which employed a ‘column chromatogra-
phy-like’ setup comprised of different reaction zones.7


This approach is yet to be trialed on opiate alkaloids.


One of the limitations of the iron salt-mediated variant of
the Polonovski reaction is the difficulty in separating the
product from the iron salts. The use of EDTA as an
iron-chelating agent in the reaction work-up proved to
be effective in removing iron salts in a number of cases.6


However, the basic conditions (pH 10) that were required
to ensure that metal coordination occurred were problem-
atic for substrates with base-sensitive functionality.


The aim of this study was 2-fold; to further explore the
scope of the use of amine-N-oxide salts in the non-clas-
sical Polonovski reaction, and to incorporate an alterna-
tive method of iron removal that would provide greater
substrate tolerance and thus increased product yields.


A series of codeine methyl ether N-oxide salts were pre-
pared in order to probe the effect of the anion on the iron
salt-mediated Polonovski reaction. These salts were sim-
ply prepared by treating CME N-oxide with 1.1 equiv of
the appropriate acid. The results following reaction with
iron sulfate in methanol are summarised in Table 1.


In all cases, the combined isolated yields of nor-CME (5b)
and CME (5a) were high, ranging from 82% to 100%. The

Table 1. Effect of anion on the N-demethylation of codeine methyl


ether


Anion nor-CME (5b)


% yielda


CME (5a)


% yielda


Ratio


Cl� 82 18 4.6:1


Phthalate 79 17 4.6:1


NO3
� 70 29 2.4:1


H2PO4
� 60 32 1.9:1


ClO4
� 56 40 1.4:1


HSO4
� 34 48 0.7:1


a Isolated yield after column chromatography.
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Scheme 2. Proposed mechanism of the iron salt-mediated Polonovski reacti

ratio of these products varied greatly depending on the N-
oxide salt used. Phthalate and chloride salts displayed the
highest yields of nor-CME (82% and 79%, respectively)
and the highest ratio of nor-CME to CME (4.6:1). Ni-
trate, hydrogen phosphate and perchlorate N-oxide salts
were less selective, while the hydrogen sulfate salt afforded
a higher proportion of CME.


The mechanism of the iron salt-mediated version of the
Polonovski reaction is believed to involve two successive
one-electron transfers involving Fe(II)/Fe(III) redox
reactions (Scheme 2).8 It is thought that the iron(II) ini-
tially coordinates to the protonated N-oxide which sub-
sequently undergoes a one-electron reduction which
results in cleavage of the N–O bond and formation of
an aminium radical cation. This radical cation loses an
a-proton and undergoes an electron reorganisation to
form a more stable carbon centred radical (while still
bound to iron). Oxidation of the carbon centred radical
by iron(III) forms an iminium ion which undergoes
hydrolysis to yield the N-demethylated product. An
alternative mechanism has been proposed in which the
aminium radical cation is converted to the iminium
ion directly via transfer of a hydrogen atom to iron(III)
which is reduced to iron(II) with the liberation of a
proton.9 The major by-product is the parent tertiary
N-methylamine which is believed to form when the
intermediate aminium radical cation dissociates from
the oxidised iron complex and undergoes further reduc-
tion by iron(II).


Although the anion effect of N-oxide salts has not been
studied previously, the effect of different iron(II) anions
on the iron-catalysed dealkylation of trimethylamine
oxide has been investigated.10 In that case, the yield of
formaldehyde varied with the anion used (ClO4


�,
SO4


2�, Cl� and PO4
3�). More specifically, as the stabil-


ity constant of the anion with iron(III) increased, the
yield of formaldehyde decreased. This led the authors
to conclude that anions which complex more strongly
with iron(III) may either (1) accelerate the reduction
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of the aminium radical cation or (2) decelerate the
oxidation of the aminium radical cation by Fe(III),
resulting in an enhanced yield of trimethylamine and a
lower yield of formaldehyde. In our case, no correlation
was observed between the stability constant of the
N-oxide anion with iron(III) and the product ratio.


meso-Tetra(4-sulfophenyl)porphine (TPPS, 6) was
investigated as an alternative to EDTA under basic
conditions for the removal of iron salts in the reac-
tion work-up. TPPS was chosen for its high water
solubility (as the corresponding salt), iron affinity
and ease of synthesis. The sodium salt of TPPS
was synthesised from sulfonation of meso-tetraphenyl
porphine (TPP) using hot concentrated sulfuric acid,
followed by aqueous work-up.11 An additional
advantage of using porphyrin systems is their ability
to be demetallated to regenerate the free base
porphyrin.12
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915 55 (3)


10 10 (3)


11 16 (4)


12 16 (8)


a Isolated yields after column chromatography.

A range of substrates which possessed groups known to
be base labile and/or groups which are known to coordi-

respectively) were evaluated using a procedure which


nate to iron (primarily esters and hydroxyl groups,


employed TPPS for the removal of iron salts. Both opi-
ate and tropane alkaloids were included in the test set.
These substrates were efficiently and quantitatively oxi-
dised using magnesium bis(monoperoxyphthalate). The
resultant N-oxide, which was isolated as the phthalate
salt, was then treated with iron sulfate to effect the N-de-
methylation. Once the reaction was complete, tetrasodi-
um meso-tetra(4-sulfonatophenyl)porphine was added
prior to chloroform extraction. In all cases, iron salts
were cleanly extracted into the aqueous phase by the
TPPS, greatly facilitating the isolation of organic prod-
ucts. N-Demethylated products were purified via col-
umn chromatography. The results of this study are
summarised in Table 2. In all cases, the TPPS procedure
for removal of iron salts gave comparable or superior re-
sults to the EDTA procedure. In the opiate examples,
the improvement in yield was most notable in the isola-
tion of norcodeine (7b) and normorphine di-(1-naph-
thoylate) (8b), while significantly improved yields were
observed for all of the tropane alkaloids (10b, 11b and
12b).


In conclusion, the conversion of tertiary N-methyl alka-
loids to the corresponding N-oxide followed by treat-
ment with FeSO4Æ7H2O has proven to be an effective
approach for N-demethylation and formation of the
corresponding secondary amines. The isolation of the
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N-oxide salt following treatment with a variety of acids
was found to have a marked effect on the amount of the
desired N-nor product formed.


The use of the tetrasodium meso-tetra(4-sulfonatophe-
nyl)porphine for the removal of iron as an alternative
to basic EDTA significantly improved the yields of
desired N-nor products. The TPPS procedure has dem-
onstrated tolerance to acetyl, benzoyl and naphthoylate
esters and hydroxyl groups. This modification has
potential applications in large, scale processes, as the
water, soluble porphyrin synthesis is straightforward
and inexpensive, and has the added benefit of being
recyclable through demetallation procedures, thus
reducing costs and enhancing efficiency of the
N-demethylation process.
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Abstract—A conjugate of DHA and doxorubicin (DHA–Dox) was synthesized, and its antitumor activity was evaluated in vitro
against L1210 leukemia cells and in experimental animal tumor models including L1210 leukemia and B16 melanoma. DHA–
Dox showed a greatly improved antitumor efficacy compared to free doxorubicin.
� 2006 Elsevier Ltd. All rights reserved.
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Cancer is the second major cause of death in the
majority of the developed countries. Although there
has been significant progress in the treatment of can-
cer during the last several years, there are still no
cures for most forms of human cancer. The main rea-
son for the difficulty in treatment of cancer is that
most chemotherapeutic drugs lack specificity toward
cancer, that is, while cancer cells are killed, normal
tissues/cells are damaged at the same time. These side
effects often limit dose intensification.1 One strategy to
circumvent this problem is to deliver the chemothera-
peutic agents specifically to tumor tissue through the
use of drug conjugates.


Essential fatty acids have been found to exhibit anti-
cancer activities in vitro and in experimental animal
tumor models as well as in patients with cancer. In
addition, certain essential fatty acids have synergistic
effects with anticancer drugs. Consumption of diets
containing n-3 fatty acids such as cis-4,7,10,13,16,19-
docosahexenoic acid (DHA) was found to inhibit
tumorigenesis,2,3 the growth of rodent tumors,4 and hu-
man breast cancer xenografts.5,6 Inhibition of tumor
growth by n-3 fatty acids was mediated through the
binding of n-3 fatty acids to their receptors on tumor
cells, leading to a decrease in intracellular cyclic AMP
via a Gi protein-coupled signal transduction pathway.7


Experiments demonstrate that tumors take up a large
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proportion of certain kinds of natural fatty acids from
blood for use as biochemical precursors and energy
sources.8


Bradley et al. reported the synthesis of DHA–paclitaxel,
a 2 0-O-acyl conjugate of DHA and paclitaxel (Fig. 1), to
target paclitaxel to tumors to decrease toxicity to
normal tissues and increase the therapeutic index rela-
tive to free paclitaxel.9 DHA is an x-3 fatty acid, a con-
stituent of cell membranes in the brain and elsewhere,
and is used as a precursor for metabolic and biochemical
pathways.4 Because DHA is found in human milk, and
is added to infant formula in Europe and the United
States, it should not have any additional toxicity to
paclitaxel.
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Figure 1. Structures of DHA and DHA–paclitaxel.
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Pharmacokinetic studies of paclitaxel and DHA–paclit-
axel in normal rats suggest that most of the DHA–pac-
litaxel is confined within the intravascular plasma
volume, whereas paclitaxel is rapidly cleared from plas-
ma and distributed into large volumes of peripheral
tissue space.9 When paclitaxel at 20 mg/kg, DHA–paclit-
axel at 27.4 mg/kg (a dose equimolar with 20 mg/kg of
paclitaxel), and DHA–paclitaxel at 120 mg/kg (a dose
equitoxic with 20 mg/kg of paclitaxel) were injected
through the tail vein of mice bearing M109 tumors
weighing approximately 100 mg, the plasma concentra-
tion of paclitaxel remained >2 lM for only 16 h. In con-
trast, paclitaxel derived from DHA–paclitaxel at an
equitoxic dose of 120 mg/kg remained >2 lM for 10
days after injection (tumors grow at concentration
below 2 lM).9 Although less potent than free paclitaxel,
DHA–paclitaxel has a significantly higher therapeutic
index than free paclitaxel in mice bearing tumors. In
addition, DHA–paclitaxel has decreased side effects.


We have recently reported the synthesis and antitumor
efficacy evaluations of DHA–HCPT, a conjugate of
DHA and 10-hydroxycamptothecin (HCPT) (Fig. 2).10


DHA–HCPT showed greatly improved therapeutic effi-
cacies in tumor models tested, compared to the free
HCPT.10 For example, DHA–HCPT (ILS: 154% and
two long-term survivors) was at least twice as effective
as the free HCPT (ILS: 77% and no long-term survivor)
in the L1210 leukemia mouse model at optimal dose.
Based on these experimental results, we think that con-
jugating DHA to existing anticancer drugs might be a
valid strategy to further improve the drug’s anticancer
efficacy. Herein, we report a novel conjugate of DHA
and doxorubicin (Dox), DHA–Dox, (Fig. 3), in which
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Figure 2. Structures of HCPT and DHA–HCPT.
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Figure 3. Structures of DHA–Dox and Dox.

DHA was used as a carrier to deliver Dox to tumors
to increase its therapeutic index.


Dox is one of the most widely used anticancer agents for
the treatment of human cancers including leukemia,
lymphoma, breast and ovarian carcinomas, and many
other solid tumors.11,12 Although Dox has been used
extensively in clinics over the past three decades, its
use is still limited by severe acute and chronic systemic
toxicities including myelosuppression, gastrointestinal
disorders, stomatitis, cumulative cardiotoxicity, and
extravasation.12 Based on the fact that conjugates of
DHA with paclitaxel and HCPT have better therapeutic
efficacy than their corresponding free drugs, it is reason-
able to believe that a conjugate of DHA and Dox may
have superior therapeutic efficacy to free Dox.


DHA–Dox is designed to be double tumor-selective.
First, because of the presence of DHA, it should be
selectively accumulated in tumors, leading to a selective
tumor cell killing. Second, the hydrazone bond used to
link DHA and Dox is expected to be selectively cleaved
in tumor cells, leading to a selective toxicity to tumor
cells. Like other hydrazone-linked Dox derivatives,
DHA–Dox is expected to be stable at physiologic pH
and is decomposed to release free Dox at a lower pH.
For example, Kaneko et al.13 reported that the hydra-
zone linker was almost completely broken within 4 h
to release free Dox at pH 4.5 at 37 �C. In contrast, there
was little decomposition within 5 h at pH 7.4 at 37 �C.
The hydrazone bond has been used in Mylotarg, a clin-
ically used drug for treatment of leukemia, and in other
drugs such as the Br96–Dox conjugate and other Dox
analogues.14 Because the pH in tumors is lower than
in normal tissue,15–18 more free Dox is expected to be
released from DHA–Dox in tumors than in normal tis-
sue, leading to a selective toxicity to tumors. Because of
the double tumor-selectivity, DHA–Dox is expected to
be superior to free Dox.


DHA–Dox was synthesized as illustrated in Scheme 1.19


The commercially available DHA (1) and Boc-protected
hydrazine (BocNHNH2) (2) were coupled in the pres-
ence of 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
(EDCI) affording compound 3 with a 80% yield. The
Boc-protected group of the latter compound was
removed with gaseous hydrogen chloride in ethyl acetate
affording compound 4 with a 95% yield. The targeted
DHA–Dox was synthesized by treatment of Dox and
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Scheme 1. Synthesis of DHA–Dox. Reagents: (a) EDCI, DMF; (b)


HCl/EtOAc; (c) Dox, CH3CN, TFA.







Table 3. Antitumor activity in mice bearing B16 melanomaa


Compound Dose


(mg/kg)


% weight


changeb


Tumor


weight (g)


% TGIc P valued


Control — — 2.38 ± 1.21 — —


DHA–Dox 30 �6 0.72 ± 0.34 70 <0.01


20 �6 1.13 ± 0.46 53 <0.01


Dox 5 �10 1.54 ± 0.48 35 <0.01


a Male BDF1 mice (7/group) were injected sc with 106 cells on day 0.


Drugs were administered ip on days 1 and 5.
b Group bodyweight change was between days 0 and the day at which


time the group of mice had the lowest weight.
c % tumor growth inhibition (TGI) = [1 � (T/C)] · 100, where T and C


are the median tumor weights of the treated groups and the control


group, respectively.
d Comparing to the control.
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compound 4 in the presence of trifluoroacetic acid
(TFA) in acetonitrile with a 49% yield.


The antitumor activity of DHA–Dox was first tested
in vitro against L1210 leukemia cells, and the results
are shown in Table 1. The IC50 values of DHA–Dox
and free Dox are 1.4 and 0.15 lM, respectively. These
results are expected because prodrugs are generally less
potent than their corresponding free drugs.


DHA–Dox was then tested against L1210 leukemia in
mice, and the results are shown in Table 2. At an opti-
mal dose of 16 mg/kg, DHA–Dox produced an ILS of
107%, which is twice of that produced by the free Dox
(ILS: 53% at 5 mg/kg). Furthermore, DHA–Dox
(weight loss: 4%) was less toxic than Dox (weight loss:
7%) to the host animals. On a molar basis, approximate-
ly 5-fold more DHA–Dox (32 mg/kg) can be safely
administered compared with the free Dox (5 mg/kg).
At doses that produced the same therapeutic efficacy
(ILS of 53%), DHA–Dox (8 mg/kg, weight loss: 2%)
was much less toxic to the animals than the free Dox
(5 mg/kg, weight loss: 7%). These results demonstrate
that DHX–Dox is more efficacious than the free Dox,
suggesting that the former is more tumor-selective than
the latter.


The antitumor activity of DHA–Dox was then tested in
mice bearing B16 melanoma, and the results are shown
in Table 3. DHA–Dox was once again proven to be

Table 1. Cytotoxicity against L1210 leukemia cells in vitroa


Compound IC50
b (lM)


Dox 0.15 ± 0.01


DHA–Dox 1.4 ± 0.35


a The assay was set up in triplicate in 96-well flat-bottomed microtiter


plates. All cells were seeded at 5000 cells/well in RPMI-1640 plus 10%


FCS. Drugs were added, and the total volume was adjusted to


0.2 mL/well. Total incubation time was 48 h with the addition of 3H


thymidine for the last 24 h of incubation. The assay was harvested


and radioactivity was counted.
b IC50 values are defined as the minimal drug concentration necessary


to inhibit incorporation of [3H] thymidine by 50% and are averages


of three experiments.


Table 2. Antitumor activity in mice bearing L1210 leukemiaa


Compound Dose


(lg/kg)


% weight


changeb


% ILSc 30-day


survivors


DHA–Dox 32 �11 80 0


16 �4 107 1


8 �2 53 0


Dox 8 �19 53 0


5 �7 53 0


a Male BDF1 mice (6/group) were injected ip with 105 cells on day 0.


Drugs were administered ip on days 1 and 5. The median number of


days of survival of the vehicle-treated mice was 7.5.
b Group bodyweight change between days 0 and the day at which time


the group of mice had the lowest weight.
c % increase in life span (ILS) = [(T/C) � 1)] · 100, where T and C are


the median survival times of the treated groups and the control


group, respectively.

twice as efficacious as Dox in the B16 melanoma model.
At an optimal dose of 30 mg/kg, DHA–Dox produced a
70% tumor growth inhibition (TGI), while the free Dox,
at a dose of 5 mg/kg, only had a 35% TGI. Furthermore,
DHA–Dox (weight loss: 6%) was much less toxic to the
animals than the free Dox (weight loss: 10%). These re-
sults demonstrate, once again, that the therapeutic index
of DHA–Dox is significantly higher than that of the free
Dox.


We have synthesized a conjugate of DHA and Dox. In
animal tumor models, DHA–Dox is significantly more
efficacious than free Dox. It is not clear, however, if this
increased therapeutic efficacy is due to an increased up-
take of DHA–Dox by tumors, an increased half-life of
DHA–Dox or other reasons. These data and those
reported previously suggested that DHA may be used
as a vehicle to target anticancer drugs to tumors to
increase their therapeutic efficacy.
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Abstract—The urokinase plasminogen activator is a trypsin-like serine protease, important in tumor development. Here, we report
the synthesis and biochemical evaluation of selective and potent diaryl esters of phosphonic-type inhibitors for urokinase. We have
found that the substituted phenyl ester ring has a strong influence on the inhibitory activity of these compounds. This led to the most
potent phosphonic inhibitor for uPA synthesized to date.
� 2006 Elsevier Ltd. All rights reserved.

The urokinase plasminogen activator (urokinase, uPA)
is a trypsin-like serine protease, important in many cel-
lular processes such as tumorigenesis, cell proliferation
and migration, cell adhesion, angiogenesis, intravasa-
tion, and metastasis.1–3 The primary role of uPA is to
convert plasminogen into its active form plasmin, a
broad spectrum serine protease which in turn activates
matrix metalloproteases, and also degrades several
extracellular matrix components, including laminin, col-
lagen type IV, fibrin, and fibronectin.4 It facilitates the
detachment of cancer cells from the primary tumor
and their migration within the surrounding tissue into
blood and lymph vessels leading to the formation of
metastases at distant sites.5


Since the urokinase plasminogen activator is involved at
major steps in tumor progression, several molecules able
to inhibit uPA activity have been synthesized. The com-
mon structural motif found in uPA inhibitors is an aro-
matic moiety substituted by an amidino or guanidino
function, which mimics the arginine side chain. Some
of these compounds inhibit uPA-mediated processes
such as angiogenesis, extracellular matrix degradation,
tumor cell adhesion, migration, and invasion.6–8 Despite
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the large group of such molecules, only a few potent and
selective low-molecular weight uPA inhibitors are pres-
ently known.9,10


a-Aminoalkylphosphonate diphenyl esters, the phos-
phonic analogues of naturally occurring amino acids,
and their peptidyl-analogues comprise a group of
irreversible, slow binding, competitive inhibitors for
chymotrypsin-like and trypsin-like serine proteases such
as chymase, trypsin, elastase or urokinase.11–13 Howev-
er, almost no attention has been paid to the possible
enhancement of their activity through the substitution
at the phenyl ester ring.14 Here we describe the synthesis
of new Cbz-N-protected a-aminoalkylphosphonate
diphenyl ester derivatives, aromatic analogues of argi-
nine, as potent and selective inhibitors for urokinase
plasminogen activator. The main purpose of this study
was to determine how simple modifications in the
aromatic ester ring would change the potency of synthe-
sized inhibitors. We have also examined how these
modifications influence its selectivity for trypsin.


The synthetic approach is outlined in Scheme 1.15 In the
first step, different aromatic phosphites 1a–i were syn-
thesized using PCl3 and substituted phenols in refluxing
acetonitrile. The crude phosphites 1a–i were used in the
next step in the amidoalkylation reaction with benzyl
carbamate and 4-nitrobenzaldehyde affording Cbz-N-
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Scheme 1. Preparation of compounds 5a–i. Reagents and conditions: (i) acetonitrile, reflux; (ii) benzyl carbamate, 4-nitrobenzaldehyde, AcOH,


80–90 �C; (iii) SnCl2/H2O, AcOEt, reflux; (iv) S-ethyl-N,N 0-di(Boc)-isothiourea, Et3N, HgCl2, CHCl3; (v) TFA, CH2Cl2.
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protected amino(4-nitrophenyl)methanephosphonate de-
rivatives 2a–i as the racemic mixtures in good yields.16


For the reduction of nitro derivatives 2a–i, SnCl2 dis-
solved in water, as a reductive agent in refluxing ethyl
acetate, was applied. The desired aromatic amines 3a-i
were obtained in quantitative yields. The crucial, guany-
lating step was achieved using S-ethyl-N,N 0-di(Boc)iso-
thiourea in chloroform, in the presence of Et3N and
HgCl2. Subsequent flash chromatography on Silica gel
using CHCl3/ethyl acetate (4:1) as an eluent gave the
guanidines 4a–i.


The oxidation of the S-methyl groups in compound 4h
into the methylsulfonyl groups was performed in the
absolute THF using 30% hydrogen peroxide as an
oxidizing agent, followed by the addition of TFA in
CH2Cl2 (Scheme 2) without isolation of the intermediate
product 4j.


Boc-deprotection of the guanidine group was achieved
by using trifluoroacetic acid (50% solution in methylene
chloride) to yield the TFA salts of 5a–j. The structures
of all final compounds, as well as the intermediates, were
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Scheme 2. Reagents: (i) THF, 30% H2O2 (this step should be handled carefu

characterized by 1H, 13C, 31P NMR, and melting point
analyses.17


The TFA salts of Cbz-N-amino (4-guanidinophenyl) meth-
anephosphonate aromatic esters 5a–j were evaluated for
their ability to inhibit the proteolytic activity of uroki-
nase and trypsin using a chromogenic assay.18 The
enzyme and the inhibitor were incubated for 15 min at
25 �C before the addition of the substrate. Longer incu-
bation times did not change the IC50 values.


The effects resulting from the substitution of simple
aliphatic chain in the phenyl ring at para position of
Cbz-(4-GuPhg)P(OPh)2 are noticeable, as seen in
Table 1. In general, a comparison of the IC50 values
clearly shows that the substitution at position 4 has
a strong influence on the inhibitory activity of these
derivatives, but in most cases it lacks the selectivity.
Compound 5h is the most potent phosphonic uPA
inhibitor synthesized to date (8.7 nM toward trypsin
and 26 nM toward uPA). The highest selectivity was
obtained for 5j and 5f, and total selectivity for 5i.
These results are in agreement with the 3D-QSAR
studies and the model which predict the existence of
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Table 1. The inhibitory activity of different aromatic esters of a-aminoalkylphosphonates


O


O


N
H


P
O
OO R


R


HN NH


NH2 *TFA


Compound R IC50 (lM) kobsd/[I]b [M�1 s�1] Selectivity


uPA Trypsin uPA Trypsin


5a 0.532 0.112 1450 6870 0.21


5b 0.370 0.176 2080 4370 0.48


5c 7.80 0.017 100 >10,000 0.002


5d 0.208 0.061 3700 >10,000 0.29


5e 0.098 0.088 7850 8750 0.90


5f 0.204 2.31 3800 330 11.3


5g
O


2.60 0.251 300 3070 0.10


5h
S


0.026 0.0087 >10,000 >10,000 0.33


5i 0.455 NIa 1700 NI —


5j S
O O


0.053 23 >10,000 30 434


a NI, no inhibition after 25 min of incubation with enzyme.
b The apparent second-order inhibition rate constant kobsd/[I] was calculated using incubation method under pseudo-first-order reaction conditions


(inhibitor concentration P10· enzyme concentration).19
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large hydrophobic subsite in the uPA structure on the
leaving group site.20 It is possible that one of the
substituted aromatic ester rings could attach to this
site. This region seems to play a pivotal role in the
selectivity of these molecules.


In conclusion, we describe herein the synthesis and the
inhibitory activity of new Cbz-N-protected derivatives
of a-aminoalkylphosphonates with different aromatic
ester rings. The compounds obtained are potent inhibi-
tors of urokinase and trypsin even as the racemic
mixtures. This leads to the conclusion that such modifi-
cations have a strong influence on the inhibitory activity
of these derivatives. Further investigation in this field
may lead to more potent and selective inhibitors. The
next challenge in this area is the synthesis of pure
enantiomers of the most potent inhibitors and their

peptidyl-derivatives. We are currently at advanced stag-
es in the synthesis of peptides which contain such phos-
phonic motif at the C-terminal as selective toward
several other trypsin-like serine proteases. Irreversible
inhibition of u-PA by phosphonate type inhibitors
may be advantageous for in vivo activity.21 However,
this needs to be established in the animal model, if
u-PA gene knockout mice remain healthy.22
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M. Sieńczyk, J. Oleksyszyn / Bioorg. Med. Chem. Lett. 16 (2006) 2886–2890 2889

Supplementary data


Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.
bmcl.2006.03.002.

References and notes


1. Duffy, M. J. Curr. Pharm. Des. 2004, 10, 39.
2. Danø, K.; Andreasen, P. A.; Grøndahl-Hansen, J.;


Kristensen, P.; Nielsen, L. S.; Skriver, L. Adv. Cancer
Res. 1985, 44, 139.


3. Andreasen, P. A.; Egelund, R.; Petersen, H. H. Cell. Mol.
Life Sci. 2000, 57, 25.


4. (a) Ramos-DeSimone, N.; Hahn-Dantona, E.; Spiley, J.;
Nagase, H.; French, D. L.; Quigley, J. P. J. Biol. Chem.
1999, 274, 13066; (b) DeClerck, Y. A.; Laug, W. E.
Enzyme Protein 1996, 49, 72; (c) Johnsen, M.; Lund, L. R.;
Rømer, J.; Almholt, K.; Danø, K. Curr. Opin. Cell Biol.
1998, 10, 667.


5. Schweinitz, A.; Steinmetzer, T.; Banke, I. J.; Arlt, M. J.;
Sturzebecher, A.; Schuster, O.; Geissler, A.; Giersiefen,
H.; Zeslawska, E.; Jacob, U.; Kruger, A.; Sturzebecher, J.
J. Biol. Chem. 2004, 279, 33613.


6. Ertongur, S.; Lang, S.; Mack, B.; Wosikowski, K.;
Muehlenweg, B.; Gires, O. Int. J. Cancer 2004, 110, 815.


7. Rabbani, S. A.; Harakidas, P.; Davidson, D. J.; Henkin,
J.; Mazar, A. P. Int. J. Cancer 1995, 63, 840.


8. Xing, R. H.; Mazar, A. P.; Henkin, J.; Rabbani, S. A.
Curr. Pharm. Des. 2002, 8, 2541.


9. Magdolen, V.; de Prada, N. A.; Sperl, S.; Muehlenweg, B.;
Luther, T.; Wilhelm, O. G.; Magdolen, U.; Graeff, H.;
Reuning, U.; Schmitt, M. Adv. Exp. Med. Biol. 2000, 477,
331.


10. Sperl, S.; Jacob, U.; de Prada, A. N.; Sturzebecher, J.;
Wilhelm, O. G.; Bode, W.; Magdolen, V.; Huber, R.;
Moroder, L. Proc. Natl. Acad. Sci. U.S.A. 2000, 97, 5113.


11. Oleksyszyn, J.; Powers, J. C. Biochemistry 1991, 30, 485.
12. Oleksyszyn, J.; Boduszek, B.; Kam, C.-M.; Powers, J.


J. Med. Chem. 1994, 37, 226.
13. Joossens, J.; Van der Veken, P.; Lambeir, A.-M.; Augus-


tyns, K.; Haemers, A. J. Med. Chem. 2004, 47, 2411.
14. Boduszek, B.; Oleksyszyn, J.; Kam, C.-M.; Selzler, J.;


Smith, R.; Powers, J. J. Med. Chem. 1994, 37, 3969.
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(DMSO): 14.81 (s); 1H NMR (DMSO): 3.72 (d,
J = 3.0 Hz, 6H), 5.07 (d, J = 12.6 Hz, 1H), 5.16 (d,
J = 12.6 Hz, 1H), 5.58 (d, J = 10.2, 22.5 Hz, 1H), 6.75–
7.69 (m, Ar-H, NH, 20H), 8.92 (d, J = 10.2 Hz, 1H), 9.98
(s, 1H); 13C NMR (DMSO): 52.63 (d, J = 158.6 Hz),
55.93, 66.70, 115.16 (d, J = 12.1 Hz), 121.62, 121.64,
121.79, 124.48, 128.54, 128.87, 130.24, 133.02, 135.94,
137.10, 143.66 (d, J = 4.5 Hz), 144.02 (d, J = 4.5 Hz),
156.21, 156.46, 156.85, 156.94.
Compound 5h: White solid, mp 90–93 �C; 31P NMR
(DMSO): 16.37 (s); 1H NMR (CDCl3): 2.43 (d, J = 1.1 Hz,
6H), 5.03 (d, J = 12.4 Hz, 1H), 5.12 (d, J = 12.4 Hz, 1H),
5.60 (dd, J = 10.2, 22.7 Hz, 1H), 6.95–7.68 (m, Ar-H, NH,
20H), 8.89 (d,J = 9.7 Hz, 1H), 9.75 (s, 1H); 13C NMR
(DMSO): 15.78 (d, J = 3.7 Hz), 52.78 (d, J = 156.4 Hz),
66.78, 121.31, 121.36, 121.49, 124.64, 128.08, 128.55,
128.89, 130.32, 132.84, 137.06, 148.20, 156.15.
Compound 5i: White solid, mp 130 �C; 31P NMR
(DMSO): 14.81 (s); 1H NMR (DMSO): 5.07 (d,
J = 12.6 Hz, 1H), 5.12 (d, J = 12.0 Hz, 1H), 5.79 (dd,
J = 10.2, 22.8 Hz, 1H), 7.31–7.95 (m, Ar-H, NH, 26H),
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9.06 (d, J = 10.2 Hz, 1H), 9.91 (s, 1H); 13C NMR
(DMSO): 51.86 (d, J = 148.0 Hz), 66.79, 117.25 (d,
J = 15.1 Hz), 120.82 (d, J = 6.0 Hz), 124.59, 126.26 (d,
J = 7.5 Hz), 127.48, 127.82 (d, J = 4.5 Hz), 128.18, 128.51,
128.85, 130.43 (d, J = 12.1 Hz), 131.03 (d, J = 6.0 Hz),
132.89, 133.76, 136.05, 137.01, 147.90, 147.96, 148.31,
156.17.
Compound 5j: Pale yellow solid, mp 240 �C; 31P NMR
(CDCl3): 14.23 (s); 1H NMR (CDCl3): 3.06 (s, 6H), 4.71–
4.81 (m, 1H), 4.85 (d, J = 12.6 Hz, 1H), 4.92 (d,
J = 12.6 Hz, 1H), 6.80 (d, J = 8.4 Hz, 2H), 7.08–7.38 (m,
Ar-H, 17H), 7.72 (d, J = 8.7 Hz, 2H), 9.77 (s, 1H); 13C
NMR (CDCl3): 44.32, 54.05 (d, J = 140.5 Hz), 65.97,
121.36, 122.72, 128.16, 128.23, 128.79, 129.05, 129.81,
131.33, 134.60, 135.06, 137.55, 156.01, 156.22, 162.41.


18. The inhibitory effects of inhibitors on the enzymatic
activity of urokinase-type plasminogen activator (LMW
uPA from human urine, Calbiochem) and trypsin (from
bovine pancreas, Sigma–Aldrich) were evaluated using
Cbz-Val-Gly-Arg-pNA as a chromogenic substrate for
uPA and Bz-LL-Arg-pNA for trypsin. The change of
absorbance was measured at 410 nm at 25 �C (Bio-
chrom 4060). The assay buffer used was Tris–HCl (pH
8.8) containing 0.1 M NaCl (for urokinase) and HEPES
0.1 M (pH 7.5) containing 0.01 M CaCl2 (for trypsin).
The final concentration was 30 IU/ml for urokinase and

200 lM for its substrate, 10 U/ml for trypsin and
100 lM for its substrate. Typical kinetic analysis
procedure: 50 ll (for trypsin) or 10 ll (for uPA) of
the inhibitor solution in DMSO was added to the
buffered enzyme solution (2.05 ml for trypsin and
0.58 ml for urokinase) to initiate the inactivation
reaction. After incubation at 25 �C for 15 min, 50 ll
(for trypsin) or 10 ll (for uPA) of the substrate
solution was added. The change of absorbance was
measured for 20 min.


19. Oleksyszyn, J.; Powers, J. C.. In Methods in Enzymology;
Academic, 1994; Vol. 244, pp 423–441.


20. Bhongade, B. A.; Gadad, A. K. Bioorg. Med. Chem. Lett.
2004, 12, 2797.


21. Initial experiments on the stability of the enzyme–inhibitor
complex were performed for compound 5a and trypsin.
First, trypsin was inhibited by compound 5a and the
excess of inhibitor was removed by centrifugation using a
Millipore Centricon� 10kDa cut-off filter. The enzyme was
then incubated in HEPES buffer at pH 7.5 for 7 days.
After this time, the enzyme regained 5% of its original
activity as compared to the control, which retained 95% of
its original activity after 7 days.


22. Carmeliet, P.; Schoonjans, L.; Kieckens, L.; Ream, B.;
Degen, J.; Bronson, R.; De Vos, R.; van denOord, J. J.;
Collen, D.; Mulligan, R. C. Nature 1994, 368, 379.
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Abstract—The antibacterial activities of the para-guanidinoethylphenol and of its cyclic tetramer, the tetra-para-guanidinoethyl-
calix[4]arene, have been evaluated on reference Gram-positive and Gram-negative bacteria. Antibiotic disk diffusion assays complet-
ed by micromethod technique were employed to determine if a synergistic effect could be expected from the spatial organisation of
the monomer into its cyclic tetrameric analogue. Disk diffusion assays and microdilution experiments revealed better properties for
the calixarene species, with a real and important gain of activity with regards to the monomer.
� 2006 Elsevier Ltd. All rights reserved.

The dramatic situation of mankind in face of the resis-
tance of pathogenic microorganisms to present antibi-
otics requires developing research dedicated to the
discovery of new drugs in this field.1 In this sense, we
have recently described the synthesis of new potent
molecular drug dispensers, based on a calixarene plat-
form displaying at the lower rim penicillin or quino-
lone moieties attached via a labile bound.2,3 At the
same time, we have focused on the development of cal-
ixarene derivatives displaying an intrinsic antimicrobial
activity. Among the various approaches that are under
evaluation in our group, one is dedicated to polycat-
ionic calixarene-based guanidinium podands. As phar-
maceutical antimicrobial agents, the guanidinium
derivatives have been modestly investigated in recent
years, and essentially reported in the form of patents:
for example, antibacterial, antiviral or antitumoural
activities are described.4 Most of the studied com-
pounds are poly-guanidinium species derived from the
old antidiabetic and trypanocidal Synthalin A or B,5


in which guanidiniums are generally attached at the
ends or along alkyl or polymeric chains, that could
be considered as flexible linear organising templates.

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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More rigid, the calixarene species6 are oligomeric pheno-
lic macrocycles that have demonstrated their excellent
organisational behaviour for a multitude of active func-
tionalities. Very few reports, essentially under the form
of patents, have focused on their therapeutical proper-
ties; some of them, hydrophilic, have shown interesting
activities against bacteria,7 fungi, cancerous cells and
viruses,8 enveloped viruses,9 but also against thrombot-
ic10 or fibrotic diseases.11 In the mid-1950s, the calixa-
rene derivative ‘Macrocyclon,’12 and more recently
some parent structures,13 were studied in the treatment
of tuberculosis and other mycobacterioses. The building
of designed calixarenic mimics of vancomycin has also
been studied as antimicrobial agents.14


Based on the fact that most bacteria are negatively
charged, and on the aforementioned organising behav-
iour, the introduction of positive charges on the calix-
arene core leads to a constrained oligomeric
polycation. Its high organisation could lead, with re-
gard to the monomeric analogue, to an interesting syn-
ergistic effect in ionic interactions with the surface of
bacteria, resulting in an antibacterial behaviour.


Among the rare organic cations available, the guanidi-
nium was first chosen for its stability in a large range
of pH values. A few calixarene guanidinium derivatives
have been studied so far,15 and some biological studies
related to plasmid DNA binding and cytotoxicity evalu-
ation have been reported by Ungaro and co-workers.15a
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To evaluate the potent synergistic effect mentioned
above, we present here our preliminary results concern-
ing the tetra-para-guanidino-ethyl calix[4] arene 3 and
its monomer 4. Compound 3 was synthesized according
to Scheme 1; the process involved the addition of di-
Boc-triflylguanidine to the tetra-ethylamino species 1,16


according to Baker et al.17 The octa-Boc species 2 was
finally treated with trifluoroacetic acid to give the
tetra-guanidinium salt 3. The overall yield was 52%.
1H, 13C NMR, elemental analyses and mass spectrome-
try were consistent with the proposed formulas for the
new compounds 2 and 3.18 According to de Mendoza
and co-workers,19 13C NMR experiment carried out in
D2O suggested that 3 is in the cone conformation, with
an Ar–CH2–Ar resonance signal at 30.96 ppm. Never-
theless, the corresponding protons appear as a singlet
at 3.82 ppm, expressing a mobile cone conformation.


The para-guanidinoethylphenol 4, monomer of 3, has
been evaluated as uptake inhibitor of prazosin by trans-
port-P system,20 for treating mitochondria-associated
diseases,21 non-insulin-dependent diabetes mellitus and
obesity,22 hypotension,23 but no antibiotic activity has
been described until now. 4 was prepared from tyra-
mine, N,N-di(Boc)-S-methylisothiourea and HgCl2.24


This less expensive process was also employed for 3,
but resulted in the formation of multiple products not
easy to separate, leading us to prefer the former
procedure.


In the present study, microbiological tests were carried
out with compounds 3 and 4 against various Gram-
negative (Escherichia coli ATCC 25922, Pseudomonas
aeruginosa ATCC 27853) and Gram-positive (Staphylo-
coccus aureus ATCC 25923, Enterococcus faecalis ATCC
29212) bacteria. Antibacterial activities were evaluated

Scheme 1. Synthetic pathway to compound 3, and representation of monom

both in solid and liquid phases. For the former, antibiotic
disk diffusion assays were performed on Mueller–Hinton
agar with sterile 6 mm diameter disks impregnated with
different quantities of compounds 3 and 4. The Petri dish-
es were incubated at 37 �C, and the diameters of the zone
inhibition were measured at 24 h of incubation, accord-
ing to NCCLS and CA-SFM guidelines.25 Controls made
with reference antibiotics26 were consistent with the val-
ues of the literature.25 Results are given in Table 1 for
compounds 3 and 4. In order to compare 3 and 4 versus
the number of guanidinium units, the quantities deposit-
ed on disks are given in mass, 3 being in this way consid-
ered as a simple tetramer of 4.


According to Table 1, 3 displays a significant antibacte-
rial activity, very interestingly both on Gram-positive
and Gram-negative species, at different quantities, while
4 remains inactive, except for E. coli and P. aeruginosa
at the highest deposit (256 lg). Comparing here the zone
inhibition diameters showed that 3 is ca three times
more potent than 4.


Such solid-phase experiments being strongly dependent
on drug diffusion process, and comparing here two com-
pounds differentiated by a 1–4 mass ratio, we preferred
to perform liquid-phase experiments that should provide
a full contact between drug and cells.


Antibacterial activities of compounds 3 and 4 against
E. coli, P. aeruginosa, S. aureus and E. faecalis, were
thus carried out according to microdilution protocols
performed in 96-well U-shaped microtitre plates
described by NCCLS.27 The minimum inhibitory
concentration (MIC) of both compounds was
determined against the four bacterial strains using
this technique.

er p-guanidinoethylphenol 4.







Table 2. Liquid-phase antibacterial activities and selectivity indexes of compounds 3 and 4


Minimum inhibitory concentration (MIC) Selectivity index


3 in lg mL�1


(10�5 mol L�1)


4 in lg mL�1


(10�5 mol L�1)


Mass


ratio 4/3a


Molar


ratio 4/3


Ratio


IC50 48 h/MIC 3


Ratio


IC50 48 h/MIC 4


E. coli ATCC 25922 16 (1.3) 512 (175) 32 135 43 0.48


S. aureus ATCC 25923 16 (1.3) 512 (175) 32 135 43 0.48


E. faecalis ATCC 29212 16 (1.3) 512 (175) 32 135 43 0.48


P. aeruginosa ATCC 27853 64 (5.1) P512 (175) 8 34 11 60.48


a Or molar ratio 4/(3 as 4 guanidiniums).


Table 1. Solid-phase antibacterial activities of compounds 3 and 4


3 4 3 4 3 4 3 4


270a 256 135 128 67 65 34 32


E. coli ATCC 25922 11.2 (±0.8)b 7.6 (±0.1) 9.3 (±0.6) na 7.3 (±0.6) nac na na


P. aeruginosa ATCC 27853 7.8 (±0.3) na na na na na na na


S. aureus ATCC 25923 11.0 (±0.0) 7.8 (±0.3) 9.0 (±0.0) na 8.0 (±0.0) na 6.3 (±0.6) na


E. faecalis ATCC 29212 10.0 (±0.0) na 8.3 (±0.6) na 6.6 (±0.6) na na na


a Quantity (lg) deposited on a 6 mm diameter cellulose disk.
b Diameter of inhibition, values in millimeter, means of three experiments, standard deviation given in parentheses.
c na means no activity.
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The results presented in Table 2 show that the calixarene
species 3 is strongly active at 18 h since 16 lg mL�1 for
E. coli, S. aureus or E. faecalis, and 64 lg mL�1 for
P. aeruginosa, while the monomer 4 needs the higher
concentrations of 512 lg mL�1 or more. Compound 3
appears thus incontestably more active than 4, from 32
(mass ratio) and 135 (molar ratio) times for E. coli,
S. aureus and E. faecalis, to 8 and 34 times, respectively,
for P. aeruginosa.


In view of these interesting results, a necessary prelimin-
ary evaluation of selectivity indexes of 3 and 4 was done.
This was performed via testing the viability effect of
these molecules on eukaryotic cells using an MTT
assay.28


MRC-5 cells (human embryonic lung fibroblasts) were
plated on 96-well plates (104 cells/well) and different
amounts of 3 and 4 were added. The relative number
of metabolically active cells was assessed by reduction
of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide (MTT). At 48 h, the observed viability IC50 val-
ues are 5.6 · 10�4 M for calixarene 3 and 8.5 · 10�4 M
for monomer 4. The resulting selectivity indexes IC50/
MIC were thus evaluated (Table 2) for 3 to 43 for
E. coli, S. aureus or E. faecalis, and 11 for P. aeruginosa,
while monomer 4 appears as toxic as active, with an
index of 0.48.


In conclusion, the results obtained in this preliminary
study show a remarkable gain of antibacterial proper-
ties, without decrease of eukaryotic cell viability, from
the monomeric para-guanidinoethyl phenol 4 to its tet-
rameric cyclic isomer 3. As one of the possible explana-
tions, we can suspect, at this stage of the study, an
important organisational role of the calixarene core of
3, that tethers close together, and arrays at its upper
rim four guanidinium groups, resulting in a synergistic
effect in ionic interactions with the membrane targets.
Improvement of these hypotheses requires the develop-

ment of parent compounds and their non-conic con-
formers, as well as the linear oligomers, in order to
obtain more pertinent structure–activity relationships.
This is under current investigation.
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1989; (b) Asfari, Z.; Böhmer, V.; Harrowfield, J.;
Vicens, J. Eds.; Calixarenes 2001; Kluwer: Dordrecht,
The Netherlands, 2001.


7. Yo, T., Fujiwara, K., Otsuka, M., JP 10203906, 1998.







M. Mourer et al. / Bioorg. Med. Chem. Lett. 16 (2006) 2960–2963 2963

8. (a) Harris, S. J., WO Patent 9519974, 1995; (b) Harris, S.
J., WO Patent 0244121, 2002.


9. Hwang, K. M.; Qi, Y. M.; Liu, S. Y.; Choy, W.; Chen, J.
WO Patent 9403164, 1994.


10. Hwang, K. M.; Qi, Y. M.; Liu, S. Y.; Lee, T. C.; Choy,
W.; Chen, J. WO Patent 9403165, 1994.


11. Hulmes, D.; Coleman, A.; Aubert-Foucher, E. (CNRS,
Fr) WO patent 0007585, 2000.


12. Cornforth, J. W.; D’Arcy Hart, P.; Nicholls, G. A.; Rees,
R. J. W.; Stock, J. A. Br. J. Pharmacol. 1955, 10, 73.


13. D’Arcy Hart, P.; Armstrong, A. J.; Brodaty, E. Infect.
Immun. 1996, 64, 1491.


14. Casnati, A.; Fabbi, M.; Pelizzi, N.; Pochini, A.; Sansone,
F.; Ungaro, R.; Di Modugno, E.; Tarzia, G. Bioorg. Med.
Chem. Lett. 1996, 6, 2699.


15. (a) Dudic, M.; Colombo, A.; Sansone, F.; Casnati, A.;
Donofrio, G.; Ungaro, R. Tetrahedron 2004, 60, 11613; (b)
Auletta, T.; Dordi, B.; Mulder, A.; Sartori, A.; Onclin, S.;
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Abstract—A new class of high affinity hNK1R antagonists based on seven-membered ring cores has been identified. This series, with
relatively simple, compact structures, includes compounds with high affinity, good selectivity, and promising in vivo properties.
� 2006 Elsevier Ltd. All rights reserved.

The utility of neurokinin-1 receptor (NK1R) antagonists
for the treatment of post-operative and chemotherapy-
induced emesis has now been established. Aprepitant
(Emend�) 1 is currently the only commercially available
drug in this class.1,2 There have been many reports of
NK1R antagonists in which the elements necessary for
binding are constructed around five- or six-membered
cyclic cores.3 However, extension to larger ring sizes is
rare. We have now found that the use of core scaffolds
based on seven-membered rings leads to novel NK1R
antagonists with high in vitro affinity and promising
in vivo properties.
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Racemic cyclohexanone 2 was prepared via palladium
catalyzed a-arylation of 1,4-dioxaspiro[4.5]decan-8-
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one.4 Reduction with (R)-2-methyl-CBS-oxaborolidine
gave a 1:1 mixture of diastereomeric alcohols from
which trans-3 was isolated with modest ee (54%)
(Scheme 1). This was improved to 100% ee in the next
step, O-alkylation with the 2,2,2-trichloroacetimidate
prepared from enantiomerically pure (S)-1-[3,5-bis(tri-
fluoromethyl)phenyl]ethanol.5 Deprotection and a two-
step Beckmann rearrangement gave the two isomeric
lactams 6a and 6b. The intermediate p-toluenesulfony-
loximes 5a and 5b were stable at room temperature
and could be easily separated by chromatography. Reg-
ioselective rearrangement occurred on heating to 100 �C
in a microwave synthesizer to give 6a and 6b, respective-
ly. Alternatively, a one-step modified Schmidt reaction
(NaN3, TiCl4, MeCN, reflux) of 4 gave the mixed lac-
tams directly. N-Methylation of the lactams occurred
smoothly on treatment with sodium hydride and methyl
iodide.


a-Methylation of the cyclohexanone 4 via the corre-
sponding b-ketoesters gave 8a and 8b (Scheme 2). As
expected, these were formed exclusively as the thermo-
dynamically more stable equatorial isomers. Modified
Schmidt rearrangement of 8a gave 9a as the major prod-
uct, the result of migration of the secondary alkyl group.
Migration of the primary group to give 9b was also seen,
but as a minor component. Under the same conditions,
8b gave exclusive migration of the secondary alkyl group
to give 9c. The isomer was not detected.
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Scheme 1. Reagents and conditions: (i) 1-bromo-4-fluorobenzene, tris(dibenzylideneacetone)dipalladium(0), xantphos, NaO-t-Bu, THF, 80 �C; (ii)


BH3ÆDMS, (R)-2-methyl-CBS-oxaborolidine, PhCH3, �20 �C; (iii) (S)-1-(3,5-bistrifluoromethylphenyl)ethyl-2,2,2-trichloroacetimidate, HBF4, 1,2-


DCE, hexanes, �16 �C; (iv) TFA, CH2Cl2, H2O; (v) NH2OHÆHCl, NaOH, EtOH–H2O, reflux; (vi) p-TolSO2Cl, DMAP, CH2Cl2; (vii) separate


isomers; (viii) 100 �C (microwave heating), THF–H2O; (ix) NaH, MeI, DMF.
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Scheme 2. Reagents and conditions: (i) NaH, dimethylcarbonate, THF, reflux; (ii) NaH, MeI, DMF; (iii) separate isomers; (iv) NaCl, H2O, DMSO,


150 �C; (v) NaN3, TiCl4, MeCN, reflux.
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Scheme 3. Reagents and conditions: (i) Lawesson’s reagent, PhCH3; (ii) H2NCH2CH(OMe)2, Hg(OAc)2, THF; (iii) p-TsOH, PhCH3, 70 �C; (iv)


separate isomers; (v) Me3OBF4, CH2Cl2; (vi) EtO2CNHNH2, EtOH, 150 �C.
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The fused imidazoles (11a and 11b) and triazolones (12a
and 12b) were prepared by activation of the lactams 6a
and 6b as shown (Scheme 3).


The regiochemistry of the isomeric product pairs 6a/6b,
11a/11b, and 12a/12b was determined through correla-
tion spectroscopy (COSY) assignment of all the 1H
NMR signals due to protons on the seven-membered
ring. The signals due to the methylene protons either
side of the amide link or fused heterocycle showed
characteristic chemical shifts.6 In the case of 6a/6b,
further evidence came from coupling of the exchange-
able lactam NH to the adjacent methylene. However,
this was not the case for the methylated lactams
9a–c. Correlation spectroscopy yielded the 3J proton
coupling around the ring, but the signals due to the
methylene and methine protons either side of the
amide link varied considerably between isomers and
were therefore not characteristic. Where coupling of

Table 1. hNK1R affinity, hIKr affinity, and in vivo activity


Compound hNK1R IC50
a (nM) hIKr Ki


b (lM


6a 0.14 ± 0.05 >9


6b 0.64 ± 0.4 >9


7a 0.12 ± 0.03 >9


7b 0.53 ± 0.13 >9


9a 0.41 ± 0.11 8.5


9b 0.23 ± 0.04 2.4


9c 0.09 ± 0.03 >9


10a 0.49 ± 0.15 >9


10b 0.44 ± 0.10 5.4


10c 0.33 ± 0.10 6.7


11a 0.28 ± 0.03 1.8


11b 0.43 ± 0.08 1.4


12a 0.19 ± 0.04 >9


12b 0.22 ± 0.08 >9


a Displacement of [125I] labeled substance P from the cloned hNK1 receptor
b Displacement of labeled MK-499 from cloned channel expressed in HEK c
c Inhibition of GR73632-induced foottapping in gerbils.9 Where an ID50 val
d Plasma drug levels determined by LC–MS/MS following protein precipitat

the exchangeable lactam NH to either an adjacent
methylene or methine group was seen, an assignment
of structure could be made. Further confirmation
could be obtained from the 13C chemical shifts for
the methylene and methine carbons either side of the
amide link. Unlike the proton chemical shifts, these
were consistent and characteristic for all isomers.
These were determined via multiplicity edited hetero-
nuclear single quantum correlation experiments
(HSQC-DEPT), which provide a reading for the
carbon chemical shift to which a proton is directly
connected. In this series, the signal due to the carbon
adjacent to the lactam nitrogen had a characteristic
chemical shift of ca. 50 ppm, whereas the signal due
to the carbon adjacent to the lactam carbonyl had a
characteristic chemical shift of 35–42 ppm. Assignment
of this carbon through the phase of the cross peak
indicated whether the carbon was part of a methylene
or a methine group.

) t = 1 h Gerbil FTc


ID50 (mg/kg po) Plasma IC50
d (nM)


1.06 57


0% at 3


0.64 73


Not tested


64% at 3


Not tested


0.09 14


8% at 3


5% at 3


0.24


4% at 3


0% at 3


0.97


0.8 83


expressed in CHO cells. Data are means ± SD (n = 3).7


ells.8


ue was not determined, % inhibition at 3 mg/kg po is quoted.


ion.
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The biological results for compounds based on both
lactam and fused heterocyclic cores are shown in
Table 1.


High NK1R binding affinity was observed across the
whole series. Introduction of methyl substituents, either
on the ring nitrogen or a- to the lactam was well toler-
ated. In particular, 9c had very high hNK1R affinity.
Good selectivity over affinity for the hERG ion channel
(hIKr) was seen.


In order to assess their ability to occupy central hNK1


receptors in vivo, selected compounds were profiled for
their ability to inhibit foot tapping in gerbils induced by
central infusion of the NK1R agonist GR73632. This
behavioral response is specific to gerbils, which show
receptor pharmacology similar to the human receptor.
The response is centrally mediated so inhibition demon-
strates that a compound blocks central receptors.9 In or-
der to assess oral bioavailability, compounds were dosed
po 1 h before the agonist challenge (Table 1). Gratify-
ingly, we were able to identify compounds from this ser-
ies which were active at low dose and plasma drug
exposure, indicating both oral bioavailability and brain
penetration. Interestingly, compounds based on the 5,6-
azepin-2-one core (6a, 7a, 9c, and 10c) showed greater
potency than the analogs based on the 4,5-azepin-2-
one (6b, 9a, and 10a). The reasons for such differences
between compounds with similar in vitro affinities are
not clear. Compound 9c was the most potent compound
in this series, one of the most potent compounds from
any series tested to date in this assay.


Pendant heterocycles, such as triazolone, are frequently
beneficial in hNK1R antagonists. The presence of lac-
tams in 6a and 6b gave an opportunity to introduce het-
erocycles, but fused to the core rather than pendant.
Both imidazole and triazolone were well tolerated by
the receptor. The imidazoles (11a and 11b) were inactive
in vivo and showed increased hIKr liability. However,
introduction of the triazolone gave compounds with
good in vivo activity and low hIKr affinity (12a and 12b).


Pharmacokinetic properties were determined for the lac-
tam lead 6a in rat. These indicated that the compound
had moderate clearance (33 mL/min/kg) and good
half-life (5.6 h).


In summary, a new class of high affinity hNK1R antag-
onists based on seven-membered ring cores has been
identified. This series, with relatively simple, compact
structures, includes compounds with promising in vivo
properties.
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Abstract—Based on a series of diaryl amides the corresponding inverse amides have been found to be potent TRPV1 receptor
antagonists. Benzimidazole and indazolone derivatives prepared retained good potency in vitro and indazolone 4a was identified
as a novel TRPV1 receptor antagonist suitable for evaluating orally in animal models of analgesia.
� 2006 Elsevier Ltd. All rights reserved.
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The search for transient receptor potential vanilloid 1
(TRPV1) antagonists as potential analgesics has attracted
much attention of late. This has resulted in the disclo-
sure of several structural classes of compounds.1,2 We
now wish to describe novel, potent benzimidazole and
indazolone derivatives.3


Discovery of a series of biaryl amides, such as 1, has
recently been described.2 Upon investigating the SAR
within that series and in particular to explore the spatial
and orientation requirements of the amide bond, inverse
amide 2a was prepared (Fig. 1). Despite the significant
change in orientation of the carbonyl and NH bonds,
compounds 1 and 2a were found to have comparable
potency at the TRPV1 receptor in vitro (Table 1). This
provided a new avenue for exploration, the results of
which are detailed in this letter.


Synthesis of a library of ‘inverse’ amides 2 was
undertaken which rapidly established the in vitro
SAR. Selected data are included in Table 1.


This study showed little tolerance for structural varia-
tion on the distal aromatic rings. Furthermore, evaluation
of pharmacokinetic parameters of 2a in rat (Table 4)
indicated poor oral absorption in the series with low
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hepatic portal vein (HPV) and systemic levels detected
following oral dosing at 5 mpk.


In an effort to overcome the pharmacokinetic liability of
the amides, heterocyclisation was explored. N–H hetero-
cyclic derivatives were considered initially and benzimid-
azole derivatives 3 and indazolones 4 were targeted
(Fig. 2).


A versatile synthesis of benzimidazoles 3 enabling struc-
tural variation at both the 2- and 5-positions was em-
ployed as shown in Scheme 1. Cross-coupling of 4-
bromo-2-nitroaniline (5) with a variety of aromatic
derivatives afforded the corresponding nitroanilines
(6). Reduction of the nitro group with iron powder in
acetic acid followed by cyclisation of the resulting
phenylene diamine with a selection of benzaldehydes
by heating at 140 �C in nitrobenzene for 2 h6 gave the
required benzimidazoles 3a–d.


Benzimidazole 3a showed comparable affinity at the
hTRPV1 receptor to the inverse amide 2a as measured
in a FLIPR-based assay (IC50, 22 nM). Whole-cell patch
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clamp experiments were again used to confirm activity
against pH 5.5-dependent activation of the human
receptor (Table 2). As was found with the amides, minor
modifications to the substituents, such as replacement of

NH2


NO2


Br


H2N
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i


ii
7a-d (X=NH2)


6a-d (X=NO2)
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Scheme 1. Reagents and conditions: (i) bis(pinacolato)diboron, Pd(dppf)Cl


yl)pyridine, reflux; (ii) Fe, AcOH, THF–water, (iii) ArCHO, nitrobenzene, 1

the 4-CF3 group with Me, tBu or F, led to loss in potency.
Consequently the pharmacokinetics of 3a was evaluated
prior to further SAR studies to assess whether the benz-
imidazole core would offer any advantage in vivo. The
data obtained (Table 4) showed that whilst the benzimid-
azole led to a modest improvement in absorption
(AUChpv (0–7 h), 1.48 lM h), circulating levels were still
low (AUCsys, 1.25 lM h) following oral dosing at
5 mpk. As a consequence of this finding, attention was
directed towards preparation of the indazolone deriva-
tives 4.


The approach taken towards a versatile synthesis of the
desired indazolone derivatives was based on the work of
Smalley and co-workers7 who reported that treatment
of o-azidobenzanilides with thionyl chloride leads to the
formation of 2-aryl-3-chloro-2H-indazoles. Consequent-
ly, 2-azido-4-bromobenzoic acid was coupled with 4-
aminobenzotrifluoride and the resulting anilide treated
under the conditions of Smalley et al. with thionyl chlo-
ride at reflux. This led to the smooth formation of the
6-bromo-3-chloro-2H-indazole 11 as a key intermediate.
Selective cross-coupling at the 6-position with 4-methoxy-
phenyl boronic acid proved possible and hydrolysis of the
resulting product gave rise to indazolone 4e (Scheme 2).


In an alternative use of intermediate 11, hydrolysis of
the 3-chloro substituent was initially carried out using
KOH/MeOH to give bromide 13. Direct cross-coupling
with this derivative proved unsuccessful but the SEM-
protected bromide 14 could be converted to the pinaco-
lato borane derivative for cross-coupling purposes. In
this way, 4a8 and 4c were prepared (Scheme 3).


Azaindalone derivatives 4f and 4g were synthesised via
standard condensation reactions as shown in Schemes
4 and 5. 3


Since the indazolone lacks the inherent symmetry of the
benzimidazole core, two isomeric derivatives 4a and 4b
were prepared and evaluated. Of the two compounds,
4a proved to be more active showing comparable affinity
at the hTRPV1 receptor to the inverse amide 2a and
benzimidazole 3a in the FLIPR-based assay (IC50,
35 nM). This was confirmed by whole-cell patch clamp
technique following stimulation by H+ (Table 3). Some-
what disappointingly a similar SAR was observed with
small functional group changes again leading to signifi-
cant loss in potency. In a final effort to enhance affinity
in vitro, azaindazole 4f was prepared since this change
had proved successful in the amide series, and tetrahydr-
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oindazole 4g was evaluated. Both strategies, however,
proved unsuccessful with indazolone 4a remaining the
most active compound in vitro.
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When indazolone 4a was evaluated in vivo,9 compared
with the amide 2a and benzimidazole 3a, a significant-
ly enhanced pharmacokinetic profile was observed
(Table 4). Following oral dosing of 4a at 5 mpk, sig-
nificant systemic levels were obtained (AUCsys,
3 lM h). The compound was evaluated further and
found to have low plasma clearance of 8 mL/min/kg
and a half-life of 3.6 h. Thus, indazolone 4a represents
a structurally novel TRPV1 receptor antagonist which
is suitable for evaluating orally in animal models of
analgesia.


Indazolone 4a was evaluated in the carrageenan induced
thermal hyperalgesia Hargreaves model in rat.10 Follow-
ing dosing at 30 mpk (po) a 50% reduction in hyperalge-
sia was obtained. To rationalize the modest activity, 4a
was evaluated at the rat TRPV1 receptor.11


The IC50 measured using whole-cell patch clamp stud-
ies5 was 220 nM when stimulated with 500 nM capsaicin
and 65 nM at pH 5.5 showing a significant drop in
potency compared to the human receptor.
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Table 4. Pharmacokinetic parameters8


2a 3a 4a


podose (mpk) 5 5 5


AUChpv (lM h) 0.08 1.48 6.2


AUCsys (lM h) 0.04 1.25 3.0


ivdose (mpk) 1


Cl (mL/min/kg) 8


T1/2 (h) 3.6


Vd (L/kg) 2.0
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In conclusion, we have developed a novel series of
potent TRPV1 receptor antagonists. Compound 4a
shows activity in the carrageenan-induced thermal
hyperalgesia model following oral dosing.
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Abstract—Quantitative structure–activity relationship studies (QSAR) on HEPTs were performed by using a new approach—super-
vised stochastic resonance (SSR) in this paper. Errors in physicochemical properties have great effects on variable selection and the
predictive capability of QSAR models but errors-in-variables were seldom discussed in QSAR. In this paper, based on the theory of
stochastic resonance (SR), SSR was proposed and employed to the problem. In SSR, errors and abundant variables were regarded
as noise and the relevant descriptors as signals. In the nonlinear systems involved in the SR, the signal and the noise interact har-
monically and the signal was consequently enhanced. Therefore, the correlation between the relevant variables and a specified activ-
ity of a series molecule was improved by SSR. It is demonstrated that the obtained QSAR models for HEPT analogues by SSR were
comparable to those by published methods in their stability and predictivity. SSR is an efficient and promising approach to QSAR
studies.
� 2006 Elsevier Ltd. All rights reserved.

The aim of quantitative structure–activity relationship
(QSAR) studies is to build predictive models for the
activities of molecules using their physicochemical prop-
erties.1 In QSAR, numerous descriptors—physicochem-
ical properties are immediately available by using
computational and experimental methods. Generally,
molecule descriptors can be divided into three main cat-
egories, that is, hydrophobic properties, steric parame-
ters, and electric effects, with a ‘miscellaneous’ group
encompassing quite a wide variety of properties and
chemical model systems.2 Computational descriptors de-
rived from quantum chemistry computation and topo-
logical indexes are prevalent in QSAR studies for their
ready calculation and capability to explain various bio-
activities. However, the theoretical simplification and
adopted parameters of atoms and chemical bonds bring
errors into these descriptors. The errors will spoil the
predictive capability of obtained QSAR models and
make it difficult to reveal true structure descriptors to
explain studied activity. Therefore, errors have great
effect in QSAR studies.
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However, errors-in-variables do not always bring about
negative effects. Based on stochastic resonance (SR), er-
rors can be utilized to improve the correlation between
the relevant descriptors and a specified bioactivity. SR
is a phenomenon where nonlinear systems produce a
strong response to a weak signal with the presence of
noise.3 That means the weak signal is enhanced. In the
past decades, SR has been found in various scientific
fields.4–7 Recently, SR was applied in analytical chemis-
try to amplify weak signals8,9 and improve the detection
limit of analytical methods.10,11 Cross-validation rela-
tionship coefficients of models built by SR for a Sel-
wood’s dataset,12 which contains antifilarial activities
of 31 antimycin analogues and 53 descriptors, were also
improved 10 percent in average compared with tradi-
tional methods.13,14 SR is a promising powerful tool in
analytical chemistry.


In QSAR studies, it is believed that bioactivities were
functions of those related descriptors.1,2,15 Irrelevant
descriptors, however, vary independently or randomly
with the bioactivity compared with related ones. There-
fore, the relevant and irrelevant descriptors can be taken
as signals and noise, respectively. In proper nonlinear
systems involved in SR, the signal and the noise, which
includes errors-in-variables and irrelevant descriptors,
interact harmonically to result in the improvement of
the descriptors. Thus, the models derived from the
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modified dataset by SR should be more stable and pre-
dictive. In the SR, the signals were particularly assigned
according to the correlation between variables and a
concrete bioactivity, that is, occurrence of the SR was
observed by the means of the change of the correlation.
Therefore, the proposed algorithm is called supervised
stochastic resonance (SSR). The theory and algorithm
of SSR are available in Refs. 3,11 and 12 and Support-
ing information.


The study on anti-HIV-1 products has been a focus for a
long time.16–18 HEPT (1-[(2-hydroxyethoxy)methyl]-6-
(phenylthio)thymine) derivatives, whose scheme is
shown in Figure 1, have potent anti-HIV-1 activity
and inhibit HIV-1 at nanomolar concentration.19 There-
fore, QSAR studies on the analogues were paid general
attention.17,18,20–24 In this work, a group of 80 HEPT
analogues were studied by using SSR. The activity data
were taken from Ref. 18, in which 107 compounds were
studied. Because the observed concentration of the last
28 molecules (number 81–107) was not accurate,18,23


we merely studied number 1–80 molecules. Chemical
structures of the 80 compounds studied and their ob-
served and calculated anti-HIV-1 activity are shown in
Table 1. The bioactivity was present in logarithm of
1/C with C denoting the molar concentration of drug re-
quired to achieve 50% protection of MT-4 cells against
the cytopathic effect of HIV-1. The overall picture,
which emerges from published QSAR studies, shows
that the electronic and steric characteristics of the HEPT
derivatives have predominant effects on the anti-HIV-1
activity of the analogues.17–24 Therefore, electronic
descriptors and molecule connectivity indexes were used
to model the anti-HIV activity of the large group in this
work. The former resulted from semiempirical molecule
orbit computation by the program of MOPAC with the
AM1 Hamilton, which include heat of formation (Hf),
total energy (Et), electronic energy (Ee), core–core repul-
sion (Ec), ionization potential (Ei), dielectric energy (Ed),
HOMO and LUMO energies (HOMO, LUMO) and
their difference (DE), total dipole contribution (Dt) and
3D components (Dx,y,z), 3D principal moments of iner-
tia (Ia,b,c), and net charge of atoms 1–16 (q1-16). In addi-
tion, there also were molecular weight (WM), COSMO
area (Ac) and volume (Vc). There totally were 38 quan-
tum chemical descriptors. The latter was calculated by
our program developed according to the theory of Kier
and Hall.25 The large group descriptors include path,
path/cluster, and chain types to the ninth order since
the large substitute functions were thought as important
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Figure 1. The scheme of HEPT analogues.

roles in the anti-HIV activity.21–23 Additionally, the type
of chain/path (vChP) was used in the work to investigate
the effect of the substitution position on the anti-HIV1
activity of the series compound. Therefore, the following
connectivity indexes calculated on whole molecule were
considered: 0v, 1–9vP, 4–12vPC, 6vCh, and 7–14vChP, totally
28 topological descriptors.


Besides these variables, several descriptors used in pre-
vious works’ models18,23 were also employed in this
work, which include reciprocal of the standard shad-
ow area on YZ plane, 1/S, ratio of the partial charges
on the most positive and the most negative atoms,
POS/NEG, square of the number of SP3 carbon
atoms of the R2 substituent, (NCSP3–R2)2, number
of hydroxyl groups on the R3 substituent, (NOH–
R3)2, cub of summation of the positions of R1 on
the C-6 aromatic ring constant, (NS–R1)3, the Hansch
constant,


P
p(R1 + R2), the Taft steric constant for


ortho substituents, ES(2R1), the differential molecular
connectivity indexes of zeroth in the acyclic structure,
0Dv(R3), the width parameters of R1 at the 3-position,
B1(3R1), the McGowan characteristic volume, Vx, and
the index of connectivity level, 1vN


P ðR
2Þ, 4vN


P , which are
calculated by dividing the value of the 1vP (R2), 4vP by
the number of atoms involved in their calculus,
respectively. Finally, a total of 80 descriptors were
generated/collected for each molecule.


Before applying SSR to the QSAR study of HEPT ana-
logues, MLR was performed on the compounds present
in Table 1. Correlation Eq. 1 was obtained for 80 mole-
cules after the stepwise feature selection mentioned
above.


log 1=C ¼ 1:69ð�0:65Þ � 0:54ð�0:15Þq6


� 0:36ð�0:06ÞNOH–R3


þ 0:75ð�0:22ÞPOS=NEG


þ 5:75ð�1:30Þ9vChP � 2:89ð�0:47Þ5vPC


þ 2:82ð�0:86Þ6vPC � 2:14ð�0:45Þ10vPC


� 1:14ð�0:38Þ8vChP


n ¼ 80; R2 ¼ 0:8731; Q2 ¼ 0:8368;


PRESS ¼ 23:0463; F ¼ 60:19. ð1Þ

In this work, all 80 samples were included to develop the
QSAR models, while Luco and Ferretti listed the sample
34 as an outlier for their equation.18 The reason they ex-
plained was that the fact that none of their descriptors
used to account for the total loss of activity resulting
from the substitution at 4-position of the 6-(phenylthio)
moiety of HEPT. It seems appropriate to compare the
equations with those in references also built by MLR.
The statistics of the reported equations for 80 com-
pounds were n = 79, R2 = 0.901, Q2 = 0.745 (1 outlier)18


and n = 79, R2 = 0.871, Q2 = 0.840 (1 outlier)22 and
n = 80, R2 = 0.812, F = 52.23 It was clear that the statis-
tics of Eq. 1 were comparable with those reported MLR
models, especially in cross validation. On the other
hand, it should be noticed that high order connectivity







Table 1. Components and their calculated and observed activities


Compound R1 R2 R3 X Obsda Calcdb Calcdc


1 Me 2-Me CH2OCH2CH2OH O 4.15 4.2533 4.2427


2 Me 2-NO2 CH2OCH2CH2OH O 3.85 3.8625 3.8715


3 Me 2-OMe CH2OCH2CH2OH O 4.72 4.6492 4.6489


4 Me 3-Me CH2OCH2CH2OH O 5.59 4.9915 4.9872


5 Me 3-Et CH2OCH2CH2OH O 5.57 5.1006 5.1030


6 Me 3-t-Bu CH2OCH2CH2OH O 4.92 5.1720 5.1818


7 Me 3-CF3 CH2OCH2CH2OH O 4.35 4.5964 4.6146


8 Me 3-F CH2OCH2CH2OH O 5.48 5.0852 5.0833


9d Me 3-Cl CH2OCH2CH2OH O 4.89 5.0239 5.0154


10 Me 3-Br CH2OCH2CH2OH O 5.24 5.1280 5.1255


11 Me 3-I CH2OCH2CH2OH O 5.00 5.3939 5.3930


12 Me 3-NO2 CH2OCH2CH2OH O 4.47 4.2364 4.2494


13 Me 3-OH CH2OCH2CH2OH O 4.09 5.1132 5.1160


14 Me 3-OMe CH2OCH2CH2OH O 4.66 5.0490 5.0534


15 Me 3,5-Me2 CH2OCH2CH2OH O 6.59 5.8124 5.8092


16 Me 3,5-Cl2 CH2OCH2CH2OH O 5.89 6.1783 6.1775


17 Me 3,5-Me2 CH2OCH2CH2OH S 6.66 5.7720 5.7704


18 Me 3-COOMe CH2OCH2CH2OH O 5.10 5.6166 5.6294


19 Me 3-COMe CH2OCH2CH2OH O 5.14 5.3420 5.3490


20 Me 3-CN CH2OCH2CH2OH O 5.00 5.2101 5.2135


21 CH2CH@CH2 H CH2OCH2CH2OH O 5.60 5.3367 5.3493


22 Et H CH2OCH2CH2OH S 6.96 6.6752 6.6947


23 Pr H CH2OCH2CH2OH S 5.00 5.6639 5.6796


24d i-Pr H CH2OCH2CH2OH S 7.23 7.3819 7.4006


25 Et 3,5-Me2 CH2OCH2CH2OH S 8.11 7.5838 7.5955


26 i-Pr 3,5-Me2 CH2OCH2CH2OH S 8.30 8.8331 8.8669


27 Et 3,5-Cl2 CH2OCH2CH2OH S 7.37 7.4708 7.4856


28 Et H CH2OCH2CH2OH O 6.92 6.3923 6.4094


29 Pr H CH2OCH2CH2OH O 5.47 5.2472 5.2599


30d i-Pr H CH2OCH2CH2OH O 7.20 7.2403 7.2647


31 Et 3,5-Me2 CH2OCH2CH2OH O 7.89 7.2549 7.2656


32 i-Pr 3,5-Me2 CH2OCH2CH2OH O 8.57 8.4273 8.4508


33 Et 3,5-Cl2 CH2OCH2CH2OH O 7.85 7.3950 7.4068


34 Me 4-Me CH2OCH2CH2OH O 3.66 5.2688 5.2747


35 Me H CH2OCH2CH2OH O 5.15 5.0496 5.0585


36 Me H CH2OCH2CH2OH S 6.01 5.6125 5.6233


37 I H CH2OCH2CH2OH O 5.44 5.4494 5.4577


38 CH@CH2 H CH2OCH2CH2OH O 5.69 6.4706 6.4978


39 CH@CHPh H CH2OCH2CH2OH O 5.22 4.7224 4.7180


40 CH2PhH H CH2OCH2CH2OH O 4.37 5.9060 5.9150


41 CH@CPh2 H CH2OCH2CH2OH O 6.07 5.4654 5.4728


42d Me H CH2OCH2CH2OMe O 5.06 5.0839 5.0945


43 Me H CH2OCH2CH2OAc O 5.17 4.9605 4.9727


44 Me H CH2OCH2CH2OCOPhO O 5.12 4.6613 4.6366


45 Me H CH2OCH2Me O 6.48 6.0851 6.0992


46 Me H CH2OCH2CH2Cl O 5.82 5.6344 5.6475


47 Me H CH2OCH2CH2N3 O 5.24 5.5133 5.5249


48 Me H CH2OCH2CH2F O 5.96 5.4382 5.4495


49 Me H CH2OCH2CH2Me O 5.48 5.4617 5.4751


50 Me H CH2OCH2Ph O 7.06 6.4580 6.4550


51 Et H CH2OCH2Me O 7.72 7.2435 7.2643


52 Et H CH2OCH2Me S 7.58 7.2625 7.2850


53 Et 3,5-Me2 CH2OCH2Me O 8.24 8.2473 8.2654


54 Et 3,5-Me2 CH2OCH2Me S 8.30 8.0135 8.0289


55 Et H CH2OCH2Ph O 8.23 7.5307 7.5383


56 Et 3,5-Me2 CH2OCH2Ph O 8.55 8.3307 8.3297


57 Et H CH2OCH2Ph S 8.09 7.6889 7.6983


58 Et 3,5-Me2 CH2OCH2Ph S 8.14 8.5398 8.5436


59d i-Pr H CH2OCH2Me O 7.99 8.1295 8.1490


60 i-Pr H CH2OCH2Ph O 8.51 8.7177 8.7417


61 i-Pr H CH2OCH2Me S 7.89 7.3761 7.3980


62 i-Pr H CH2OCH2Ph S 8.14 8.7238 8.7569


63 Me H CH2OMe O 5.68 6.6227 6.6482


64 Me H CH2OBu O 5.33 5.4060 5.4201


65 Me H Et O 5.66 5.7814 5.8027


(continued on next page)
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Table 1 (continued)


Compound R1 R2 R3 X Obsda Calcdb Calcdc


66 Me H Bu O 5.92 6.0885 6.1072


67 Et 3,5-Cl2 CH2OCH2Me S 7.89 8.3615 8.3875


68d Et H CH2O–i-Pr S 6.66 6.8099 6.8267


69 Et H CH2O–c-Hex S 5.79 6.2594 6.2629


70 Et H CH2OCH2-c-Hex S 6.45 5.8559 5.8508


71 Et H CH2OCH2C6H4(4-Me) S 7.11 7.7767 7.7793


72 Et H CH2OCH2C6H4(4-Cl) S 7.92 7.9244 7.9246


73 Et H CH2OCH2CH2Ph S 7.04 7.1794 7.1718


74 Et 3,5-Cl2 CH2OCH2Me O 8.13 8.2224 8.2407


75 Et H CH2O–i-Pr O 6.47 6.6886 6.7126


76 Et H CH2O–c-Hex O 5.40 6.2403 6.2426


77 Et H CH2OCH2-c-Hex O 6.35 5.6011 5.5954


78d Et H CH2OCH2CH2Ph O 7.02 7.0803 7.0796


79 c-Pr H CH2OCH2Me S 7.02 6.8185 6.8372


80 c-Pr H CH2OCH2Me O 7.00 6.6118 6.6284


a Ref. 18.
b Calculated by Eq. 2.
c Calculated by Eq. 3.
d Prediction set.


2 3 4 5 6 7 8 9 10
2


3


4


5


6


7


8


9


10


A
nt


i-
H


IV
 a


ct
iv


ity
 (


ca
l.)


Anti-HIV activity (obs.)


Figure 2. Plot of calculated activity against the experimental values.
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indexes are important roles in Eq. 1. The fact implied
that the high order indexes can effectively explain the
experimental errors of the anti-HIV1 activity of HEPTs.
This should be due to the capability of the high order
indexes to identify the different substituted position
and the size of the substituents. For instance, in Eq. 1,
the chain/path type 9vChP is sensitive to the introduction
of substituents in 2, 6, and 9. As to the path/cluster type
10vPC, it will contain more terms embracing heteroatoms
when the substitution occurs in 2 or 3 than in 4 while the
hetero atoms have greater effect on the index values than
carbon according to the definition of connectivity index-
es. The results obtained by SSR supported the fact
further.


After the optimization of SSR, the following correlation
Eq. 2 was derived for the components at a = 1.35640
and b = 0.0306.


log 1=C ¼ 81:23ð�6:44Þ þ 21:68ð�1:05Þ9vChP


þ 18:16ð�2:36Þ12vPC � 25:78ð�2:17Þ7vP


� 1:71ð�0:33Þq4 � 2:27ð�0:88Þ6vCh


þ 2:17ð�0:60ÞPOS=NEG


n ¼ 80; R2 ¼ 0:8858; Q2 ¼ 0:8623;


PRESS ¼ 19:4396; F ¼ 93:06. ð2Þ

Obviously, SSR does not only improve the statistics of
the model, but simplifies it as well. There are merely
six variables in Eq. 2, while eight variables in Eq. 1.
The predicted bioactivities are listed in Table 1 and
the plot of the predicted values versus observed is shown
in Figure 2. Although the correlation coefficient (R2)
of the model was not as good as that obtained by Luco
and Ferretti using MLR (n = 79, R2 = 0.9006,
Q2 = 0.7448),18 the predictive one (Q2) was much better
than that obtained by them. It was also better than the

mean Q2 obtained by ANN which was 0.7997 calculated
by leave six samples out cross-validation procedure.23


And the results were comparable to those coming from
PLS (n = 79, R2 = 0.8892, Q2 = 0.8593).18 It was clear
that the high order topological indexes were still an
important role effecting the activities of 80 components.


In this equation, several high order indexes were also
selected in the work and their effects were further
emphasized after SR. For the 34th molecules, except
for ordinary terms, the path type 7vP additionally in-
cludes a term containing S (7,2) (the first number in
parentheses is the atom number in Figure 1 and the
second is the connective degree of the atom, and the
followings have the same meaning) and N(13,3).
While as the substituent was introduced at 3- or 5-po-
sition, 12vPC covers two extra terms embracing
O(15, 1) and O/S(16, 1), respectively. But the substitut-
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ed compound at 4-position does not. Additionally,
the descriptor POS/NEG was the same important
role as in Ref. 23 and the net charge of atom 4
(q4) is directly effected on by the position of substi-
tute. This was the reason that our equation had
stronger ability to explain the observed activity values
with satisfying statistics. Apparently, the high order
connectivity indexes accompanied by the net charge
of atoms can well explain the anti-HIV activities of
the 80 HEPTs.


Randomly leaving seven samples out as a prediction set,
a new model (Eq. 3) can be obtained by using 73
samples.


log 1=C ¼ 81:27ð�6:88Þ þ 21:80ð�1:17Þ9vChP


þ 18:47ð�2:64Þ12vPC � 26:04ð�2:39Þ7vP


� 1:73ð�0:35Þq4 � 2:40ð�1:01Þ6vCh


þ 2:16ð�0:63ÞPOS=NEG


n ¼ 73; R2 ¼ 0:8788; Q2 ¼ 0:8524;


PRESS ¼ 19:5440; F ¼ 79:76. ð3Þ

The predicted values of the prediction set are listed in
Table 1. The root mean square deviation (rmsd) was
0.1235 for the seven samples. Obviously, the predictive
ability of the model was satisfying.


In conclusion, the new approach to QSAR studies—
supervised stochastic resonance (SSR) was developed
in this work. The conceptions of noise and signal in
SR phenomenon were given a new general definition
to build the new algorithm. The successful applica-
tions of SSR to the QSAR study for the large group
of HEPT derivatives implied that the new approach
was efficient and feasible. The models obtained by
SSR were more stable and predictive than those by
ordinary methods. And the essential mechanism of
bioactivity may be revealed after SR. It was demon-
strated that SSR was a promising approach to QSAR
studies not only to build QSAR models but to find
the mechanics of bioactivities.
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Abstract—Six amentoflavone-type biflavonoids, bilobetin (1), ginkgetin (2), 4 0,700-di-O-methyl-amentoflavone (3), 7-O-methyl-iso-
ginkgetin (4), sciadopitysin (5), and 7,4 0,700,4000-O-methyl-amentoflavone (6), were isolated from the EtOAc fraction of Cephalotaxus
koreana Nakai (Cephalotaxaceae) by bioactivity-guided fractionation technique using primary cultures of mouse osteoblasts as an
in vitro assay system. Among the six biflavonoids isolated, bilobetin (1), sciadopitysin (5), and 7,4 0,700,4000-O-methyl-amentoflavone
(6) significantly increased osteoblast differentiation as assessed by alkaline phosphatase activity, collagen synthesis, and mineraliza-
tion. Considering structure–activity relationship, methoxyl groups at 4 0 and 4000 in the B rings in amentoflavone-type biflavonoid
might be important in osteoblast differentiation. Taken together, our present study suggests therapeutic potential of biflavonoids
against bone diseases such as osteoporosis.
� 2006 Elsevier Ltd. All rights reserved.

As the lifespan has increased, osteoporosis has become
one of the major health problems. Osteoporosis is char-
acterized by lower bone density and a decrease in bone
mass which result in increased bone fragility and frac-
ture risk.1 Osteoporosis is known to occur due to a de-
crease in bone formation by osteoblasts and an
increase in bone resorption by osteoclasts. Therefore,
stimulation of bone formation and inhibition of bone
resorption have been suggested to be an important ther-
apeutic approach for prevention and/or treatment of
osteoporosis.2


Osteoblasts play a crucial role in bone formation
through the proliferation and differentiation.3 Osteo-
blast differentiation, an important process for its func-
tion, confers marked rigidity and strength to the bone
while still maintaining some degree of elasticity. During
differentiation, osteoblast produces an extracellular ma-
trix mainly type I collagen, which becomes mineralized

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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by deposition of calcium. Other characteristics include
upregulation of alkaline phosphatase (ALP) which is
an important trigger for calcium deposition in vivo
and in vitro.4 For in vitro studies, osteoblasts isolated
from calvaria of newborn animals were widely used
for osteoblast differentiation because of its relatively
pure population. The differentiation of osteoblast can
be easily induced by ascorbic acid and also can be regu-
lated by diverse factors such as transcriptional factors
and exogenous chemicals. Therefore, we employed pri-
mary cultures of mouse calvarial osteoblast isolated
from newborns as an in vitro assay system for osteoblast
differentiation.5


In the course of screening of natural products having the
stimulatory activity on osteoblast differentiation, the
methanolic extract of the leaves and twigs of Cephalo-
taxus koreana Nakai (Cephalotaxaceae) was found to
significantly increase osteoblast differentiation in vitro.
Alkaloids, flavonoids, biflavonoids, and diterpenes were
reported as constituents of Cephalotaxus species.6 To
date, however, there were no previous studies on osteo-
blast differentiation of C. koreana. Thus, we have
attempted to isolate compounds having stimulating
activity on osteoblast differentiation from C. koreana.
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Bioassay-guided fractionation of the methanolic extract
of the leaves and twigs of C. koreana revealed that the
EtOAc fraction was the most active one (34.5% increase
of ALP activity at 10 lg/ml, p < 0.05). Further fractio-
nations and separation of the EtOAc fraction by several
chromatographic methods yielded six biflavonoids,
compounds 1–6.7 Compounds 1–6 were identified as
bilobetin, ginkgetin, 4 0,700-di-O-methyl-amentoflavone,
7-O-methyl-isoginkgetin, sciadopitysin, 7,4 0,700,4000-O-
methyl-amentoflavone, respectively (Fig. 1), by the di-
rect comparison of their physicochemical and spectro-
scopic data with those of previously reported.8 Among
these, compounds 3 and 4 are first reported from this
plant.


Flavonoids are polyphenolic compounds which show
many biological and pharmacological activities, includ-
ing antioxidative, anti-inflammatory, antitumor, and
neuroprotective effects.9 Related to bone, soybean isofl-
avonoids such as daidzein and genistein have received
considerable attention for their potential role in prevent-
ing postmenopausal bone loss.10 Recently, it has been
suggested that flavonoids may have beneficial effect on
bone health.11 Biflavonoids consist of a dimer of flavo-
noids that linked to each other. Although biflavonoids
are known to exert diverse activities, such as anti-inflam-
matory, anti-viral activity, and anti-tuberculosis,12 there
has been no report on the effects of biflavonoids on
osteoblast differentiation. Therefore, we further assessed
the effects of six biflavonoids isolated from C. koreana
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Figure 1. Biflavonoids isolated from the leaves and twigs of Cephalotaxus k


Table 1. Effects of biflavonoids isolated from Cephalotaxus koreana on the


Compounds


1.0 (lM)


Controla


Bilobetin (1) 100.9 ± 8.3


Ginkgetin (2) 116.8 ± 18.3


4 0,700-Di-O-methyl-amentoflavone (3) 101.1 ± 13.3


7-O-Methyl-isoginkgetin (4) 108.4 ± 9.6


Sciadopitysin (5) 121.1 ± 16.6*


7,4 0,700,4000-O-Methyl-amentoflavone (6) 105.1 ± 14.4


Daidzeinc 107.8 ± 9.2


The values are expressed as means ± SD of triplicate experiments. Mean value


the control.
a ALP activity of control was 19.3 ± 0.3 U/mg protein.
b ALP activity (%) was calculated as 100 · (ALP activity of compound-treat
c Daidzein was used as a positive control.
* p < 0.05.
** p < 0.01.
*** p < 0.001.

on osteoblast differentiation in primary cultures of
mouse calvarial osteoblasts as an in vitro assay system.


The effect of biflavonoids on osteoblast differentiation
was first assessed by measuring the ALP activity in pri-
mary cultures of mouse osteoblasts.13 To test the effects
of biflavonoids on osteoblast differentiation, osteoblast
differentiation was induced by changing the medium
containing 50 lg/ml ascorbic acid and cells were then
treated with vehicle or compounds to be tested for 7
days.14 As expected, treatment of primary cultured oste-
oblasts with ascorbic acid for 7 days increased ALP
activity almost 10 times, whereas weak increase in
ALP activity was observed in nontreated control cells
(data not shown). As shown in Table 1, among the six
biflavonoids tested, compounds 1, 4, 5, and 6 significant-
ly increased the ALP activity at concentrations ranging
from 1.0 to 20.0 lM. However, compounds 2 and 3
showed cytotoxicity at a concentration of 20.0 lM as
measured by MTT assay (data not shown), which result-
ed in the decrease in ALP activity. The effect of com-
pounds 1, 4, 5, and 6 on ALP activity was also
visualized by ALP staining.15 As shown in Figure 2,
ALP staining was consistent with ALP activity.


Since biflavonoids 1, 4, 5, and 6 significantly increased
ALP activity in primary cultures of mouse osteoblasts,
we further investigated their effects on collagen synthesis.16


Collagen content was quantified by Sirius red-based col-
orimetric assay.17 As shown in Figure 3, compounds 1,

Compounds R1 R2 R3 R4


1 OH OCH3 OH OH


2 OCH3 OCH3 OH OH


3 OH OCH3 OCH3 OH


4 OCH3 OCH3 OCH3 OH


5 OCH3 OCH3 OH OCH3


6 OCH3 OCH3 OCH3 OCH3


oreana.


ALP activity in primary cultures of mouse osteoblasts


ALP activityb (% of control)


10.0 (lM) 20.0 (lM)


100.0 ± 1.4


131.9 ± 18.7** 130.6 ± 14.7**


69.3 ± 13.1 39.9 ± 15.7


113.0 ± 13.4 73.5 ± 16.2


129.7 ± 19.9* 122.0 ± 15.8*


149.0 ± 14.1*** 153.0 ± 18.5***


147.3 ± 5.0*** 149.5 ± 9.2***


132.8 ± 8.2*** 128.1 ± 5.7**


is significantly different. (*p < 0.05, **p < 0.01, and ***p < 0.001) from


ed/ALP activity of control).
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Figure 4. Effect of biflavonoids on mineralization in primary cultures


of mouse osteoblasts. Cultures were treated with biflavonoids in the


presence of 50 lg/ml ascorbic acid and 10 mM b-glycerophosphate for


2 weeks and mineralization was quantified by Alizarin red staining.


The values are expressed as means ± SD of triplicate experiments.


Mean value is significantly different (*p < 0.05 and **p < 0.01) from


the control.
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Figure 3. Effect of biflavonoids on collagen synthesis in primary


cultures of mouse osteoblasts. Cultures were treated with biflavonoids


in the presence of 50 lg/ml ascorbic acid for 2 weeks and collagen


content was quantified by Sirius red-based colorimetric assay. The


values are expressed as means ± SD of triplicate experiments. Mean


value is significantly different (*p < 0.05, **p < 0.01, and *** p < 0.001)


from the control.


Control 1 4 5 6


Figure 2. Effect of biflavonoids on ALP staining in primary cultures of


mouse osteoblasts. Cultures were treated with biflavonoids in the


presence of 50 lg/ml ascorbic acid for 1 week and subjected to ALP


staining. The figures are representative of three independent experi-


ments with similar results.
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5, and 6 significantly increased collagen synthesis. At a
concentration of 10.0 lM, compound 5 increased colla-
gen synthesis up to 180% compared to that of control
cells.


Next, we examined the effects of biflavonoids on miner-
alization by measuring the calcium deposition, another
important process in differentiation.18 The degree of
mineralization was determined by Alizarin red stain-
ing.19 Consistent with the effects on ALP activity and
collagen synthesis, compounds 1, 5, and 6 showed signif-
icant stimulatory effect on mineralization (Fig. 4).


All the six biflavonoids isolated from C. koreana are
classified as amentoflavone-type and only differ in the
number of methoxyl groups at 7 and 700 in A rings and
at 4 0 and 4000 in B rings. Regarding the structure–activity
relationship, compound 1 with a methoxyl group at 4 0 in
the B ring significantly increased osteoblast differentia-
tion. Compounds 5 and 6 with two methoxyl groups
at 4 0 and 4000 in the B rings increased osteoblast differen-
tiation higher than compound 1. On the other hand,
addition of a methoxyl group on 7 and 700 in A rings
decreased osteoblast differentiation, as observed in com-
pounds 2 and 3. Although more derivatives should be
assessed for relevant relationship between the structure
and activity, our study suggested that methoxyl groups
at 4 0 and 4000 in the B rings might be important in
osteoblast differentiation.

Osteoblast differentiation includes various characteris-
tics in time-dependent manner: increase in ALP activity,
followed by ECM synthesis, resulting in mineralization.
ALP, which hydrolyzes the ester bond of organic phos-
phate compounds under alkaline conditions, plays an
important role in the calcification of bond. ALP produc-
es phosphate required for mineralization and, in addi-
tion, hydrolyzes substances that inhibit calcification.4


Differentiated osteoblasts also produce collagen, a ma-
jor constituent of extracellular matrix in bone, which
is further mineralized by calcium deposition. In our
present study, compounds 1, 5, and 6 increased ALP
activity as well as collagen synthesis and calcium depo-
sition. Therefore, we suggest that high ALP activity by
compounds 1, 5, and 6 might further promote mineral-
ization. In addition, mineralization was also achieved
via increased collagen synthesis.


In conclusion, our data suggest that biflavonoids isolat-
ed from C. koreana increased osteoblast differentiation
in vitro. To our knowledge, this is the first report to
suggest that naturally occurring biflavonoids increased
osteoblast differentiation. Thus, it will be of interest
to test further whether these biflavonoids increase
osteoblast differentiation in vivo, for example, in ani-
mal models of osteoporosis, to explore their therapeu-
tic potentials for osteoporosis. This will provide further
insight into the design of new approaches to
osteoporosis.
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17. (a) Cultured osteoblasts were washed with PBS, followed
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18. To evaluate the effects of biflavonoids on calcium deposi-
tion, osteoblasts were treated with vehicle or biflavonoids to
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be tested in the presence of 50 lg/ml ascorbic acid and
10 mM b-glycerophosphate, and grown for 2 weeks by
changing the medium containing compounds every 3 days.


19. For Alizarin red staining, the cells were rinsed with PBS
and fixed with ice-cold 70% ethanol for 1 h. The ethanol
was removed and rinsed with deionized water. The cells

were then stained with 40 mM Alizarin red S in deionize d
water (adjusted to pH 4.2) for 10 min at room tempera-
ture. The Alizarin red S solution was removed and rinsed
with deionized water and PBS. The stained material was
extracted in DMSO and the absorbance was measured at
562 nm.
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Abstract—A series of 2,5-cis-disubstituted pyrrolidines were synthesized and evaluated as S1P receptor agonists. Compounds 15–21
were identified with good selectivity over S1P3 which lowered circulating lymphocytes after oral administration in mice.
� 2006 Published by Elsevier Ltd.

N
Hn-C9H19


PO3H2


(+/-)-1

The sphingosine-1-phosphate-1 (S1P1) receptor has
recently emerged as a novel molecular target for immuno-
suppression.1 Systemic administration of S1P agonists
results in the sequestration of peripheral blood lympho-
cytes (PBLs) in secondary lymphoid organs, which
prevents their access to transplanted or non-lymphoid
tissues.2 This pharmacodynamic phenomenon is puta-
tively responsible for the immunosuppressive efficacy of
this class of compounds.3


Work from these laboratories has shown that the 2,5-di-
substituted pyrrolidine (±)-1 and diaryl-1,2,4-oxadiazole
2 are potent agonists of S1P receptors.4,5 In addition,
compound 2 and its analogs were found to have excep-
tional selectivity against S1P3, a receptor subtype that
mediates acute cardiovascular toxicity in rodents.6


Based on these results, we sought to combine the salient
features of the oxadiazole-based lipophilic domain of
compounds like 2 and the pyrrolidine scaffold in (±)-1
with the aim of affording potent, selective, and orally ac-
tive S1P1 agonists (Fig. 1).


In order to modify both the 2- and 5-positions of the
pyrrolidine scaffold, a flexible synthesis of these disubsti-
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tuted pyrrolidines was designed, starting with (±)-pyr-
rolglutamic acid 3. Schemes 1–3 illustrate our synthetic
approach. Sequential protection of (±)-3 under standard
conditions gave the N-tert-butoxycarbamoyl methyl es-
ter (±)-4.7 Regioselective addition to the amide carbonyl
with 4-cyanophenylmagnesium chloride gave ketone
(±)-5.8 Treatment of (±)-5 with trifluoroacetic acid
effected ring closure to the corresponding pyrroline,
which was subsequently reduced with sodium cyano-
borohydride to provide the diastereomeric (±)-cis- and
(±)-trans-pyrrolidines (±)-6a,b. These diastereomers
were separated by flash chromatography and assign-
ment of their relative stereochemistries was secured by
ID nOe experiments.9 Protection of the pyrrolidine
nitrogen afforded nitriles (±)-7a,b.

NN


O N CO2H
2


Figure 1.
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Scheme 2. Reagents and conditions: (a) NH2OH, Et3N, CH3OH ((±)-


7a: 93%, (±)-7b 73%); (b) EDC, 4-(2-methylpropyl)phenylbenzoic acid,


CH3CN, rt then 120 �C, 15 h; (c) TFA, CH2Cl2; (d) NaOH, CH3OH


((±)-9a: 51%, (±)-9b: 34%, three steps).
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Scheme 3. Reagents and conditions: (a) LiOH, THF/CH3OH/H2O; (b)


i-BuOCOCl, Et3N, then CH2N2; (c) AgOBz, Et3N, CH3OH ((±)-10a:


52%, (±)-10b: 14%, three steps); (d) NH2OH, Et3N, CH3OH; (e) EDC,


4-(2-methylpropyl)-phenylbenzoic acid, CH3CN, rt then 120 �C, 15 h;


(f) TFA, CH2Cl2; (g) NaOH, CH3OH ((±)-11a: 45%, (±)-11b: 36%,


four steps).
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Scheme 4. Reagents and conditions: (a) LiBH4, THF; (b) (COC1)2,


DMSO, then Et3N, �78 �C to rt; (c) ethyl(triphenylphosphoranyli-


dine) acetate, PhCH3; (d) H2, 10% Pd–C, CH3OH; (e) NH2OH, Et3N,


CH3OH ((±)-7a: 11%, (±)-7b 16%, four steps); (f) EDC, 4-(2-


methylpropyl)-phenylbenzoic acid, CH3CN, rt then 120 �C, 15 h; (g)


TFA, CH2Cl2; (h) NaOH, CH3OH ((±)-14a: 68%, (±)-14: 22%, three


steps).
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Scheme 1. Reagents and conditions: (a) Amberlyst-15, CH3OH, 50 �C;


(b) Boc2O, Et3N, DMAP (78%, two steps); (c) 4-cyanophenylmagne-


sium chloride, �40 �C; (d) TFA, CH2Cl2; (e) NaBH3CN, HCl,


CH3OH (6a: 38%, 6b: 24%, three steps); (f) Boc2O, CH2CI2 (7a:


96%, 7b: 80%).
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Nitriles (±)-7a,b were valuable intermediates for the syn-
thesis of the pyrrolidine carboxylate homologs (±)-9a,
9b, 11a, 11b, 14a, and 14b (Schemes 2–4). Preparation
of the a-amino acids (±)-9a and (±)-9b is outlined in
Scheme 2. Independent treatment of nitriles (±)-7a and

(±)-7b with hydroxylamine gave the amidoximes
(±)-8a and (±)-8b. These intermediates were O-acylated
and thermally cyclized and dehydrated to afford the
corresponding 1,2,4-oxadiazoles. Deprotection of the
N-tert-butoxycarbamate and methyl ester moieties
afforded compounds (±)-9a and (±)-9b.


The homologation of nitriles (±)-7a and (±)-7b was
accomplished through an Arndt-Eistert sequence10 to
give esters (±)-10a and (±)-10b (Scheme 3). Installation
of the oxadiazole and deprotection vide infra furnished
the desired b-amino acids (±)-11a and (±)-11b.


Preparation of the c-amino acids (±)-14a and (±)-14b is
outlined in Scheme 4. Selective reduction of the esters of
(±)-7a and (±)-7b with lithium borohydride11 gave the
corresponding alcohols, which were oxidized using the
Swern protocol12 to furnish aldehydes (±)-12a and (±)-
12b. Reaction with ethyl(triphenylphosphoranylidine)
acetate, followed by hydrogenation and reaction with
hydroxylamine, gave amidoximes (±)-13a and (±)-13b.
Once again, oxadiazole formation followed by sequen-
tial deprotection afforded compounds (±)-14a and
(±)-14b.


Binding affinities for new compounds were evaluated for
each of the five known sphingosine-1-phosphate recep-
tors (S1P1–5) in radioligand competitive binding assays
using [33P]S1P expressed in Chinese hamster ovary
(CHO) cell membranes.1 S1P receptor agonism was
determined by measurement of ligand-induced [35S]-5 0-
O-3-thiotriphosphate (GTPcS) binding. All new
compounds were found to be agonists of the SlP1,3,5


receptors and to have minimal affinity for the S1P2


receptor subtype. Values for binding (IC50) and func-
tional (EC50) assays were in agreement to a factor of
4, thus only IC50 values for S1P1,3–5 receptors will be dis-
played for new compounds (see Tables 1 and 2). The
ability of selected compounds to lower circulating PBLs







Table 2. Binding affinities of compounds 15–21


N
H


CO2H


N


O N


Ar


(+/-)


Compound Ar IC50 (nM)


S1P1 S1P3 S1P4 S1P5


15 0.7 1700 350 20


16
F


2.7 >10,000 1400 60


17


F


2.0 7600 2100 30


18
F
F


H


(S)


0.8 2200 720 16


19
F


F


H


(R)


1.2 2500 570 13


20 19 diastereomer 1 2.9 7800 1500 19


21 19 diastereomer 2 0.64 3800 720 15


Compounds (±)-15–19, 20 and 21 were >10 lM for the S1P2 receptor.


Table 1. S1P receptor affinities of carboxylate homologs


N
H


CO2H


N


O N


n


(+/-)


IC50 (nM) 


Compound n Stereo IC50 (nM)


S1P1 S1P3 S1P4 S1P5


9a 0 cis 75 >10,000 1000 1280


9b 0 trans 17 10,000 300 180


11a 1 cis 3.3 >10,000 1000 200


11b 1 trans 8.0 >10,000 700 100


14a 2 cis 4.5 >10,000 540 30


14b 2 trans 5.7 6700 630 80


Compounds (±)-9–14 were >10 lM for the S1P2 receptor.
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(a marker for immunosuppressive efficacy) was deter-
mined in mice, at 3 h post oral administration. Quantifi-
cation of circulating PBLs in this manner also provides a
gauge on the overall pharmacokinetic properties of new
compounds.13

The a-amino acids (±)-9a and (±)-9b were found to be
moderately potent S1P1 agonists. Homologation to the
b-amino acids (±)-11a and (±)-11b led to an improve-
ment in SlP1 potency, with the cis-isomer (±)-11a being
roughly 2-fold more potent than the trans-isomer







Table 3. Rat pharmacokineticsa for selected compounds


Compound Rat pharmacokinetic parameters


11a Clp = 6.6 mL/min/kg, Vd = 2.9 L/kg,


t1/2 = 4.1 h; % F = 48


11b Clp = 8.4 mL/min/kg, Vd = 3.0 L/kg,


t1/2 = 3.5 h; % F = 40


21 Clp = 9.7 mL/min/kg, Vd = 2.3 L/kg,


t1/2 = 2.2 h; % F = 48


a Sprague–Dawley rats (n = 2); 1.0 mg/kg iv; 2.0 mpk po.
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(±)-11b. Additionally, the cis-isomer (±)-11a was more
selective for the remaining S1P subtypes (>3000-fold
over S1P3, >300-fold over S1P4, and >60-fold over
S1P5); such trends had been observed for analogs of 25


and with 2,4-(disubstituted)pyrrolidine S1P receptor
agonists,14 but were somewhat less pronounced. The c-
amino acids (±)-14a and (±)-14b were approximately
2-fold less potent than b-amino acids (±)-11a and (±)-
11b with excellent selectivity against S1P3 and S1P4,
although both compounds had an increased affinity for
the S1P5 receptor.


Administration of either pyrrolidine (±)-11a or (±)-11b
to mice at 10 mpk resulted in a near maximal lowering
of circulating PBLs and both of these compounds exhib-
ited favorable pharmacokinetics in the rat (Table 3).
Based on the in vitro potency and selectivity of the cis-
isomer (±)-11a, additional analogs were prepared in this
series. Chemistry was carried out as outlined in Scheme
3, starting with the amidoxime derived from nitrile (±)-
10a and some select substituted benzoic acids.15 S1P
receptor data for these compounds are listed in Table 2.


4-(Cycloalkyl)phenyl substituents appended to the 5-po-
sition of the 1,2,4-oxadiazole ring had been previously
demonstrated to either maintain or enhance S1P recep-
tor affinity as compared to the corresponding 4-(2-meth-
ylpropyl)phenyl analogs in other series of S1P receptor
agonists. The same trend was observed for the com-
pounds in this study (Table 2). Cyclohexyl analog (±)-
15 and the diastereomeric mixtures 18 and 19 were all
found to have S1P1 IC50 values of 1 nM or less. Since
the (R)-(2,2-difluoro)cyclopentyl analog 19 appeared to
be more potent in the mouse peripheral lymphocyte low-
ering (PLL) screening assay; separation of this com-
pound by chiral HPLC16 afforded the single
diastereomers 20 and 21. Analog 21 was found to be a
potent S1P1 agonist (S1P1 IC50 = 0.6 nM) with greater
than 5900-fold selectivity over S1P3 and 1100-fold selec-
tivity over the S1P4 receptor. Compound 21 displayed
good rat pharmacokinetic properties (Table 3) and its
PLL pharmacodynamic ED50 value in the mouse was
approximately 0.3 mg/kg after oral administration.


In short, we have demonstrated that a rational combina-
tion of compounds (±)-1 and 2 led to the identification
of a series of cis-2,5-disubstituted pyrrolidine carboxy-
lates as agonists of the S1P1 receptor, with good to
exceptional selectivity over S1P2,3,4 subtypes. Select

compounds have also been shown to lower circulating
PBLs after oral administration in mice and display
encouraging pharmacokinetic profiles in rats.
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Tourwé, D. Tetrahedron 1998, 54, 1753.


10. Podlech, J.; Seebach, D. Liebigs Ann. Chem. 1995, 7, 1217.
11. Brown, H. C.; Narasimham, S.; Choi, Y. M. J. Org. Chem.


1982, 47, 4702.
12. Mancuso, A. J.; Swern, D. Synthesis 1981, 165.
13. Hale, J. J.; Lynch, C. L.; Neway, W.; Mills, S. G.; Hajdu,


R.; Keohane, C. A.; Rosenbach, M. J.; Milligan, J. A.;
Shei, G.-J.; Parent, S. A.; Chrebet, G.; Bergstrom, J.;
Card, D.; Ferrer, M.; Hodder, P.; Strulovici, B.; Rosen,
H.; Mandala, S. M. Bioorg. Med. Chem. Lett. 2004, 14,
3351.


14. Yan, L.; Budhu, R.; Huo, P.; Lynch, C. L.; Hale, J. J.;
Mills, S. G.; Hajdu, R.; Keohane, C. A.; Rosenbach, M.
J.; Milligan, J. A.; Shei, G.-J.; Chrebet, G.; Bergstrom, J.;
Card, D.; Mandala, S. M. Bioorg. Med. Chem. Lett.,
accepted for publication.


15. (4-Cyclohexyl)phenylbenzoic acid was purchased from
Lancaster synthesis. For the preparation of benzoic acids
used in the synthesis of compounds 16–19, see Ref. 4.


16. Chiral HPLC was performed on the N-tert-butoxycar-
bonylmethyl ester of compound 19 (Chiralpak OD
column, 2 · 25 cm, 10% EtOH/heptane, 8.0 mL/min,
k = 254 nm, peak 1 = 21.9 min; peak 2 = 26.1 min).
Sequential deprotection afforded compounds 20 and
21.





		2,5-Disubstituted pyrrolidine carboxylates as potent, orally active sphingosine-1-phosphate (S1P) receptor agonists

		References and notes












Bioorganic & Medicinal Chemistry Letters 16 (2006) 2937–2942

Novel cisplatin-type platinum complexes and their cytotoxic activity


Kai Cui, Lianhong Wang, Haibin Zhu, Shaohua Gou* and Yun Liu


State Key Laboratory of Coordination Chemistry, Nanjing University, Nanjing 210093, China


Received 4 December 2005; revised 16 February 2006; accepted 28 February 2006


Available online 22 March 2006

Abstract—A series of novel cisplatin-type platinum complexes, formulated as [PtA2(OCOCH2OR)2] (A2 = two monoamines or one
diamine, R is an alkyl group), were designed, characteristic of alkoxyacetate as carboxylato ligands. The pertinent compounds were
prepared and characterized by elementary analyses, IR, 1H NMR, and ESI-MS spectra. The cytotoxic activities of compound 1a
in vitro toward HL-60 human leukemia and BEL-7402 human hepatocellular carcinoma cell lines were pioneeringly studied. Then,
compounds 1b–3d were evaluated for their in vitro cytotoxicity against Ramos human lymphoma, 3AO human ovarian carcinoma,
and A549 human non-small cell lung cancer cell lines. Most of them showed better cytotoxic activity than carboplatin against above
selected cell lines.
� 2006 Elsevier Ltd. All rights reserved.

Cisplatin is one of the most frequently used chemother-
apeutics in the treatment of malignant tumors,1–3 never-
theless, the clinical application of cisplatin is greatly
limited by its toxicity,4–6 narrow range of activity, both
intrinsic and acquired resistance, and low aqueous solu-
bility. So far, tremendous efforts have been devoted to
developing cisplatin analogues with broader spectra of
activity, improved clinical efficacy, and reduced toxicity.
More recently, there have been efforts directed at the de-
sign of non-classical Pt complexes that violate the origi-
nal SAR, such as orally active platinum(IV)
complexes,7–16 sterically hindered platinum(II) complex-
es,17–22 trans-platinum complexes,17,23–27 multinuclear
platinum complexes,17,28–34 sulfur-containing platinum
complexes,35–40 etc. Although thousands of platinum
compounds have been synthesized and biologically eval-
uated, only a small number of them have been advanced
for human clinical trials. This situation is due to the
shortcoming of cisplatin mentioned above. To overcome
this impediment, a generally accepted strategy is to mod-
ulate both the aqueous solubility and liposolubility of
the potential platinum compounds, since well-balanced
solubility both in water and liposome is greatly helpful
to transport drugs into target cells and reduce drug-
related toxicities. One major approach to achieve this
goal is to alternate the chloride anions of cisplatin to
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appropriate leaving groups. In this way, the previous lit-
erature work usually emphasizes on one of the following
techniques. One is to replace the chloride anion with a
short chain aliphatic carboxylato group or a cyclocarb-
oxylato group to promote the aqueous solubility of the
related Pt(II) complexes.41–44 A successful example is
carboplatin that has been widely used in clinic at pres-
ent. The other is to change the chloride anion into a
highly branched or long chain aliphatic carboxylato
group to improve the liposolubility of the resulting
Pt(II) complexes. One example in this way is the liposo-
mal formulation of the platinum compound NDDP
(L-NDDP/AR-726), developed by Aronex using neo-
caprate as leaving groups, which is currently in phase
II clinical trials.45 Another example, lipophilic SM-
11355 developed by Sumitomo, is in phase II clinical tri-
als against liver cancer, where C13H27COO� serves as
leaving groups.46 Considering that carboxylic acids con-
taining alkoxy moieties have reasonable aqueous solu-
bility and liposolubility, we selected alkoxyacetate as
the candidate to take the place of chloride anions in cis-
platin for developing its analogues with expectation of
higher antitumor activities and lower toxicity. Based
on this idea, we designed and synthesized a series of nov-
el cisplatin analogues of the type [PtA2(OCOCH2OR)2]
(Fig. 1, where R is an alkyl group). All complexes were
evaluated for their in vitro cytotoxicity against a panel
of human tumor cell lines.


Two general methods have been applied to prepare the
platinum complexes containing alkoxy carboxylic anions.
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Table 1. In vitro cytotoxicity against selected human tumor cell lines


of 1aa


Complex Carrier


ligand A


Leaving group


R=


IC50 (lM)


HL-60b,d BEL-7402c,e


1a DACHf –CH3 0.31 0.53


Cisplatin 0.33 0.77


Carboplatin 2.86 36.12


a All IC50 values (platinum complex concentration at which cell growth


was inhibited by 50%) calculated based on the Pt-content are


means ± SD (SD < 12% of the mean value) from at least three sep-


arate experiments.
b Tested by trypan blue dye exclusion test.
c Tested by sulforhodamine B colorimetric assay.
d Leukemia.
e Hepatocellular carcinoma.
f DACH: trans-1R,2R-diaminocyclohexane.
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Figure 1. Structures of platinum(II) complexes 1a–3d.
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One is involved in the reaction of [PtA2(H2O)2](NO3)2


with sodium carboxylate,47 the other is involved in the
reaction of [PtA2I2]47,48 with silver carboxylate.49,50


The result shows all complexes have both good aqueous
solubility and liposolubility. Compounds 1a, 2a, 3a, and
3d with lower water solubility have been prepared by the
former method,58 compounds 1b, 2b, 3b, 1c, 2c, 3c, 1d,
and 2d with higher water solubility have been obtained
by the latter method.59


All compounds were characterized by microanalyses,
IR,1H NMR, and ESI-MS spectra. The elemental
analysis for each compound was in good agreement with
the empirical formula proposed. In the IR spectra of all
complexes, the amino group participation in binding
with Pt(II) was confirmed by the examination of mNH2


and dNH2 frequencies, which were shifted to lower
frequencies comparing with a free amino group, due to
Pt(II)–NH2 coordination. The presence of a band near
1662–1614 cm�1 and the absence of the C@O absorp-
tion of free carboxylic acids near 1700 cm�1 demonstrat-
ed that the carboxylate anion was coordinated to the
metal atom in each case.51 Most of the compounds
showed a peak of [M�ROCH2COO�+H2O]+ in their
positive ESI mass spectra, however, several compounds
presented [M+Na]+ peaks, which are corresponding to
their molecular weight. It is noted that all the mass spec-
tra of the platinum complexes have three protonated ion
peaks because of the isotopes 194Pt (33%), 195Pt (34%),
and 196Pt (25%). 1H NMR spectral peaks of all com-
pounds were compatible to the related molecular struc-
tures given in Figure 1.


The in vitro cytotoxicities of the platinum compounds
against a panel of tumor cell lines were screened by
the National Center for Drug Screening of Chinese
Academy of Sciences. For the tentative test, the cytotox-
ic activities of compound 1a in vitro toward HL-60
human leukemia and BEL-7402 human hepatocellular

carcinoma cell lines were pioneeringly studied. It was
tested by trypan blue dye exclusion test and sulforhoda-
mine B (SRB) colorimetric assay as described in the
literature, respectively.52–57,60 Cells were continuously
exposed to 1a, cisplatin, and carboplatin for 72 h, and
the results are summarized in Table 1. As shown in
Table 1, 1a was more active than cisplatin and carbo-
platin against these two selected cell lines. 1a displayed
as near 9-fold and 68-fold high cytotoxicity toward
HL-60 and BEL-7402 as carboplatin, respectively.


Next, cytotoxicities of complexes 1b–3d toward Ramos
human lymphoma, 3AO human ovarian carcinoma,
and A549 human non-small cell lung cancer cell lines
were determined by sulforhodamine B (SRB) assay.
The cytotoxicities of these compounds were compared
with those of cisplatin, carboplatin, and oxaliplatin. In
this study, cells were continuously exposed to test com-
pounds 1b–3d for 72 h. The results are given in Table 2.


From the above biological results, it is concluded that
Ramos human lymphoma cell was most sensitive to all
the platinum analogue treatment. The cytotoxicity of
compounds 1b–3d against Ramos was comparable to
that of cisplatin except for 3c which was much less cyto-
toxic. Complex 2a displayed the highest cytotoxicity
against all these three cell lines, with the lower IC50


value by factors of 1.3- to 6.3-fold compared to those
of cisplatin, 1.6- to 8.9-fold compared to those of
oxaliplatin, and 12.8- to 98.3-fold compared to those
of carboplatin. Complexes 3a, 2d, and 1d are the next
potent agents. It has been seen in Table 2 that the cyto-
toxicity of 3a is very close to that of cisplatin against
A549 and 2-fold better than cisplatin against 3AO.
Complexes 2d and 1d are slightly better than cisplatin
against Ramos and 3AO.


Based on the comparison of IC50 values of these
compounds, the structure–activity relationship revealed
that the structure of the amino ligand was very impor-
tant to cytotoxic activity. In general, it has been
demonstrated that most of the platinum complexes with
trans-R,R-bidentate diamine, such as 1d, 2a, 2d, 3a, and
3d, are generally more active than those with the mono-
amine (ammine) carrier ligand when the leaving group is







Table 2. In vitro cytotoxicity against selected human tumor cell lines of 1b–3da


Complex Carrier ligand Leaving group IC50 (lM)


Ramosb,c 3-AOb,d A549b,e


1b 2NH3 –CH3 0.25 2.95 1.97


1c 2(Isopropylamine) –CH3 0.41 8.76 11.81


1d BAMIDf –CH3 0.13 0.91 2.01


2a DACHg –CH2CH3 0.04 0.17 0.78


2b NH3 –CH2CH3 0.21 1.38 2.07


2c 2(Isopropylamine) –CH2CH3 0.39 7.13 8.67


2d BAMID –CH2CH3 0.10 0.87 2.09


3a DACH –CH2CH2CH2CH3 0.35 0.53 1.05


3b NH3 –CH2CH2CH2CH3 0.41 3.87 2.24


3c 2(Isopropylamine) –CH2CH2CH2CH3 1.57 7.13 18.43


3d BAMID –CH2CH2CH2CH3 0.08 10.46 4.91


Oxaliplatin 0.20 1.51 1.26


Carboplatin 0.54 16.71 9.97


Cisplatin 0.17 1.07 1.00


a All IC50 values (platinum complex concentration at which cell growth was inhibited by 50%) calculated based on the Pt-content are means ± SD


(SD < 12% of the mean value) from at least three separate experiments.
b Tested by sulforhodamine B colorimetric assay.
c Lymphoma.
d Ovarian carcinoma.
e Non-small cell lung cancer carcinoma.
f BAMID: (4R,5R)-4,5-bis(aminomethyl)-2-isopropyl-1,3-dioxolane.
g DACH: trans-1R,2R-diaminocyclohexane.
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the same. However, among these compounds, there are
some reversing cases, such as 3d < 3c < 3b in 3AO cell,
and 1d < 1b, 2d < 2b, 3d < 3b in A549 cell. The activities
of the complexes with ammine seem to be higher than
those of the compounds with isopropylamine in all three
selected cell lines.


As seen in Table 2, the order of cytotoxicities in Ramos
is 2a > 3d > 2d > 1d > cisplatin > oxaliplatin > 2b > 1b >
3a > 2c > 1c = 3b > carboplatin > 3c, in 3AO is 2a >
3a > 2d > 1d > cisplatin > 2b > oxaliplatin > 1b > 3b >
2c = 3c > 1c > 3d > carboplatin, and in A549 is 2a > cis-
platin > 3a > oxaliplatin > 1b > 1d > 2b > 2d > 3b >
3d > 2c > carboplatin > 1c > 3c.


The cytotoxicities of the resulting platinum complexes
are also related to the nature of the leaving group. It
has been seen from Table 2 that nearly all platinum
complexes with diethoxyacetate have higher cytotoxicity
than those with dimethoxyacetate or dibutoxyacetate
when the amine carrier ligand is the same, that is
2a > 3a; 2b > 1b and 3b; 2c > 1c and 3c; 2d > 1d and
3d. However, there are some exceptions, such as
2d < 3d in Ramos; 2c = 3c in 3AO; 2b < 1b and
2d < 1d in A549.


In conclusion, most compounds exhibit better
cytotoxic activity than carboplatin against tested cell
lines. Complex 2a, cis-(trans-1R,2R-diaminocyclohex-
ane)bis(ethoxyacetate)platinum(II), displays the highest
cytotoxicity against all three tested cell lines. Complexes
1a, 2a, and 3a not only exhibit higher in vitro cytotoxic-
ity, but also possess desirable physico-chemical proper-
ties such as excellent solubility in both water and
organic solvents. Complex 1a exhibits better aqueous
solubility than carboplatin, oxaliplatin, and cisplatin,
the pertinent values being 34, 17, 8, and 1 mg/mL at

room temperature, respectively. Complexes 2a and 3a
present lower aqueous solubility and higher liposolubility
than 1a.61
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ethoxyacetate), 1.25 (m, 2H, 2H of CH2 CH2CH2CH2 of
DACH), 1.60 (m, 2H, 2H of CH2CH2CH2CH2 of DACH),
1.96 (m, 2H, 2H of CH2CH2CH2CH2 of DACH), 2.35 (m,
2H, 2H of CH2CH2CH2CH2 of DACH), 3.40–3.90 (m,
10H, 4H of 2OCH2CH3of ethoxyacetate, 4H of 2OCH2-


COO of ethoxyacetate, overlapped with 2H of CHCH of
DACH). ESI-MS: m/z [M�CH3CH2OCH2COO�+H2O]+


= 430 (100%). Anal. (C14H28N2O6Pt) C, H, N. Data for 3a.
Yield: 32%, yellow solids. IR (m, cm�1): 3449w(br), 3199s,
3104m, 2957s, 2933s, 2867s, 1614vs, 1454w, 1383s, 1336m,
1297m, 1205w, 1122s, 1064w, 1030w. 1H NMR (D2O/
TMS): d 0.84 (m, 6H, 6H of 2OCH2CH2CH2CH3 of
butoxyacetate), 1.11 (m, 2H, 2H of CH2CH2CH2CH2 of
DACH), 1.29 (m, 6H, 2H of CH2CH2CH2CH2 of DACH,
overlapped with 4H of 2OCH2CH2CH2CH3 of butoxyac-
etate), 1.49 (m, 6H, 2H of CH2CH2CH2CH2 of DACH,
overlapped with 4H of 2OCH2CH2CH2CH3 of butoxyac-
etate), 1.99 (m, 2H, 2H of CH2CH2CH2CH2 of DACH),
2.33 (m, 2H, 2H of CHCH of DACH), 3.45 (m, 4H, 4H of 2
OCH2CH2CH2CH3 of butoxyacetate), 3.84–3.97 (m, 4H,
4H of 2OCH2COO of butoxyacetate). ESI-MS: m/z
[M�C4H9OCH2COO�+H2O]+ = 458 (100%). Anal.
(C18H36N2O6Pt) C, H, N. Data for 3d. Yield: 35%, white
solids. IR(m, cm�1): 3448br, 3233s, 3124m, 2960s, 2934m,
2871m, 1660vs, 1640vs, 1581m, 1458w, 1421m, 1371m,
1335m, 1279m, 1129s. 1H NMR (DMSO-d6/TMS): d 0.87
(m, 12H, 6H of 2CH3 of BAMID, overlapped with 6H of
2OCH2CH2CH2CH3 of butoxyacetate), 1.31 (m, 4H, 4H
of 2OCH2CH2CH2CH3 of butoxyacetate), 1.46 (m, 4H, 4H
of 2OCH2CH2CH2CH3 of butoxyacetate), 1.77 (m, 1H, 1H
of CH(CH3)2 of BAMID), 2.81 (m, 4H, 4H of 2CH2NH2 of
BAMID), 3.10–3.40 (m, 6H, 4H of 2OCH2CH2CH2CH3


of butoxyacetate, overlapped with 2H of OCHCHO of
BAMID), 3.60–3.88 (m, 4H, 4H of 2OCH2COO of
butoxyacetate), 4.80 (d, 1H, 1H of OCHO of BAMID),
4.54–4.78 (br, NH2); ESI-MS m/z [M+Na]+ = 654 (100%),
[M+Na+H2O]+ = 672 (85%), [M+H]+ = 632 (80%),
[M�C4H9OCH2COO�+H2O]+ = 518 (60%). Anal.
(C20H40N2O8Pt) C, H, N. After the light yellow crystals
were collected, the filtrate for complex 1awas further
concentrated and cooled, the new and more crystals were
collected after the process was repeated three times. All the
crystals were united, so the product yield for complex 1a is
higher than those for complexes 2a, 3a, and 3d in spite of the
same preparation method employed for them.


59. Synthesis of the rest complexes. A suspension of the
corresponding diiododiamineplatinum(II) complex
(2 mmol) and silver alkoxyacetate (4 mmol) in H2O
(100 mL) was stirred at 60 �C in the dark overnight,
the resulting deposits filtered off and washed with water.
The filtrate was evaporated to near dryness and refrig-
erated to give white solids, which were filtered off and
dried under vacuum. All of such resulting complexes are
liable to be hygroscopic when exposed in air. Data for
1b. Yield: 35%, white solids. IR (m, cm�1): 3279s, 3222s,
3124s, 2989m, 2901m, 2827m, 1662vs, 1571vs, 1466m,
1423vs, 1393vs, 1335vs, 1284s, 1205s, 1117vs, 1015m,
989m. 1H NMR (D2O/TMS): d 3.34 (m, 6H, 6H of
2OCH3 of methoxyacetate), 4.02 (m, 4H, 4H of
2OCH2COO of methoxyacetate). ESI-MS: m/z
[M+Na]+ = 430 (100%). Anal. (C6H16N2O6Pt) C, H, N.
Data for 2b. Yield: 35%, white solids. IR (m, cm�1):
3497m, 3260sh, 2978w, 2885w, 1631vs, 1451w, 1420s,
1387s, 1330s, 1121vs, and 1036w. 1H NMR (D2O/TMS):
d 1.20 (m, 6H, 6H of 2 OCH2CH3 of ethoxyacetate), 3.60
(m, 4H, 4H of 2OCH2CH3 of ethoxyacetate), 3.94–4.07
(m, 4H, 4H of 2OCH2COO of ethoxyacetate). ESI-MS:
m/z [M�CH3OCH2COO�+H2O]+ = 350 (100%). Anal.
(C8H20N2O6Pt) C, H, N. Data for 3b. Yield: 57%, white

crystals. IR (m, cm�1): 3460m, 3381m, 3270s, 3111s,
2958m, 2932m, 2871m, 1651vs, 1601vs, 1577vs, 1461w,
1388vs, 1339m, 1292s, 1136s, 1116s. 1H NMR (D2O/
TMS): d 0.83 (m, 6H, 6H of 2OCH2CH2CH2CH3 of
butoxyacetate), 1.28 (m, 4H, 4H of 2OCH2CH2CH2CH3


of butoxyacetate), 1.49 (m, 4H, 4H of
2OCH2CH2CH2CH3 of butoxyacetate), 3.45 (m, 4H,
4H of 2OCH2CH2CH2CH3 of butoxyacetate), 3.84–3.99
(m, 4H, 4H of 2OCH2COO of butoxyacetate). ESI-MS:
m/z [M�C4H9OCH2COO�+H2O]+ = 378 (100%). Anal.
(C12H28N2O6Pt) C, H, N. Data for 1c. Yield: 36%, white
solids. IR (m, cm�1): 3451m, 3207s, 3106m, 1630s, 1449w,
1384vs, 1333m, 1298m, 1173m, 1119s, 1065m, 1031m;1H
NMR (DMSO-d6/TMS): d 1.25 (m, 12H, 12 H of 4CH3


of i-propylamine), 3.22 (m, 6H, 6H of 2OCH3 of
methoxyacetate), 3.36–3.85 (m, 6H, 2H of 2CH of i-
propylamine, overlapped with 4H of 2OCH2COO of
methoxyacetate); ESI-MS: m/z [M+Na]+ = 514 (100%).
Anal. (C12H28N2O6Pt) C, H, N. Data for 2c. Yield:
27.0%, white solids. IR (m, cm�1): 3448m, 3196sh, 2973m,
2933w, 2876w, 1642vs, 1569m, 1384vs, 1339vs, 1172w,
1118s, 1016w. 1H NMR (D2O/TMS): d 1.18 (m, 12H,
12H of 4CH3 of i-propylamine), 1.20 (m, 6H, 6H of
2OCH2CH3 of ethoxyacetate), 3.59 (m, 2H, 2H of 2CH
of i-propylamine), 3.64 (m, 4H, 4H of 2OCH2CH3 of
ethoxyacetate), 3.90–4.10 (m, 4H, 4H of 2OCH2COO of
ethoxyacetate). ESI-MS: m/z [M�CH3CH2OCH2COO�+
H2O]+ = 434 (100%). Anal. (C14H32N2O6Pt) C, H, N.
Data for 3c. Yield: 40%, white solids. IR (m, cm�1):
3448w (br), 3223sh, 2964m, 2935m, 2875m, 1633vs,
1575w, 1465w, 1382vs, 1342vs, 1273w, 1159w, 1120s.
1H NMR(D2O/TMS): d 0.89 (m, 6 H, 6H of
2OCH2CH2CH2CH3 of butoxyacetate), 1.30 (m, 16H,
12H of 4CH3 of i-propylamine, overlapped with 4H of
2OCH2CH2CH2CH3 of butoxyacetate), 1.55 (m, 4H, 4H
of 2OCH2CH2CH2CH3 of butoxyacetate), 2.81 (m, 2H,
2H of 2CH of i-propylamine), 3.50 (m, 4H, 4H of
2OCH2CH2CH2CH3 of butoxyacetate), 3.89–4.03 (m,
4H, 4H of 2OCH2COO of butoxyacetate). ESI-MS: m/z
[M+Na]+ = 598 (100%), [M�C4H9OCH2COO� +H2O]+ =
462 (85%). Anal. (C18H40O6Pt) C, H, N. Data for 1d.
Yield: 28%, white solids. IR (m, cm�1): 3449s, 3206s,
2964s, 2825m, 1617vs, 1419s, 1385s, 1311m, 1261w,
1200s, 1114vs, 1014w, 988m. 1H NMR (D2O/TMS): d
0.95 (d, 6H, 6H of 2CH3 of BAMID), 1.91 (m, 1H, 1H
of CH(CH3)2 of BAMID), 2.50–2.98 (m, 4H, 4H of
2CH2NH2 of BAMID), 3.39 (m, 6H, 6H of 2OCH3 of
methoxyacetate), 3.99 (m, 4H, 4H of2OCH2COO of
methoxyacetate), 4.04 (m, 2H, 2H of OCHCHO of
BAMID), 5.34 (d, 1H, 1H of OCHO of BAMID). ESI-
MS: m/z [M+Na]+ = 570 (100%), [M�CH3OCH2COO�


+H2O]+ = 475 (75%). Anal. (C14H28N2O8Pt) C, H, N.
Data for 2d. Yield: 19%, white solids. IR (m, cm�1):
3449m, 3212sh, 2974m, 2878m, 1637s, 1384vs, 1302w,
1116m, 1011w. 1H NMR (D2O/TMS): d 0.86 (d, 6H, 6H
of 2CH3 of BAMID), 1.12 (m, 6H, 6H of 2OCH2CH3 of
ethoxyacetate), 1.84 (m, 1H, 1H of CH(CH3)2 of
BAMID), 2.73 (m, 2H, 2H of CH2NH2 of BAMID),
3.20 (m, 2H, 2H of CH2NH2 of BAMID), 3.50 (m, 4H,
4H of 2OCH2CH3 of ethoxyacetate), 3.80–4.00 (m, 6H,
4H of 2OCH2COO of ethoxyacetate, overlapped with 2H
of OCHCHO of BAMID), 4.93 (d, 1H, 1H of OCHO of
BAMID). ESI-MS: m/z [M�CH3CH2OCH2COO�


+H2O]+ = 490 (100%). Anal. (C16H32N2O8Pt) C, H, N.
60. These cell lines were grown in RPMI-1640 supplemented


with 10% heat-inactivated fetal calf serum, penicillin
(100 U/mL), and streptomycin (100 lg/mL) in a highly
humidified atmosphere of 5% CO2 at 37 �C and passaged
every 3 days to maintain normal growth (monolayer on
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the flask). The exponentially grown cells were cultured for
24 h at a density of 5.0 · 105 cells/mL in 96-well culture
plates and subsequently exposed to various concentrations
of platinum complexes (0.01, 0.1, 1, 10, and 100 lM) for
72 h at 37 �C in a humidified atmosphere of 5% CO2 in air.
The control cells were treated with the same amount of
vehicle alone. For each of the variants tested, eight wells
were used. For HL-60, at the end of the exposure, cell
culture medium was removed by vacuum aspiration and
the suspended cells were removed from the medium by
centrifugation. A total of 100 lL suspensions of the cells
were treated with equal amount of a 1:10 (v/v) mixture of
0.4% filtered trypan blue solution stain in Hanks’ balanced
salt solution (HBSS). Cells were observed under an
inverted phase contrast microscope and counted as stained
(dead) and non-stained (viable) cells on hemocytometer
separately. For BEL-7402, Ramos, 3AO, and A549, after
platinum complex treatment, the cultures were fixed with
cold trichloroacetic acid and stained with 0.4% SRB

dissolved in 1% acetic acid. Subsequently, unbound dye
was removed by washing with acetic acid, and protein-
bound dye was solubilized with Tris base. Then the
absorbance of treated cells was read at 492 nm. Cytotox-
icity was evaluated from the cell-growth inhibition in the
treated cultures versus untreated controls. IC50, the
micromolar concentration of compound at which cell
proliferation was 50% of that observed in control cultures,
was determined by linear regression analysis.


61. The solubility of compounds 1a–3a in several normal
solutions such as water, ethanol, and chloroform has
been tested. The solubility of complex 1a is approxi-
mately 34.48, 0.17, and 0.1 mg/mL in water, ethanol,
and chloroform, respectively. The solubility of complex
2a is approximately 0.33, 1.00, and 1.25 mg/mL in
water, ethanol, and chloroform, respectively. The solu-
bility of complex 3a is approximately 0.12, 10.00, and
1.00 mg/mL in water, ethanol, and chloroform,
respectively.
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Abstract—N-Phenyl-2-[1-[3-(2-pyridinylethynyl)benzoyl]-4-piperidine]acetamide (9) and related piperidine acetamide derivatives
have good oral activity in the elevated plus maze, an animal model predictive of clinical efficacy for the treatment of anxiety. Modest
affinity was observed for the neurokinin NK-1 and 2 receptors, which are known to be involved in the regulation of mood and
emotion.
� 2006 Elsevier Ltd. All rights reserved.
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The pathological condition of anxiety is a prevalent and
debilitating disorder.1 Clinical anxiety disorders are de-
scribed in the Diagnostic and Statistical Manual, Vol. 4
and include generalized anxiety disorder, panic disorder,
agoraphobia, and obsessive-compulsive disorder.2 There
are significant opportunities for new anxiolytics that are
not sedating or addictive and are broadly effective across
different patient populations and types of anxiety. Neu-
rokinin receptors NK-1 and 2 have been implicated in
mood and emotion, and investigated as targets for the
treatment of anxiety.3 No drug currently marketed for
anxiety acts through this unique mechanism of action,
although the NK-1 antagonist aprepitant has recently
been approved as an anti-emetic.4


Neurokinin receptors are currently divided into three
main subtypes, designated NK-1, 2, and 3. Their endog-
enous agonists are the tachykinin family of peptides,
exemplified by substance P (NK-1 selective) and neur-
okinins A and B (NK-2 and 3 selective, respectively).
Considerable attention has focused on the development
of small-molecule antagonists of the NK-1 receptor for
depression, since early clinical trials appeared to suggest
that NK-1 receptor antagonists may alleviate depression
in humans.5

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


doi:10.1016/j.bmcl.2006.02.027


Keywords: Anxiolytics; Neurokinin; Diarylacetylenes; Piperidines;


Sonogashira coupling; Elevated plus maze.
* Corresponding author. Tel.: +1 215 628 7986; e-mail:


ckordik@prdus.jnj.com

When the antidepressant activity for aprepitant was de-
scribed, we initiated a program to discover new neurok-
inin receptor antagonists. We focused our early efforts
on modifications of the neurokinin modulator CGP-
48923 (1).6 In our design strategy, the chiral centers were
removed, while several of the electrostatic and hydro-
phobic interactions were retained. Specifically, we pro-
posed to add hydrophobic substitution appended to
the benzyl group of 1 via a suitable spacer (viz., 2).

The synthesis was initiated by the reaction of N-benzyl-
4-piperidinone (3) with the appropriate stabilized Wittig
reagent to give 4 (Scheme 1). Hydrogenolysis of 4 pro-
vided 5, which was then reacted with 3-iodobenzoyl
chloride to afford 6. Copper- and palladium-mediated
coupling7 of 3-ethynylpiperidine provided 7, which was
converted to amide targets first by base-mediated hydro-
lysis of the ester to form 8 followed by amide formation
under standard conditions to give 9 (Table 1). In addi-
tion, we prepared 4-hydroxyphenyl congener 10 because
it was a metabolite of 9 (see below) and fluorinated
derivatives 11–13 in order to block this metabolism, by
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Table 2. In vivo testing data


N


O


N
H


O
X


R1


R2


Compound Elevated plus


maze (MED, po)


DOI-induced headshakes


(MED, po)


9 1.0 20.0


10 3.0 20.0


13 1.0 0.1


Scheme 1. General synthetic pathway.


Table 1. Diarylacetylene piperidinyl amides


N


O


N
H


O
X


R1


R2


Compound R1 R2 X NK-1a NK-2a


9 H H N 37 11


10 H OH N 18 n.t.


11 F H N 96 (0.64) 97 (0.55)


12 H F N 96 (1.0) 96 (1.0)


13 F F N 16 8


14 H H C 28 7


n.t. is not tested.
a % inhibition at 10 lM (IC50, lM).
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the use of the appropriate aniline in coupling with 8.
Phenylacetylene 14 was also prepared by the use of ethy-
nylbenzene in reaction with 6.


The oral bioavailability of compound 9 in rats was
determined to be 65% with a t1/2 of 3.1 h after adminis-
tration of 40 mg/kg po. The metabolic stability of 9 was
evaluated in human and rat liver microsomes. Signifi-
cant levels of unchanged 9 remained after 90 min incu-
bation (63% in rat and 35% in human). The major
metabolite involved hydroxylation of the phenyl ring.
We therefore prepared para-hydroxy compound 10.
Comparison of synthetic 10 with that prepared metabol-
ically revealed that they were identical. Compound 10
was more metabolically stable than 9 with 97% and
80% remaining in rat and human liver microsomes,
respectively, after 90 min incubation. However, the bio-
availability of 10 was quite low (<2% at 3 and 10 mg/kg
po), so that it was not considered further. In order to
potentially block hydroxylation on the aryl ring, we pre-
pared fluorinated derivatives 11–13.

Compounds 9–14 were tested for binding at the neu-
rokinin NK-1 and 2 receptors (hNK1-U373MG and
hNK2-CHO cells, respectively). Although 9 and
metabolite 10 had relatively little binding to these
receptors, both the 2- and 4-fluorophenyl compounds
11 and 12 had modest binding with IC50s of 61 lM.
Surprisingly, 2,4-difluorophenyl congener 13 had sig-
nificantly less NK-1 and 2 binding. Compound 14,
in which the pyridine ring of 9 was now a phenyl,
had a similar level of activity as for 9. In addition,
9 was tested at 62 other GPCRs, ion channels, and
uptakes sites at 1 and 10 lM. Other than 60% inhibi-
tion of the GABA transporter at 10 lM, only weak
activities were observed at the peripheral benzodiaze-
pine, glycine, SK+ Ca2+ channels, and the peripheral
imidazoline I2 receptor.


We also determined anxiolytic efficacy of 9, 10, and 13
in established animal models predictive of clinical util-
ity. The primary animal model used was the reversal
of DOI-induced head shake in mice. Anti-depressant
therapy is associated with down-regulation of the 5-
HT2a and 5-HT2 c receptors. Further, antisense down-
regulation of 5-HT2a in mice is associated with antide-
pressant effects.8 Therefore, we determined the effects
of test compounds on head shakes induced by 1-
[2,5-dimethoxy-4-iodophenyl]-2-aminopropane (DOI),
which has high affinity as an agonist for 5-HT2A/2C


receptors.9 This model is useful because it is expected
to be sensitive to compounds that modulate serotoner-
gic pathways, either directly or indirectly. This model
may also be useful for the examination of new, atyp-
ical anxiolytic agents. Compounds 9 and 10 had the
same potency in this test with 20 mg/kg po minimum
effective doses (MEDs), and 13 was more active with a
0.1 mg/kg MED po (Table 2).


The elevated plus maze (EPM) is a widely used animal
test of anxiety.10 It models spontaneous behavioral
patterns in response to interactions with the environ-
ment. The EPM takes advantage of the innate fear
of rodents for open spaces with novelty as the major
source for this fear. A conflict develops due to the
stimuli of the novel environment which produces both
an approach drive (curiosity) and an avoidance drive
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such as fear of the unknown properties of the environ-
ment. Current marketed anxiolytics are active in the
EPM, which can detect both anxiolytic and anxiogenic
effects. Compounds 9 and 10 displayed 1.0 and
3.0 mg/kg MEDs upon oral administration, and 13
had a 1.0 mg/kg MED po.


We examined 2,4-difluoro 13 in more detail and were
surprised to find that it was actually less metabolically
stable than 9 in liver microsomes, with only 0.1 (rat)
and 15% (human) remaining after 60 min incubation,
due to oxidative metabolism of the piperidine ring.
In rats it displayed a 7.0% oral bioavailability with
a 2.7 h t1/2 when dosed at 15 mg/kg po, but surprising-
ly had 38–71% bioavailability in cynomologous mon-
keys with a 3.1–3.2 h t1/2.


Compounds 9, 10, and 13 have in vivo activity in
animal models predictive of a clinically useful anxio-
lytic effect in patients. Although 11 and 12 show neu-
rokinin NK-1 and 2 receptor binding with IC50s of
61 lM, it is not clear if these activities contribute
to the mechanism of anxiolytic action. There were
no other receptor interactions identified that appeared
to be relevant. Therefore, the mechanism of action of
these agents is not clearly understood at the present
time. We evaluated the metabolic stability and phar-
macokinetics of lead 9, preparing 4-hydroxyphenyl 10
to confirm the structure of the major metabolite. The
equivalent anxiolytic activity for 9 and 10 was sur-
prising given the poor oral bioavailability determined
for 10, and it is possible that there are biologically
active metabolites of 10 in vivo. Compound 14, in
which the nitrogen of the pyridine ring of 9 was re-
placed with a carbon, displayed similar activity as for
9. Among ring-fluorinated congeners prepared to
block metabolism (11–13), difluoro congener 13 was
examined to the greatest extent. This compound
had an acceptable pharmacokinetic profile in cyno-
molgus monkeys and comparable activity in vivo
tests as for 9.
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Abstract—Since b-tryptase is considered a critical mediator of asthma, potent tryptase inhibitors may be useful as new agents for the
treatment of asthma. We investigated 4-substituted benzylamine derivatives and obtained M58539 (15h) as a potent inhibitor of b-
tryptase (IC50 = 5.0 nM) with high selectivity against other serine proteases, low molecular weight, c logP value less than 5, lack of
amidino and guanidino groups, and independence of Zn2+ ion.
� 2006 Elsevier Ltd. All rights reserved.

OH


H
N


N


O NH2


O


HN


HN NH2


O


APC-366


N


NH N


H
N


NH2


HN
H2N


NH


BABIM


H2N


NH
S


H
N


O O


O O


NH2


NH
S


H
N


OO


AMG-126737


·HCl


MW : 678.8


MW : 440.5 MW : 332.4


Figure 1. The chemical structure of APC-366, BABIM, and AMG-


126737.

b-Tryptase, a serine protease, has been implicated in
allergic and inflammatory diseases like asthma.1–4 In
fact, APC-366, a tryptase inhibitor, was reported to be
effective in asthmatic patients.5 Other than APC-366,
several compounds, for example, BABIM6 and AMG-
126737,7,8 have been reported to be potent inhibitors
of b-tryptase. Most, however, contain strongly basic
groups such as amidino or guanidino groups. Further,
AMG-126737 has relatively high molecular weight
(>500). These properties are considered unfavorable
for oral administration. BABIM is known to require
Zn2+ ion for inhibition of b-tryptase (Fig. 1).


Our interest therefore focused on development of new
inhibitors with the following properties.


(1) High selectivity against other serine proteases.
(2) Low molecular weight less than 500.
(3) Low c logP value less than 5.
(4) Lack of strongly basic groups such as amidino and


guanidino groups.
(5) Independence of metal ions such as Zn2+ ion.


Compound 1 (Fig. 2) was found by means of high-
throughput screening. It does not contain strongly basic
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groups and its c logP value of 1 is less than 5, although
its molecular weight is slightly above 500. It was there-
fore selected as a seed compound, and further investiga-
tion was carried out in order to obtain optimal
compounds.


First, benzylamine derivatives containing a piperidino
function at the 4-position were synthesized, as shown
in Scheme 1. Condensation of 410 with 3 derived from
211 yielded seed compound (1). Reduction of the car-
bamoyl group in 1 with BH3–THF complex afforded
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Figure 2. The chemical structure of compound 1. See above-mentioned


reference for further information.


Y. Miyazaki et al. / Bioorg. Med. Chem. Lett. 16 (2006) 2986–2990 2987

5. 4-(4 0-Hydroxymethyl)piperidinobenzonitrile (6)12 was
smoothly converted to the amino-aldehyde (7) in the
usual manner. Reductive amination of 7 with 1-sulfonyl-
piperazine (8)13 and with monosulfonyl-ethylenediamine
(10)14 followed by deprotection yielded compounds 9
and 11, respectively.


Second, compounds containing an open chain structure
in the central part of the molecule were synthesized as
illustrated in Scheme 2. Thus, N-protected 4-iodo-ben-
zylamine (12) was allowed to react with allyl alcohol
in the presence of Pd(OAc)2 to afford aldehyde (13).
Reductive amination of 13 with 10 yielded 14, which
was deprotected to obtain 15a. Similarly, compounds
15b–h were prepared from 13 by sulfonylation with aryl-
sulfonyl chlorides (19b–h) and deprotection via 18.19 In
addition, N-methyl derivative (16) of 15a was prepared
from 14 by means of Leukart type reductive methyla-
tion. Compound 21 was synthesized from 4-cyanophe-
nylacetic acid (20)15 by condensation with 10 and
subsequent conversion of an amide carbonyl group to
a methylene group. Further, compound (25) containing
a carbonyl group on the ethylenediamine moiety was
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Scheme 1. Synthesis of 4-piperidinobenzylamine derivatives. Reagents: (a
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prepared from the protected 4-aminomethylbenzalde-
hyde (22)16 via 23, as shown in Scheme 2.


Finally, a benzylamine derivative (29) with an ether type
side chain instead of the secondary amine group in 15a
was synthesized. Compound 27, prepared by DIBAL
reduction of 26,18 was alkylated by bromoacetonitrile
in the presence of a phase-transfer catalyst, and subse-
quent reduction of the cyano group by NaBH4/CoCl2
afforded the amine (28). The amine (28) was easily con-
verted into the corresponding sulfonamide, which was
deprotected to the ether (29). The spectral data of the
products shown in Schemes 1–3 are not contradicted
by the proposed structures.


Optimization was performed from the middle region (X)
of 1. The results of modification of the region are listed
in Table 1. Activity was about 4-fold stronger than for 1,
when reduction of the amide moiety (5) or replacement
of the piperidine ring of the sulfonamide region with a
piperazine ring (9) was performed.


In order to give more flexibility to the substrates, 11,
which featured replacement of the piperidine ring in X
region with an ethylenediamine, was examined. Com-
pound 11 was 13-fold more potent than 1. In order to
make X region even more flexible, 15a, which featured
replacement of two piperidine rings with open chains,
was examined and was significantly more potent (ca.
300-fold) than the seed compound 1.


Based on 15a, the middle region was optimized further.
The focus of this optimization was the length of this re-
gion, the addition of substituent at the amine, and the
need for the amine. Compound 21, the length of which
was shortened by one methylene, was 11-fold less potent
than 15a. N-methylation of the amine (16) reduced
activity 1.5-fold. The amide (25) was also significantly
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less potent than compound 15a. Compound 29, which
featured replacement of the nitrogen atom by an oxygen
atom, was 80-fold less potent than compound 15a.


Thus, compound 15a was evaluated as the starting point
for further optimization.


Modification of the naphthalene ring moiety (R) was
performed. The results of this modification are shown
in Table 2. The naphthalene in 15a was replaced by
other aromatic ring systems, that is, benzene (15b), in-
dan (15c), benzo[b]thiophene (15d, e), 1,2,3,4-tetrahy-
droiso-quinoline (15f), or benzothiazole (15g). Bicyclic
rings seemed superior to monocyclic rings, and 15h20

was 15-fold more potent than 15a. These results suggest-
ed that the shape of 1-chloronaphthalene fits the binding
site exactly. Compound 15h was 4220-fold more potent
than seed compound 1.


The most potent compound 15h, M58539, was tested
for selectivity against trypsin, factor Xa, plasmin,
thrombin, and elastase. Among them, M58539 dis-
played exceedingly high selectivity against tryptase as
shown in Table 3.


Finally, the influence of Zn2+ ion on the inhibitory effect
of M58539 was tested. BABIM exhibited very low inhib-
itory activity (1/670) in the absence of Zn2+ ion, while







-20.0


0.0


20.0


40.0


60.0


80.0


100.0


120.0


0.1 1 10 100 1000 10000 100000
Log concentration (nM)


In
hi


bi
tio


n 
(%


)


150mM Zn /  M58539
150mM Zn / BABIM
1mM EDTA / M58539
1mM EDTA / BABIM


M58539


BABIM BABIM
without Zn2+


Figure 3. The influence of zinc ion on inhibitory effect.


Table 1. SAR for X region modification
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Table 2. SAR for naphthalene ring moiety modification


Compound X IC50 (lM)


15a 0.073


15b 0.76


15c 0.20
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15g
S
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Table 3. Selectivity of M58539 and BABIM against serine proteases


Compound Enzyme IC50 (lM) Selectivity


M58539 Tryptase 0.005


Trypsin >100 >20,000


FXa >100 >20,000


Plasmin >100 >20,000


Thrombin >100 >20,000


Elastase >100 >20,000


BABIM Tryptase 0.051


Trypsin 4.4 86


FXa 4.5 88


Plasmin 26 510


Thrombin 31 608


Elastase >100 >1960
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M58539 exhibited high inhibitory activity independent
of Zn2+ ion (Fig. 3).


As described in this paper, through modification of
4-substituted benzylamine derivatives, we obtained a
very active compound, M58539, as a potent inhibitor of
b-tryptase (IC50 = 5.0 nM) with the desired properties of
high selectivity against other serine proteases (>20,000),
low molecular weight (432.0), low c logP value (4.04),
lack of amidino and guanidino groups, and indepen-
dence of Zn2+ ion.
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Abstract—A novel analog of nucleic acids bearing an optically active serine ester backbone, serine-based nucleobase-linked poly-
ester (SNE), was synthesized. Monomers containing a thymine base were synthesized from LL- and DD-serines. Furthermore, reaction
conditions were thoroughly examined for the ester bond formation by using a new phosphonium-type condensing reagent on a solid
support without racemization. The release of the dimer from the resin was also investigated using a new type of linker, which could
be cleaved under neutral conditions.
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1. The structure of serine-based nucleobase-linked polyester


(SNE).

The base pairing of nucleic acids is one of the most
important events of molecular recognition in nature,
which guarantees the storage, transfer, and expression
of genetic information in living systems. The highly
specific molecular recognition through the pairing of
nucleobases has become increasingly important in
diagnostic and therapeutic applications. Moreover,
chiral recognition plays a critical role in most biolog-
ical functions such as enzyme catalysis and ligand–
receptor interactions. Recent years, the synthesis of
peptide nucleic acids (PNAs), nucleic acid analogs
based on an achiral polyamide backbone, and their
biological studies as well as diagnostic applications
were evaluated.1


Even though a wide variety of PNA analogs have
been reported to date, polyester analogs of nucleic
acids have never been reported because of the absence
of the synthetic strategy. Therefore, we focused our
attention on the synthesis of a novel polyester analog
of nucleic acids bearing an optically active serine
backbone (serine-based nucleobase-linked polyester:
SNE) (Fig. 1) as a simple model of nucleic acids,2 a
potential primordial nucleic acid,3 and a candidate
for therapeutic agents.4 The replacement of the amide
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linkages of PNA and of the phosphodiester linkages
of nucleic acids by ester linkages is expected to change
the chemical and physiological properties of these
molecules, particularly solubility in water and back-
bone flexibility. Furthermore, the SNE has a shorter
helical pitch compared with that of PNA,5 which is
identical for the hybridization with complementary
nucleic acids. In addition, helicity induced on SNE
oligomers by the chirality of the backbone might ex-
press an ability to recognize the chirality of other mol-
ecules. Because ester linkages are labile to strong acids
or bases, compared with the amide linkages, the devel-
opment of a new method for the synthesis of SNE
oligomers is of great importance.6


Here, we describe the synthesis of optically pure mono-
mer units containing a thymine base and the optimiza-
tion of the reaction conditions for an ester bond
formation on a solid support without racemization as
well as for the release of a dimer from the solid support
without the cleavage of the ester bond.
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Thymine monomers were prepared from LL- and DD-serines
as outlined in Scheme 1.7 (Thymin-1-yl)acetic acid 18 was
condensed with (LL)-serine ethyl ester in the presence of
N,N 0-dicyclohexylcarbodiimide (DCC) and then the
hydroxy group was protected with a monomethoxytrityl
(MMTr) group. The resulting ester (LL)-2 was hydrolyzed
by treatment with benzyltrimethylammonium hydroxide
to give the monomer unit (LL)-3 in good yield. The
monomer unit (DD)-3 was synthesized in a similar manner.
However, the optical purities of the monomer units
were found to significantly decrease to 66% ee for (LL)-3
and (DD)-3.9 Therefore, we decided to synthesize the
monomer units by another route outlined in Scheme 2.


Pertrimethylsilylated serine, prepared by a method
similar to the reported procedure,10 was treated with
an equimolar amount of anhydrous methanol to remove
the amino-protecting group selectively. The crude (LL)-5
was then acylated with the thyminyl acetic acid
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Scheme 2. Reagents and conditions: (i) DCC, DMF, rt, 17 h (37%); (ii)


TMS-Cl, CH2Cl2, 60 �C, 1.5 h; (iii) MeOH, CH2Cl2, rt; (iv) 4, CH2Cl2,


rt, 12 h; (v) TFA, CH2Cl2, methanol, rt, 1 h; (vi) MMTr-Cl, pyridine,


rt, 13 h (97%, four steps). The monomer unit (DD)-3 was synthesized in a


similar manner.

pentafluorophenyl ester 4.11 After removal of the TMS
groups, the hydroxy group was protected with an
MMTr group. Finally, the resulting compound was con-
verted to the corresponding benzyltrimethylammonium
salt to give the monomer unit (LL)-3 in 97% total yield.
The monomer unit (DD)-3 was synthesized in a similar
manner. In these cases, the optical purities of (LL)-3
and (DD)-3 were estimated to be 98% ee and 97% ee,
respectively.9


Next, we investigated reaction conditions for an ester
bond formation on a solid support and the effect of
the conditions on racemization (Scheme 3). Similar to
N-acylated amino acids, the monomer unit 3 would
be susceptible to racemization, compared with N-car-
bamated amino acids. Therefore, a coupling reaction
without racemization should be developed to obtain
optically pure SNE oligomers. To evaluate the
coupling efficiency for the ester bond formation, a
novel linker developed by our group,12 which could
be cleaved by treatment with a phosphine reagent
under reductive and neutral conditions, was attached
to an aminomethylated highly cross-linked polystyrene
(HCP) support.13 The loading amount of the linker
was estimated by an MMTr cation assay (24–
26 lmol/g).


The coupling reaction of the monomer unit (LL)-3 (0.1 M)
with the hydroxy group of the linker was performed by
using PyNTP (0.2 M) as a coupling reagent14 in the pres-
ence of a base or nucleophilic catalyst (0.3 M), and the
coupling efficiency was verified by an MMTr cation
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Table 1. The coupling efficiency and the effect of the coupling


conditions on racemization of the monomer unit (LL)-3


Entry Base or catalyst Coupling yielda (%) Eeb (%)


1 — 21 96


2 Pyridine 92 84


3 Lutidine Quant 68


4 Collidine Quant 58


5 DMAP 98 7


6 DTBMPc 11 93


7 4-Methoxy


pyridine N-oxide


72 30


8 Quinoline 66 97


a The yield was estimated by an MMTr cation assay.
b The enantiomeric excess of 3 was monitored by a chiral RP-HPLC.
c 2,6-Di-tert-butyl-4-methylpyridine.


Figure 2. RP-HPLC profile of the crude dimer TT–SNE.
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assay (Table 1). All reactions were performed in acetoni-
trile at room temperature for 15 min. The residue at-
tached to the resin was released from the solid support
by treatment with 0.2 M methyldiphenylphosphine-
mercaptoethanol in aqueous dioxane.12 The released
products were dissolved in water and washed with chlo-
roform to remove phosphine oxide and excess phos-
phine. After concentration of the aqueous portion, the
products were analyzed by chiral reversed-phase
HPLC.9


As shown in Table 1, the coupling yield was very low,
when the reaction was carried out without any base or
catalyst (entry 1). In contrast, the reaction proceeded
smoothly in the presence of an effective base or catalyst.
However, the degree of racemization increased by
increasing the basicity of the additive. As a result, the
best result was realized by using quinoline as a base;
the highest enantiomeric purity of the monomer unit
(LL)-3 was achieved. Then, the coupling conditions were
further optimized using PyNTP/quinoline to realize
both the high coupling efficiency and the high optical
purity of the product.


The concentration of the monomer unit (LL)-3 and
reaction time for the ester bond formation were fur-
ther investigated (Table 2). Prolonged reaction time
increased the coupling yield, whereas the degree of
racemization increased (entry 2). In contrast, the
coupling efficiency was improved by increasing the
concentration of the monomer unit (LL)-3 (0.2 M),
and the racemization was at a low level. Finally, a

Table 2. The coupling efficiency and the effect of the coupling


conditions on racemization using PyNTP/quinoline as reagents


Entry Concentration of


monomer (M)


Reaction


time


Coupling


yielda (%)


Eeb (%)


1 0.1 15 min · 1 66 93


2 0.1 1 h 93 89


3 0.1 15 min · 2c 99 96


4 0.2 15 min 95 95


5 0.2 30 min 99 94


a The yield was estimated by an MMTr cation assay.
b The enantiomeric excess of 3 was monitored by a chiral RP-HPLC.
c A double coupling protocol.

double coupling protocol was found to be the most
effective from the viewpoints of both the efficient
coupling and the acceptable degree of racemization
(entry 3).


In the next stage, the dimer TT–SNE was synthe-
sized on the solid support under the optimized con-
ditions and detached from the resin. The released
products were analyzed by reversed-phase HPLC
(Fig. 2),15 and the desired dimer TT–SNE was ob-
served as a main peak. The result indicates that
the dimer was synthesized efficiently on the solid
support and successfully detached from the resin
without decomposition of the product. After purifi-
cation by RP-HPLC, the pure dimer TT–SNE was
obtained in 52% yield.


In conclusion, optically pure monomers containing a
thymine base were synthesized, and coupling conditions
were optimized by using a new linker-attached solid sup-
port to form an ester bond with minimum racemization.
Finally, the corresponding dimer was synthesized under
the optimized conditions on the solid support and
detached under almost neutral conditions to give the
product without any decomposition. The solid-phase
synthesis of long oligomers containing four nucleobases
is now in progress.
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Abstract—High-throughput screening of a small-molecule compound library resulted in the identification of a novel series of N-acyl
2-aminobenzimidazoles that are potent inhibitors of interleukin-1 receptor-associated kinase-4.
� 2006 Elsevier Ltd. All rights reserved.

Interleukin-1 (IL-1) receptor-associated kinase-4 (IRAK-
4) is a serine/threonine kinase acting downstream of mem-
bers of the Toll/IL-1 receptor (TIR) family which act as
mediators in signal transduction. IRAK-4 shares the do-
main structure of the other IRAKs1–4 and has been shown
to activate similar signal transduction pathways, namely
the NF-jB and MAPK pathways.4 In contrast to the
other IL-1 receptor-associated kinases, IRAK-1,1


IRAK-2,2 and IRAK-M,3 IRAK-4 has been shown to re-
quire its kinase activity in order to activate NF-jB.4


Endogenous IRAK-4 interacts with IRAK-1 and TRAF6
in an IL-1-dependent manner but is not redundant with
IRAK-1, suggesting a central role for IRAK-4 in the early
signal transduction of Toll/IL-1 receptors. IRAK-4
knockout mice have been characterized, demonstrating
that IRAK-4 is indispensable for IL-1 signal transduc-
tion,5 and reconstitution experiments with IRAK-4-defi-
cient cell lines have confirmed the dependence of
IRAK-4 on its kinase activity for signal transduction.6


Recently, several human patients who lack full-length
IRAK-4 expression have been identified. These patients
suffer from a compromised immune response, further
supporting IRAK-4 inhibition as a means of addressing
inflammatory diseases.7,8 The clinically demonstrated
utility of IL-1 antagonists as anti-inflammatory thera-
peutics,9 combined with the properties of the IRAK-4
kinase described above, makes IRAK-4 an interesting
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target for intervention by an orally administered small-
molecule drug.


We identified N-acyl-2-aminobenzimidazoles 1 (IRAK-4
IC50 = 4.0 lM) and 2 (IC50 = 2.0 lM) following high-
throughput screening of IRAK-4 against a small-mole-
cule library (Fig. 1).


Acyl-2-aminobenzimidazole analogs 3–48 were pre-
pared as outlined in Scheme 1.10 Treatment of
2-aminoanilines 49 with cyanogen bromide11 gave
the 2-aminobenzimidazoles 50. Treatment of 50
(X=H) with 3-nitrobenzenesulfonyl chloride in
NaOH/H2O gave the sulfonamide 5, while coupling
of 50 with the appropriate benzoic acid with HBTU/
HOBT gave N-acyl-2-aminobenzimidazoles 51. Reduc-
tion of 51 (X=H, Y=NO2) with NaBH4 in toluene at
100 �C gave the N-benzyl-2-aminobenzimidazole 3.
General conditions were developed for the alkylation
of 51 with a variety of alkyl halides. Thus, treatment
of 51 with the appropriate alkyl halide in the presence
of potassium carbonate in acetone/DMF/H2O (5:1:0.1)
and at temperatures from room temperature to 40 �C
gave the final products 6–46 in moderate to excellent
yields.

Figure 1. Initial IRAK-4 inhibitor hits.
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Table 2. Inhibition of IRAK-4 by selected analogs: amide aryl


substituent replacements


Compound R Y IRAK-4%


inhibition


at 30 lM


IRAK-4


IC50 (lM)12


1 H 3-NO2 4.0


6 H 3-CN 13.6


7 H H 11% —


8 H 3-NO2-4-F 6.5


9 H 3-NO2-4-Me 12


2 Bu 3-NO2 2


10 Bu 3-Cl 30


11 Bu 3,4-di-Cl 3


12 Bu 4-NO2 8% —


13 Bu 4-OMe 6.5


Table 3. Inhibition of IRAK-4 by selected analogs: benzimidazole


modifications


Scheme 1. Reagents and conditions: (a) BrCN, MeOH/H2O, 42–84%; (b) benzoic acid, HBTU, HOBT, NMM, DMF, 56–97%; (c) alkyl halide,


K2CO3, acetone/DMF/H2O 5:1:0.1, 39–100%; (d) NaBH4, toluene, 100 �C, 16%; (e) 3-nitrobenzenesulfonyl chloride, 1 M NaOH/THF, 87%;


(f) 3-NO2PhNCO, DMF, rt, 1 h, 34%; (g) excess alkyl halide, K2CO3, acetone/DMF/H2O 5:1:0.1, 53% (48), 88% (47).
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Initial efforts sought to establish the minimum pharma-
cophore required for IRAK-4 inhibition. Investigation
of the amide functionality was carried out by carbonyl
replacement (Table 1). Compared to 1, removal of the
amide carbonyl (3) resulted in a substantial reduction
of IRAK-4 inhibition, as did replacement of the amide
moiety with urea and sulfonamide groups (4 and 5),
indicating that the amide connection between the two
aromatic groups is beneficial for activity.


We next turned to substituent modification on the benz-
amide ring (Table 2). Removal or replacement of the 3-
nitro group was found to be detrimental for potency in a
limited set of analogs of 1 (6–9) or the N-alkyl substitut-
ed lead 2 (10–13).


Our investigation into the pharmacophore required for
IRAK-4 inhibition then moved to the benzimidazole
group (Tables 3 and 4). Replacement of the fused ben-
zene ring with the corresponding 2 and 3 pyridyl analogs
resulted in a substantial reduction in activity (14–15).
Similarly, replacement of the benzimidazole nitrogen
with sulfur such as in benzothiazole 16 also reduced
potency. The effect of substituents on the benzimidazole
ring indicated a sharp SAR, and in a limited set of ana-
logs substitution in the 5-position led to improvements
in potency (Table 4, 19–20), while substitution at the
4-position (24, 27) or disubstitution at the 5- and 6-po-
sitions (25–26, 28) led to less active compounds.

Table 1. Inhibition of IRAK-4 by selected analogs: linker replace-


ments


Compound X IRAK-4% inhibition


at 30 lM


IRAK-4 IC50


(lM)12


1 –CO– 4.0


3 –CH2– 8% —


4 –CONH– 15% —


5 –SO2– 45% —


Compound X Y Z IRAK-4%


inhibition


at 30 lM


IRAK-4


IC50 (lM)12


1 CH CH NH 4.0


14 CH N NH 39 —


15 N CH NH 30


16 CH CH S 11 —

Having established the requirement for the amide
linkage and substituent effects on the benzamide and
benzimidazole rings, the SAR around benzimidazole
N-alkyl substitution was explored (Table 5). As was
expected from the 2-fold improvement in potency







Table 6. Inhibition of IRAK-4 by selected analogs: amide NH


replacement


Compound R R2 IRAK-4 IC50 (lM)12


31 Allyl H 1.0


47 Allyl Allyl >30


38 a-(c-Butyrolactone) H 0.55


48 a-(c-Butyrolactone) Me >30


Table 5. Inhibition of IRAK-4 by selected analogs: N-alkyl substitu-


tion


Compound X IRAK-4%


Inhibition


at 30 lM


IRAK-4


IC50


(lM)12


1 H 4.0


2 Bu 2.0


29 Et 2.0


30 iPr 1.0


31 Allyl 1.0


32 Pentyl 20


33 (CH2)2Cyclobutyl 2.0


34 (CH2)2OMe 1.0


35 (CH2)2OEt 2.0


36 CH2CO2Et 0.40


37 (CH2)2CO2Et 1.0


38 a-(c-Butyrolactone) 0.55


39 (2-Tetrahydrofuranyl)methyl 0.50


40 (CH2)2OH 0.40


41 (CH2)3OH 0.15


42 CH2CO2H 38 —


43 (CH2)2CO2H 4.0


44 (CH2)3NMe2 4.0


45 (CH2)2NEt2 3.0


46 (CH2)2morpholinyl 0.20


Table 4. Inhibition of IRAK-4 by selected analogs: benzimidazole


substituent modification


Compound R IRAK-4%


inhibition


at 30 lM


IRAK-4


IC50 (lM)12


1 H 4.0


17 5-Cl 6.0


18 5-F 4.5


19 5-CH3 0.80


20 5-OCH3 1.5


21 5-CO2CH3 25


22 5-SO2(CH2)2Me 4.0


23 5-NO2 29 —


24 4-NO2 25 —


25 5,6-di-F 30


26 5,6-di-Cl 10 —


27 4,5-di-F 24 —


28 5,6-di-CH3 8.0
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between the N-butyl lead 2 over the unsubstituted lead
1, N-substitution with linear alkyl groups led to a mod-
est 2- to 4-fold improvement in potency for ethyl (29)
and allyl (31) over the unsubstituted lead 1, but exten-
sion of the chain to pentyl (32, IC50 = 20 lM) led to a
10-fold decrease in potency relative to the N-butyl lead
compound 2. This sharp decrease in potency may be

attributed to decreased solubility, given that the ethoxy-
ethyl analog 35 (IC50 = 2 lM) has similar potency to 2.
The N-isopropyl compound 30 (IC50 = 1 lM) indicated
that a-substitution was allowed on the N-alkyl substitu-
ent, while the ethylenecyclobutyl substituted compound
33 indicated room for increased steric bulk removed
from the nitrogen of the benzimidazole.


Replacement of the N-alkyl group with more polar sub-
stituents led to additional improvements in potency. The
acetoester 36 (IC50 = 0.4 lM) had 5-fold greater potency
than the N-butyl lead 2, as did the N-a-(c-butyrolac-
tone) analog 38 (IC50 = 0.55 lM) and N-(2-tetrahydro-
furanyl)methyl analog 39 (IC50 = 0.5 lM). Increasing
polarity and solubility further, the N-linked straight
chain alcohols (e.g., 40) resulted in improved potency,
leading to the potent N-propanol analog 41
(IC50 = 0.15 lM), a 13-fold increase in potency over
the N-butyl lead 2. Carboxylic acid substitution was al-
lowed with the proper spacer length (43) although no
gain in potency was obtained over the lead, and similar
results were observed for substitution with strongly ba-
sic amines (44–45). Finally, reducing the basicity of the
amine functionality by replacement with the less basic
N-ethylenemorpholine moiety greatly improved potency
(46, IC50 = 0.20 lM), resulting in a 10-fold improvement
over N-butyl lead 2.


The importance of the free amide N–H was also investi-
gated (Table 6). Replacement of the amide N–H was
found to eliminate activity at the highest concentration
tested (30 lM) in the case of the N-allyl substituted com-
pound (cf. 31, 47), and replacement of the amide N–H
with methyl was equally deleterious in the case of the
potent analog 38 (cf. 38, R2=H, IC50 = 0.55 lM; 48,
R2=Me, IC50 > 30 lM).


In the absence of structural information, the SAR re-
sults presented above may be combined to provide some
insight into the binding of this novel class of inhibitors
with IRAK-4. The preference for the amide carbonyl
linker indicates its possible involvement in hydrogen
bonding to the hinge backbone of IRAK-4, while the
requirement for the amide N–H may indicate a possible
hydrogen bond to the kinase, or potentially, the require-
ment that the inhibitors be able to populate a tautomeric
form via abstraction of this hydrogen. Given the fairly
wide tolerance for size and the preference for polar







Figure 2. Proposed binding of acylbenzimidazole tautomeric forms to


IRAK-4.
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groups (i.e., 41, 46) in the N-alkyl substituent, it is likely
that this group is pointing toward solvent or the phos-
phate binding loop in the kinase domain, although the
equipotence of both acidic (i.e., 43) and basic (i.e., 44)
functionalities when placed at the same distance from
the benzimidazole ring would appear to indicate the
former. When these results are combined together, they
may be used to form a rough model of the binding of
these inhibitors to IRAK-4 (Fig. 2).


Having identified a series of potent inhibitors of IRAK-
4, several of the compounds were profiled for selectivity
against other kinases. Inhibitors 36 (IRAK-4
IC50 = 0.4 lM) and 46 (IRAK-4 IC50 = 0.2 lM) were
found to have IC50’s greater than the highest concentra-
tion tested (10 lM) against a panel of 27 other kinases,
including the most closely homologous (outside of the
IRAK family) Lck and pp60SRC. Additionally, com-
pounds 36 and 46 did not show any signs of cytotoxicity
in a 72 h proliferation assay in HeLa cells
(ED50 > 30 lM). Significant inhibition of IRAK-1 was
observed with both compounds (IRAK-1 IC50 = 0.75
and 0.3 lM, respectively), not unexpectedly, given the
high homology between these two kinases.


In summary, screening of a small-molecule library
resulted in the discovery of a series of novel acyl-2-
aminobenzimidazole inhibitors of IRAK-4. SAR stud-
ies resulted in significant improvement of potency, and
established the key pharmacophore of the series. The
amide functionality was found to be important for
IRAK-4 inhibition, as was the benzimidazole ring,
indicating the probable kinase binding motif as de-
scribed in Figure 2. Modification of the benzamide

aryl ring via substituent replacement demonstrated
that some changes were allowed in this region,
although the 3-nitro substituent remained the best
substitution in terms of potency. Modification of the
benzimidazole ring by substituent studies showed that
improvements in potency resulted from modification
of the 5-position, which may be important for future
studies to optimize ADME and potency parameters.
The most effective modifications resulted from optimi-
zation of the N-alkyl substituent, which gave >10-fold
improvements in potency, resulting in the potent
IRAK-4 inhibitors 41 (IC50 = 150 nM) and 46
(IC50 = 200 nM). The acyl-2-aminobenzimidazole scaf-
fold reported herein represents a unique kinase bind-
ing motif, previously unreported in the literature,
and further studies with this scaffold and its utility
in the inhibition of IRAK-4 will be reported in subse-
quent publications.
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Abstract—We have successfully identified a number of novel MTP inhibitors with single digit nanomolar potency. Analogues 10aq
and 10dq demonstrated in vivo efficacy in a murine gut retention assay.
� 2006 Elsevier Ltd. All rights reserved.

As in human health, obesity is a growing health prob-
lem in companion animals, with 25–40% of the pet
population estimated to be overweight and 5–10%
considered severely obese.1 Obesity predisposes dogs
and cats to a number of harmful conditions including
diabetes, hepatic lipidosis, cancer, osteoarthritis, der-
matitis and musculoskeletal problems such as cruciate
and inter-vertebral disk rupture. Obesity also nega-
tively impacts veterinary patients with cardiovascular
and respiratory disease and limits the efficacy of
pharmaceutical therapy in these conditions.2–11 Cur-
rent therapy for obesity is based on food restriction
and/or exercise and affords limited success in most
patients. The failure of weight loss programs is large-
ly the result of poor owner compliance due to hunger
and begging of the pet. Because there are no veteri-
nary drugs currently available for the treatment of
obesity, there is a major opportunity for a safe, effi-
cacious agent.


Microsomal triglyceride transfer protein (MTP)12 is
involved in the assembly of triglyceride-rich chylo-
microns in enterocytes and very low-density lipopro-
teins (VLDL) in hepatocytes.12–14 MTP is located in
intestinal and liver tissues where it plays a role in
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lipid assembly and transport.12 Inhibition of MTP
has been shown to be an effective method for
reducing serum cholesterol.15 Recently we disclosed
the use of MTP inhibitors for the treatment of
obesity by inhibition of fat absorption.16


Several potent MTP inhibitors have been disclosed,
including CP-346086 (1),17 implitapide (2),18,19 JNJ-
4506463 (3),20 diaminohydroindan derivative21 (4)
and BMS-212122 (5).22 Starting from 1 as a lead,
we successfully identified a new class of potent MTP
inhibitors, represented by the indole amide 6
(Fig. 1).23 In order to further explore the chemical
space and ADME properties in this series many ana-
logs have been prepared by either replacing the indole
moiety with other fragments or varying the terminal
amines. In this paper, we would like to disclose the
syntheses and SAR of phenyl/substituted phenyl moi-
eties.24 This research effort resulted in the discovery
of a number of highly potent MTP inhibitors for
the potential treatment of obesity, highlighted by ana-
log 10dq (entry 35, Table 1).


Two factors were considered in replacing the indole
fragment in 6: (1) the rigidity and (2) the size of the
new fragments. A parallel synthesis approach was em-
ployed in order to quickly explore the SAR of the
new templates. As depicted in Figure 2, the acid deriv-
atives 8a–8i were chosen to replace the indole moiety
in 6 based on the considerations mentioned above.
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Figure 1. Selected MTP inhibitors.


Table 1. In vitro canine MTP inhibition data


N
H


N


O
R1


R2


N
H


O


CF3


X


O


Entry Compound NH2–x–COOH NR1R2 MTP inhibition


IC50 (nM)


1 10aj


NH2N


OH


O


8a


12j 16.93


2 10ak 12k 2.53


3 10al 12l 22.46


4 10am 12m 29.51


5 10an 12n 69.39


6 10ao 12o 35.40


7 10ap 12p 12.97


8 10aq 12q 17.38


9 10ar 12r 13.29


10 10bj


H2N


OH


OOMe


8b


12j 20.51


11 10bk 12k ND


12 10bl 12l 13.27


13 10bm 12m 6.23


14 10bn 12n 14.78


15 10bo 12o 1.01


16 10bp 12p 23.13


17 10bq 12q 6.47


18 10br 12r 5.28


19 10cj


H2N


OH


O


OMe


8c


12j


20 10ck 12k 2.0


21 10cl 12l 3.85


22 10cm 12m 6.38


23 10cn 12n ND


24 10co 12o 1.68


25 10cp 12p 7.14


26 10cq 12q 1.75


27 10cr 12r 2.34


28 10dj


H2N


OH


O


8d


12j ND


29 10dk 12k 1.64


30 10dl 12l 3.50


31 10dm 12m ND


32 10dn 12n ND


33 10do 12o 1.78


34 10dp 12p 4.62


35 10dq 12q 3.37


36 10dr 12r


37 10ej


HN


OH


O


8e


12j 85.5


38 10ek 12k 5.53


39 10el 12l 26.8


40 10em 12m 29


41 10en 12n 72.7


42 10eo 12o ND


43 10ep 12p 26.6


44 10eq 12q 14.9


45 10er 12r 18.3


46 10fj


OH


O


H2N


8f


12j 15.6


47 10fk 12k 61.15


48 10fl 12l 2.97


49 10fm 12m 5.67


50 10fn 12n 11.78


51 10fo 12o 16.94


52 10fp 12p 4.11


53 10fq 12q 8.15


54 10fr 12r 5.05
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A diverse set of amines was selected in order to quick-
ly explore SAR (Fig. 3).


The preparation of the analogues is outlined in
Scheme 1. The 4 0-(trifluoromethyl)-2-biphenylcarboxy-
lic acid (7) was reacted with 8a–8i to provide the es-
ter intermediates, which were then hydrolyzed under
basic conditions to furnish the acids (9a–9i). The
phenylglycine derivatives 13j–13r were prepared by
coupling Boc-protected phenylglycine 11 with amines
12j–12r. Several standard amide coupling reaction
conditions were screened in order to avoid epimer-
ization of the chiral center of the phenylglycine.
The coupling condition, PyBroP/DIPEA/DCM,
proved to be the most robust for the coupling pro-
cess without epimerization as monitored by chiral
HPLC. Subsequently coupling the acid 9a–9i with
the phenylglycine derivatives 13j–13r provided the
final analogues represented by 10 for biology screen-
ing Table 2.


All analogues were tested in a canine MTP in vitro
binding assay.25 The results are summarized in Table
1. In general, analogues prepared from the mono-aryl
templates (8a–8d, entries 1–36) demonstrated good
in vitro potency despite their decreased size compared
to the indole analog 6. The analogues derived from
3-methoxy 8c and 3-methyl 8d templates showed the
most potent inhibition toward MTP, suggesting a
lipophilic binding pocket for these substituents. An
electron-donating group on the 2-position of the
phenyl ring was tolerated (entries 19–27). Electron
deficient pyridyl acid template 8a showed good but
decreased potency compared to analogues 10bj–10dr







Table 1 (continued)


Entry Compound NH2–x–COOH NR1R2 MTP inhibition


IC50 (nM)


55 10gj


H2N


S


O


OH


8g


12j 17.27


56 10gk 12k 35.92


57 10gl 12l >100


58 10gm 12m 55.84


59 10gn 12n >100


60 10go 12o 69.84


61 10gp 12p 7.33


62 10gq 12q 8.27


63 10gr 12r ND


64 10hj


H2N


N
H


O


O


OH


8h


12j >100


65 10hk 12k >100


66 10hl 12l >100


67 10hm 12m >100


68 10hn 12n >100


69 10ho 12o >100


70 10hp 12p >100


71 10hq 12q >100


72 10hr 12r >100


73 10ij


HN


OH


O


8i


12j 23.56


74 10ik 12k 96.71


75 10il 12l 69.52


76 10im 12m 95.89


77 10in 12n >100


78 10io 12o >100


79 10ip 12p 76.52


80 10iq 12q >100


81 10ir 12r 9.43


ND, not determined.
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Scheme 1. Reagents and conditions: (a) i—PyBroP, DIPEA, DCM,


0 �C to rt, ii—LiOH, THF/H2, reflux, >95%; (b) EDC, HOBT,


DIPEA, DCM, rt, >85%; (c) LiOH, THF/H2O, reflux, >98%;


(d) i—PyBroP, DIPEA, DCM, 0 �C to rt, ii—4 N HCl/dioxane, 100%.


Table 2. In vivo data for compounds 10aq and 10dq


Entry Compound ED25 (mg/kg, rat)


8 10aq 6.59


35 10dq 3
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(entries 10–36). When a conformationally restricted
template 8e was used, all analogues prepared showed
a significant drop in potency toward MTP. Templates
in which the aniline functionality was replaced with
more flexible benzylic amines (8f, 8g, 8h and 8i) were
in general less potent toward MTP.


Several potent analogs were progressed into in vivo
studies. The murine gut retention assay23 was used to as-
sess a compound’s ability to inhibit intestinal MTP. In
this assay, compounds 10aq and 10dq were potent inhib-
itors of intestinal MTP, with ED25s of 6.93 and 3 mg/kg,
respectively.


In summary, we have successfully identified a number of
novel and potent MTP inhibitors. Analogues 10aq and
10dq also demonstrated in vivo activity when tested in
a murine gut retention assay.
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on a tube shaker for 1 h at 37 �C to allow lipid transfer
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adding 300 ml of a 50% (w/v) DEAE cellulose suspension in
assay buffer to each tube, followed by gentle/repeated
inversion for5 min at room temperature. Tubes are then
centrifuged at �1000 rpm to pellet resin. Four hundred
milliliters of supernatant is transferred into a scintillation
vial with scintillation fluid and DPM counts for both [3H]
and [14C] are determined. Triolein transfer is calculated by
comparing the amount of [14C] and [3H] remaining in the
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acceptor liposomes, respectively. % Triolein transfer =
([14C]supernatant/[14C]donor) · ([3H]acceptor/[3H]superna-
tant) · 100 IC50 values are obtained using standard methods
and first order kinetic calculations.
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Abstract—The first mechanism-based inhibitor of a 3-deoxy-DD-arabino heptulosonate 7-phosphate (DAH7P) synthase has been
synthesised in 12 steps from DD-arabinose, and has been found to be a very slow binding inhibitor of Escherichia coli DAH7P synthase.
� 2006 Elsevier Ltd. All rights reserved.
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The shikimate pathway is responsible for the biosynthe-
sis of a number of biologically important compounds,
including the three aromatic amino acids, tyrosine,
phenylalanine and tryptophan.1 This pathway is present
in plants and microorganisms, but absent in mammals,
and consequently the pathway has received considerable
interest as a potential target for herbicidal and antimi-
crobial agents.2–4


The first enzyme of this pathway, 3-deoxy-DD-arabino
heptulosonate 7-phosphate (DAH7P) synthase, cataly-
ses the stereospecific aldol-like condensation between
phosphoenolpyruvate 1 (PEP) and DD-erythrose 4-phos-
phate 2 (E4P) giving rise to the seven carbon sugar
DAH7P 5, and inorganic phosphate. A number of label-
ling,5 structural6–12 and alternative substrate studies13–15


have helped to elucidate the key mechanistic features of
this reaction. These studies have shown that the reaction
proceeds via cleavage of the phosphate C–O bond of
PEP. This unusual bond cleavage of PEP is thought to
occur by elimination of phosphate from the hemiketal
phosphate intermediate 4, which could be formed via a
transient oxocarbenium ion 3 (Fig. 1).9,12,15 This ion re-
sults from the nucleophilic attack of PEP C3 on the
aldehyde carbonyl of E4P, which has been activated
towards nucleophilic attack by coordination to the
enzyme-bound metal co-factor. This mechanism is sup-
ported by modelling studies, which have demonstrated
that the carbonyl of E4P can be appropriately placed
for metal coordination.12 However, there has been some
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debate over the nature of the enzyme mechanism, and
an alternative hypothesis is that the reaction is initiated
by attack of a metal-generated hydroxide ion at C2 of
PEP, followed by attack of C3 of PEP at C1 of E4P,
leading to the hemiketal phosphate 4 without the
involvement of the oxocarbenium ion 3.12


A similar aldol-like reaction is catalysed by the cell wall
biosynthesis enzyme 3-deoxy-DD-manno octulosonate
8-phosphate (KDO8P) synthase, and a number of
structural,16,17 biochemical18–21 and bioinformatics22,23


studies have shed light on the close relationship between
these two enzymes. Both reactions involve the stereospe-
cific attack of the si face of PEP on the re face of the

CO2
-


OPO3HO


4


OH


3


Pi


Figure 1. Reaction catalyzed by DAH7P synthase.
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aldehyde of an aldose phosphate (E4P for DAH7P
synthase, arabinose 5-phosphate (A5P) for KDO8P
synthase), and both reactions result in the cleavage of
the C–O bond of the PEP phosphate group.21,24,25 How-
ever, despite these similarities, there are apparent differ-
ences in the enzyme mechanisms. All known DAH7P
synthases require a divalent metal ion as a co-factor,
while both metallo- and nonmetallo-KDO8P synthases
have been isolated and characterised.26 Furthermore,
the metallo-KDO8P synthases can be converted to their
non-metalloenzyme counterparts by a single point muta-
tion, while the corresponding point mutation in DAH7P
synthase fails to produce active nonmetallo-DAH7P
synthase.15,27,28 In addition, KDO8P and DAH7P syn-
thases differ in their response to the alternative sub-
strates (E)- and (Z)-3-fluoroPEP, while DAH7P
synthase processes both isomers equally well, KDO8P
synthase displays a strong preference for the (E)-iso-
mer.29 Alternative substrate studies have also shown
KDO8P synthase has little tolerance for change in ste-
reochemistry at the C2 position of A5P, while DAH7P
synthase is more accommodating of alternative stereo-
chemistry at C2 of E4P.15,20 These disparate findings
have recently been explained by a new model for the
reactivity of DAH7P and KDO8P synthases, which
suggests while DAH7P synthases utilise Lewis acid
activation of the E4P carbonyl (via metal–carbonyl
coordination), KDO8P synthases employ protic acid
catalysis (via protonation of the carbonyl of A5P).15


So while DAH7P synthase and KDO8P synthase utilise
different tactics for the activation of their aldose sub-
strates, both enzyme mechanisms appear to produce
an oxocarbenium ion.


While little has been published on the inhibition of
DAH7P synthase,30 several recent studies have identified
inhibitors of KDO8P synthase enzymes. Among these,
the inhibitors 531 and 632 are unique in that they have
been designed to inhibit the enzyme based on their mim-
icry of the putative KDO8P synthase oxocarbenium ion
7 (Fig. 2).


The success of 6 and 7 as inhibitors for KDO8P synthase
prompted us to design an analogous compound 8 for
DAH7P synthase, in order to illuminate the mechanistic
differences and similarities of these two important
biosynthetic enzymes.


In order to synthesise 8, we decided on a multi-step
synthesis utilising DD-arabinose as the source of chirality
in 8. This multi-step approach should allow the ability
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Figure 2. KDO8P synthase inhibitors 5 and 6 and putative transition-


state 7 for the KDO8P synthase catalysed reaction.

to synthesise a variety of analogues of 8 bearing differing
functionality (Scheme 1).


Treatment of DD-arabinose with ethanethiol in 6 M
hydrochloric acid gave the corresponding diethyl
dithioacetal,33 and treatment with acetone under condi-
tions previously used for the corresponding tri-
methylene dithioacetal34 selectively gave the kinetic
2,3:4,5-diisopropylidene acetal 10 in high yield. Cleav-
age of the terminal 4,5-isopropylidene acetal using con-
ditions reported for the LL-enantiomer35 gave the diol
11, which was protected at the 4 and 5 positions with
acetyl and tert-butyldiphenylsilyl (TBDPS) protecting
groups, respectively, in a high yielding one-pot proce-
dure to provide 12. The dithioacetal group was re-
moved by treatment with mercuric chloride and
mercuric oxide, and the resulting aldehyde was reduc-
tively aminated with ethyl glycinate (generated from
the hydrochloride in situ) to give the secondary amine
13 in acceptable yield. Alkylation with diethyl phos-
phonomethyl triflate36 gave the amino phosphonate
14 in 52% yield. Treatment of 14 with tetrabutylammo-
nium fluoride produced alcohol 15 in high yield. This
was phosphorylated with diethyl iodophosphate37 to
give the fully protected precursor 16. Precursor 16
was deprotected to 8 by treatment with trimethylsilyl
bromide and triethylamine, the resulting silyl esters
hydrolysed with water and KOH and purified by an-
ion-exchange chromatography to give 8 in 35% yield,
an overall yield of 0.8% over 12 steps.


The inhibitory properties of 8 against Escherichia coli
DAH7P synthase were evaluated by an assay, where
the activity of the enzyme is followed by the decrease
in absorbance at 232 nm, corresponding to the disap-
pearance of the PEP enol phosphate moiety.38 The
inhibitor 8 was found to be a very slow binding inhibitor
of E. coli DAH7P synthase. The rates of reaction of
enzyme preincubated were found to go through a lag
period before maximum velocity is reached. The same
convex progress curve effect was observed by Du et al.
in the inhibition of KDO8P synthase by 5.39 Both the
length of lag time and the overall maximum rate reached
were dependent on the length of time the inhibitor 8 had
been preincubated with the enzyme (Fig. 3).


The slow rate of formation of the inhibitor–enzyme
complex relative to substrate consumption precluded
measurement of an inhibition constant by the method
of Williams and Morrison,40 as significant substrate
consumption occurs before the effects of inhibition are
seen. The slow binding behaviour of 8 is illustrated in
Figure 3, which shows the progress curves for reactions
initiated with enzyme preincubated with inhibitor 8, and
then diluted 500-fold into the assay cuvette after varying
incubation times (10–80 min).


The time-dependent inhibition of E. coli DAH7P syn-
thase by 8 was also found to be concentration-depen-
dent with respect to 8 with an IC50 value of 6.6 lM.41


In summary, the first mechanism-based inhibitor of a
DAH7P synthase has been designed and synthesised
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Figure 3. Inhibition of the Escherichia coli DAH7P synthase activity


by 8. A solution of enzyme and 8 (3.55 mM) was incubated for the


length of time indicated, and then an aliquot was diluted 500-fold into


assay mixture, containing E4P (8.0 lM), PEP (12.3 lM) and MnSO4


(47.3 lM), in buffer (50 mM BTP, 10 lM EDTA, pH 6.8) and the


absorbance was monitored at 232 nm.
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in 12 steps from DD-arabinose. This compound has
been found to be a very slow binding inhibitor
against E. coli DAH7P synthase. Additional studies
are underway in our laboratory to characterise fully
the interaction of 8 with DAH7P synthases from a
variety of species.
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Abstract—Inhibition of protein tyrosine phosphatase 1B (PTP1B) has been proposed as a therapy to treat type 2 diabetes and obes-
ity. In our preliminary screening study on the PTP1B inhibitory activity, a CH2Cl2-soluble extract of the roots of Acanthopanax
koreanum (Araliaceae) was found to inhibit PTP1B activity at 30 lg/ml. Eight diterpenoids were isolated from the active fraction
and were evaluated for their inhibitory effect on PTP1B. A kaurane-type diterpene, 16aH,17-isovaleryloxy-ent-kauran-19-oic acid
(7), inhibited PTP1B with an IC50 value of 7.1 ± 0.9 lM in a non-competitive manner. Acanthoic acid (2) and ent-kaur-16-en-19-oic
acid (5) also inhibited PTP1B in dose-dependent manners. Either introduction of a hydroxyl group or reduction of a carboxyl group
at C-19 in pimarane-type to alcohol abolished the inhibitory effects toward PTP1B.
� 2006 Elsevier Ltd. All rights reserved.

Protein tyrosine phosphatases (PTPs), which dephos-
phorylate the phosphotyrosine residues of proteins, have
an important role in intracellular signaling and metabo-
lism. Although several PTPs such as PTP-a, leukocyte
antigen-related tyrosine phosphatase (LAR), SH2-
domain-containing phosphotyrosine phosphatase
(SHP2) have been implicated in the regulation of insulin
signaling, there are substantial evidences supporting
PTP1B as the critical PTP controlling insulin signaling
pathway.1,2 PTP1B can interact with and dephosphory-
late the activated insulin receptor (IR) as well as insulin
receptor substrate (IRS) proteins.1,2 Its overexpression
has been shown to inhibit the IR signaling cascade and
increased expression of PTP1B occurs in insulin-resistant
states.3 Furthermore, recent genetic evidence has shown
that PTP1B gene variants are associated with changes in
insulin sensitivity.4 As with the insulin signaling pathway,
the leptin signaling pathway can be attenuated by PTPs
and there is compelling evidence that PTP1B is also in-
volved in this process.1,2 Therefore, it has been suggested
that compounds that reduce PTP1B activity or expression
levels could not only be used for treating type 2 diabetes
but also obesity. Although there have been a number of
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reports on the designing and development of synthetic
PTP1B inhibitors,1,5 only a few studies have been report-
ed as PTP1B inhibitors derived from plants.6


In our screening program for search of PTP1B inhibi-
tors from plants, a CH2Cl2-soluble extract of the roots
of Acanthopanax koreanum (Araliaceae) was found to
inhibit PTP1B activity (72% inhibition at 30 lg/ml).
A. koreanum is a medicinal plant indigenous to Korea.7


The roots and stem barks of A. koreanum have been
traditionally used as a tonic and to treat rheumatism,
hepatitis, and diabetes.7 Previous phytochemical investi-
gations on this plant have resulted in the isolation of
triterpenes, lignans, and diterpenes.8–12 Although
A. koreanum has been traditionally used to treat diabe-
tes, there has been no study with regard to its anti-dia-
betic effect. Because the CH2Cl2-soluble extract of the
roots of this plant was found to inhibit PTP1B consid-
ered as a target for the treatment of type 2 diabetes, in
this study, we investigated the PTP1B inhibitory com-
pounds from this active fraction. Bioassay-guided
fractionation of the CH2Cl2-soluble fraction led to the
isolation of three PTP1B inhibitory diterpenoids,
acanthoic acid (2), ent-kaur-16-en-19-oic acid (5), and
16aH,17-isovaleryloxy-ent-kauran-19-oic acid (7), along
with their five derivatives. All the isolated diterpenoids
1–8 (Fig. 1) were evaluated for their inhibitory effect
on PTP1B.



mailto:jsahn@kribb.re.kr





OH


COOH


COOH


COOH COOH


OH


COOH


O


HOH


CH2OH


COOH


H


O


O


COOH


OH


O


O


1


4


18 19


20


8
9


17


13


16


1
2


3 4


5 6


7 8


Figure 1. Structures of diterpenoids 1–8 isolated from Acanthopanax koreanum.
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The roots of A. koreanum were obtained from Susin
Ogapi Co., Korea, and identified by Prof. Young Ho
Kim, College of Pharmacy, Chungnam National
University. A voucher specimen (CNU96076) has been
deposited in the herbarium of the College of Pharmacy,
Chungnam National University (Korea). The dried
roots (1.2 kg) were extracted with MeOH at 50 �C for
72 h. The MeOH extract (98 g) was suspended in H2O
(1.5 L) and partitioned with CH2Cl2 (1.5 L · 3) and
BuOH (1.5 L · 3), sequentially. Since the CH2Cl2-solu-
ble fraction showed PTP1B inhibitory activity (72%
inhibition at 30 lg/ml), this fraction (47 g) was further
purified by silica gel column chromatography using a
stepwise gradient of hexane–EtOAc (from 20:1, 10:1,
5:1, 3:1, 1:1 to 0:1; 2 L for each step), to yield five frac-
tions (Fr. 1–Fr. 5). Of these, Fr. 1 and Fr. 3 showed the
most potent PTP1B inhibitory activity (75 and 74%
inhibition at 10 lg/ml). Fr. 1 [eluted with hexane–EtOAc
(from 20:1 to 10:1), 10.7 g] was purified by preparative
reversed-phase HPLC using a gradient from 80% to
100% MeOH over 30 min, then 100% MeOH for
20 min (Shiseido Capcell Pak C18 column; 10 · 250
mm; 5 lm particle size; 2 ml/min; UV detection at
210 nm), to afford compounds 2 (320 mg) and 5
(1.7 mg). The active fraction, Fr. 3 [eluted with hex-
ane–EtOAc (from 20:1 to 10:1), 1.2 g], was subjected
to silica gel column chromatography using a stepwise

gradient of hexane–EtOAc (from 9:1, 5:1, 3:1, 1:1 to
0:1; 1 L for each step), to yield four subfractions (Fr.
3–1–Fr. 3–4). Compound 7 (2.9 mg) was obtained by
recrystallization in MeOH from Fr. 3-4 [eluted with hex-
ane–EtOAc (1:1)]. Fr. 5 which showed moderate PTP1B
inhibitory activity (45% inhibition at 30 lg/ml) was also
separated by repeated silica gel column chromatography
and reversed-phase MPLC on LiChroprep� RP-18 col-
umn [25 · 310 mm; 40–63 lm particle size; 5 ml/min;
eluted with MeOH–H2O (2:1)] as described previous-
ly,8,9,12 to afford compounds 1 (1.2 mg), 3 (4.0 mg), 4
(3.0 mg), 6 (3.5 mg), and 8 (10.3 mg). These compounds
isolated were determined by HPLC to be >95% pure.
Eight diterpenoids were identified as acanthol (1),
acanthoic acid (2), 7b-hydroxy-ent-pimara-8(14),
15-dien-19-oic acid (3), acanthokoreoic acid A (4),
ent-kaur-16-en-19-oic acid (5), 16a-hydroxy-ent-kau-
ran-19-oic acid (6), 16aH,17-isovaleryloxy-ent-kauran-
19-oic acid (7), and 16a-hydroxy-17-isovaleryloxy-ent-
kauran-19-oic acid (8) by analyses of MS and NMR
data, and comparison with those in the literature.8,9,12,13


PTP1B (human, recombinant) was purchased from
BIOMOL� International LP (USA) and the enzyme
activity was measured using p-nitrophenyl phosphate
(pNPP) as described previously.14,15 All the isolated
diterpenoids were dissolved in DMSO to obtain a stock
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Figure 2. A Lineweaver–Burk plot of the inhibitory effect of com-
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solution of 5 mM, and appropriate dilutions were made
before the enzyme assay (final DMSO concentration
<3%, and control activity was not affected by this
concentration). The PTP1B inhibitory activity of the
isolates was tested in vitro, and the results are presented
in Table 1. Of the compounds tested, 16aH,17-isovale-
ryloxy-ent-kauran-19-oic acid (7) which possesses an
isovaleryloxy group at C-17 of kaurane-type exhibited
the most potent inhibitory activity (IC50 = 7.1
± 0.9 lM). However, compound 8 (IC50 > 30 lM)
substituted a hydroxyl group at C-16 of 7 exhibited
significantly lower activity than 7. A similar case was
observed between compounds 5 and 6. ent-Kaur-16-
en-19-oic acid (5) without a hydroxyl group at C-16
was much more effective than 6 with a hydroxyl group.
These results indicate that substitution of a hydroxyl
group at C-16 of kaurane-type decreases the inhibitory
activity of PTP1B. A pimarane-type diterpene, acanth-
oic acid (2), inhibited PTP1B in a dose-dependent
manner (IC50 = 23.5 ± 1.8 lM), whereas compound 1
converted a carboxyl group at C-19 to a primary alcohol
did not exhibit PTP1B inhibitory activity up to 30 lM.
This suggests that a carboxyl group at C-19 of pimara-
ne-type is essential for the activity. Other pimarane-type
diterpenes, compounds 3 and 4 bearing a hydroxyl
group at C-7 and C-9, respectively, had no activity at
levels up to 30 lM. A known phosphatase inhibitor,
RK-682 (3-hexadecanoyl-5-hydroxymethyl tetronic
acid, IC50 = 4.5 ± 0.5 lM) isolated from Streptomyces
sp. 88-682,16 was used as a positive control in this assay.
Although the structure–activity relationships of these
compounds were not thoroughly investigated, substitu-
tion of a hydroxyl group and reduction of a carboxyl
group appeared to reduce the inhibitory activity of
PTP1B. To elucidate the inhibition mode of the most
active diterpene 7 on the activity of PTP1B, kinetic
analysis was performed with different concentrations
of substrate.15 As shown in Figure 2, the mechanism
of inhibition by the compound was determined using a
Lineweaver–Burk plot. When p-nitrophenyl phosphate
(pNPP) was used as substrate, 7 decreased the Vmax


value, but did not alter the Km value of PTP1B
(Fig. 2). Thus, 7 was determined as a non-competitive

Table 1. The inhibitory activity of the compounds 1–8 isolated from


Acanthopanax koreanum against PTP1B


Compounds PTP1B inhibitory


activity IC50
a (lM)


Acanthol (1) >30


Acanthoic acid (2) 23.5 ± 1.8


7b-Hydroxy-ent-pimara-8(14),15-dien-


19-oic acid (3)


>30


Acanthokoreoic acid A (4) >30


ent-Kaur-16-en-19-oic acid (5) 20.2 ± 1.3


16a-Hydroxy-ent-kauran-19-oic acid (6) >30


16aH,17-isovaleryloxy-ent-kauran-19-oic


acid (7)


7.1 ± 0.9


16a-Hydroxy-17-isovaleryloxy-ent-


kauran-19-oic acid (8)


>30


RK-682b 4.5 ± 0.5


a IC50 values were determined by regression analyses and expressed as


means ± SD of three replicates.
b Positive control.16

inhibitor with a Ki value of 10.4 lM, indicating that it
may bind to the enzyme–substrate complex or interact
with an allosteric site distinct from the active site of
PTP1B.17


Pimarane-type and kaurane-type diterpenes have been
reported to reduce nitric oxide and prostaglandin E2


production,18 to suppress IL-1, IL-8, and TNF-a pro-
duction,8,19 and to inhibit NFAT transcription factor.12


Besides, these diterpenes have been known to possess a
wide range of biological activities that include analgesic,
anti-inflammatory, antibacterial, cytotoxic, and hepato-
protective activities.20,21 However, to our knowledge,
PTP1B inhibitory activity of diterpenoids is now being
reported for the first time in this study. Binding of
insulin to the extracellular a-subunit of IR triggers a
conformational change that activates the intrinsic
tyrosine kinase activity of the b-subunit via autophospho-
rylation of specific tyrosine residues. This results in the
phosphorylation of IRS 1–4, which then activates several
signaling cascade that biological response, such as glucose
transport into the cell and glycogen synthesis.1,2 Since
PTP1B acts as a negative regulator by dephosphorylating
the IR as well as IRS proteins, its inhibitors could be
potential agents for the treatment of type 2 diabetes.
Interestingly, the genus Acanthopanax has been used to
treat diabetes, and a recent study has demonstrated that
this genus has the ability to improve insulin sensitivity
in rats induced by fructose-rich chow feeding and to
reduce plasma glucose levels in animal model.22 Although
the antihyperglycemic activity of isolated diterpenoids in
diabetes-related animal models has not been directly
evaluated yet, our results suggest that the PTP1B inhibito-
ry activity of diterpene constituents might be related with
the anti-diabetic effect of this plant.
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Abstract—Caulerpal A (2) and B (3), two novel sesquiterpenes possessing an uncommon aromatic valerenane-type carbon skeleton,
along with one known metabolite, caulerpin (4), have been isolated from the Chinese green alga Caulerpa taxifolia (Vahl) C.
Agardh. Their structures and relative stereochemistry were elucidated on the basis of extensive spectroscopic analysis. Compounds
2–4 were evaluated for their inhibitory activity against hPTP1B and the result showed that only compound 4 had a strong PTP1B
inhibitory activity with an IC50 value of 3.77 lM.
� 2006 Elsevier Ltd. All rights reserved.
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The green alga Caulerpa taxifolia, one of a few toxic
seaweeds, is widely distributed in tropical and sub-
tropical waters. The metabolite pattern of the alga
was extensively characterized by a suite of unusual
sesqui- (exemplified by caulerpenyne, 11) and monoter-
penes which were found to be responsible for antimi-
crobial, cytotoxic, and ichthyotoxic activities.2–4


Similar metabolites were also isolated from three
Mediterranean sacoglossan opisthobranch molluscs5,6


suggesting the possible prey-predator relationship
between the molluscs and the alga.


Recently, in the course of our systematic investigations
toward the isolation of bioactive metabolites from Chi-
nese marine organisms,7–10 we carried out a chemical
study on the seaweed C. taxifolia, collected along the
coast of the East China Sea, since no phytochemical
investigation has been done previously on this Chinese
species. Careful chromatographic separation of the
Et2O-soluble portion of acetone extract of the alga
resulted in the isolation of two novel sesquiterpenes,
caulerpals A (2) and B (3), both possessing an uncom-
mon aromatic valerenane-type carbon skeleton, together
with one known metabolite (4).11,12 This paper deals
with the isolation and structure elucidation of two novel
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sesquiterpenes (2, 3) and the biological evaluation of
compounds 2–4 (Fig. 1).


The algal material was collected from Nanji Island,
Zhejiang Province, China, in June 2000, and kept frozen
prior to extraction. The fresh alga (150 g dry weight) was
exhaustively extracted with acetone (3 · 1 L) in room
temperature. The acetone extract was partitioned
between Et2O and H2O, the organic layer (19.0 g) was
subjected to separation by silica gel and Sephadex

1


N
H


MeOOC


4
OAc


OAc


Figure 1. Chemical structures of 2–4.
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LH-20 column chromatography, followed by purification
with C18 HPLC to afford two novel sesquiterpenens,
named caulerpals A (2, 3.2 mg, 0.002% dry weight) and
B (3, 4.3 mg, 0.003% dry weight), respectively, along with
one known metabolite, caulerpin (4, 79.3 mg, 0.05% dry
weight).11,12


Caulerpal A (2)13 was isolated as a colorless oil, ½a�24


D


+6.0� (c 0.12, CHCl3). Its molecular formula,
C17H20O4, was deduced from its HRESIMS {m/z
311.1258 [M+Na]+, D �0.1 mmu}. The IR spectrum
showed the presence of hydroxyl (3442 cm�1), two car-
bonyls (1724 and 1691 cm�1), and an aromatic ring
(1592, 1513, and 1452 cm�1). Inspection of the 13C
NMR spectrum data for 2 revealed the presence of
one aldehydic carbonyl, three olefinic linkages, five qua-
ternary sp2 carbons, one oxygen-bearing quaternary
carbon, one methylene, one oxygen-bearing methine,
three methyl groups, and an acetoxyl group. The total
of 15 carbons, except for acetoxyl, including three meth-
yl groups, indicated a probable sesquiterpene. Two
carbonyls and one trisubstituted double bond left five
sites of unsaturation, which, bearing in mind the typical
IR absorptions for the aromatic ring, were attributed to
a bicyclic skeleton. From the 1H NMR spectrum, the
olefinic proton, a broad singlet at d 6.81, had been on
the trisubstituted double bond (H-11). The most down-
field signal resonating at d 10.07 was assignable to an
aldehydic proton (H-15). The two doublets resonating
at d 7.31 (1H, d, J = 7.9 Hz, H-6) and 7.68 (1H, d,
J = 7.9 Hz, H-7), respectively, clearly indicated that
the aromatic ring was 1,2,3,4-tetrasubstituted. Two
three-proton singlets at d 1.82 (H3-13) and 1.97
(H3-14) were assigned to the methyl groups attached
to a quaternary olefinic carbon (C-12). A singlet at d
2.20 was obviously attributed to the methyl of an ace-
tate moiety. The 1H NMR spectrum was completed
by signals attributable to an AB-type methylene (d
3.02, dd, J = 17.4, 8.9 Hz, Ha-1; 3.90, dd, J = 17.4,
8.4 Hz, Hb-1), an oxygen-bearing methine (d 5.29, dd,
J = 8.9, 8.4 Hz, H-2), and a tertiary methyl (d 1.35,
H3-10), that, following the isoprene rule and bearing
in mind the presence of a quaternary carbon at d 82.2
(C-3), were arranged in a five-membered cycle. Finally,
all the 1H and 13C NMR resonances13 were ambiguous-
ly assigned by applying homo- and hetero-nuclear
NMR methodologies. Thus, analysis of 1H–1H COSY
spectrum readily allowed to recognize three spin–spin
systems [H2-1 to H-2 (ABX system); H-6 to H-7;
H-11 to H3-13, H3-14]. Long-range proton–proton
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Figure 2. Selected key HMBC correlations (a) and NOESY (- - -)


correlations (b) for caulerpal A (2).

couplings between the olefinic proton H-11 and H3-13
and H3-14 indicated the presence of an isobutylene
group. The HMBC experiment (Fig. 2a) of 2 further
confirmed the presence of the isobutylene group as
judged from diagnostic long-range correlations between
H3-13 and C-11 (d 121.8), C-12 (d 138.7), and C-14 (d
26.9); H3-14 and C-11, C-12, and C-13 (d 19.8). The iso-
butylene group attached to C-5 (d 141.9) was deduced
from the HMBC correlations between H-6 and C-4 (d
143.0), C-5, C-8 (d 130.0), and C-11. The HMBC corre-
lations between H-7 and C-8 and C-15 (d 191.8); H-15
and C-8 showed that the aldehyde function was linked
to C-8. The hydroxyl group at d 3.68 (1H, br s) at C-
3 was determined by the HMBC correlations between
OH-3 (d 3.68, br s) and C-3 and C-4. The acetoxyl
group was assigned at C-2 (d 85.5) mainly based on
HMBC correlations between H-2 and C-1 (d 33.9),
C-3, C-4, and C-9 (d 138.3); H3-10 and C-2 (d 85.5),
C-3, and C-4.


The relative stereochemistry at C-2 and C-3 was estab-
lished by a NOESY experiment (Fig. 2b) running on
2. The methyl group H3-10 showed a correlation with
the acetyl methyl (OAc-2), while the hydroxyl group
(OH-3) was correlated with the methine proton (H-2).
These observations indicated that OH-3 and H-2 were
a-oriented, while H3-10 and OAc-2 were consequently
b-oriented.


Literature checking revealed that the carbon skeleton of
2 is the same as valerenic acid (6),14 a metabolite isolated
previously from the plant Valeriana officinalis.15 Howev-
er, to the best of our knowledge, sesquiterpene (like
compound 2) possessing an aromatic valerenane skele-
ton has never been encountered from a natural source
though a similar compound 5 was reported as a synthet-
ic intermediate derived in the course of structural
determination of 6.


Caulerpal B (3)16 was obtained as a colorless oil, ½a�24


D


�6.0� (c 0.29, CHCl3). Its molecular formula,
C16H20O3, was determined by HRESIMS at m/z
283.1310 {[M+Na]+, calcd 283.1310}. Like compound
2, the IR spectrum of 3 showed also absorption bands
due to the hydroxyl group (3450 cm�1), an aldehydic car-
bonyl (1722 cm�1), and aromatic ring (1599, 1543, and
1469 cm�1). The UV absorption pattern of 3 was also
the same as that of 2. Careful comparison of NMR spec-
tra of 2 and 3 revealed that the differences between them
occurred only at C-2 (–OAc in 2 and –OH in 3) and C-3
(–OH in 2 and –OMe in 3), while the rest of the molecule
was the same. Due to deacetylation, the methine proton
at C-2 of 3 was reasonably shifted upfield (from d 5.29
to 4.71), while the methylation of OH-3 caused a down-
field shift of C-3 from d 82.2 to 88.2. Furthermore, the
HMBC spectrum showed a correlation between the O-
methyl (OCH3-3) and C-3 (d 88.2), suggesting that the
methoxyl group was attached to C-3. The hydroxyl group
linked at C-2 (d 74.6) was confirmed from the HMBC
correlations between H-2 (d 4.71, dd, J = 8.5, 8.0 Hz)
and C-1 (d 33.9), C-3, C-4 (d 141.9), and C-9 (d 140.6);
H2-1 (d 3.84, dd, J = 16.9, 8.0 Hz; 2.84, dd, J = 16.9,
8.5 Hz) and C-2 (d 74.6) and C-9.
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Analogous to 2, the relative configuration of 3 at C-2
and C-3 was also established by analysis of its NOESY
spectrum. The interactions between H-2 and OCH3-3,
and between H3-10 and Hb-1 (d 2.84, dd, J = 16.9,
8.5 Hz), clearly indicated that OCH3-3 and H-2 were
a-oriented and the methyl group (H3-10) was conse-
quently assigned as b-configuration. Detailed analysis
of its 2D NMR spectra allowed unambiguous assign-
ments of the 1H and 13C NMR data16 of 3.


Sesquiterpenes with an aromatic valerenane-type
carbon skeleton are rare in the nature. Compounds 2
and 3 represent the only two examples with such a
carbon skeleton from a natural source. It may be worth
to point out that the typical enol-acetate terpenes
reported previously from this species were not found
in this collection. It raises the necessity to check the
correctness of taxonomy of the alga, as well as to
understand the biosynthetic origin of these metabolites
and their real biological role in the life cycle of the
alga.


Although compounds 2 and 3 formally displayed a quite
different skeleton from that of typical metabolites of
C. taxifolia (e.g., caulerpenyne 11), however, they are
actually related to each other. To explain the biogenetic
origin of caulerpals A (2) and B (3), a hypothetical path-
way is proposed as shown in Scheme 1. Epoxidation of
the D2(3) double bond of 1 gives the epoxide 7. Subse-
quent cyclization (6–5; 4–9) accompanying the loss of
the acetoxyl group at C-9 of 7 leads to intermediate
structure 8. Further loss of second acetoxyl at C-6 of
8 yields aromatic compound 9/10, which, after cleavage
of the bond between carbonyl and oxygen atom at C-15,
gives the framework (11) of caulerpals. Finally, opening
of the epoxide ring by attack of an acetate at C-2 or a
methylate at C-3 should produce caulerpals A (2) and
B (3), respectively.


Human protein tyrosine phosphatase 1B (hPTP1B) is
regarded as a key target for the treatment of Type-II dia-
betes and obesity because it could hydrolyze phosphoty-
rosines on the insulin receptor, deactivating it. For this
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Scheme 1. Plausible biogenetic pathway of caulerpals A (2) and B (3).

reason, PTP1B has been the subject of intense study
for the past few years.17 The crude Et2O-soluble extract
of the alga exhibited significant PTP1B inhibitory activ-
ity. To trace the responsible compound, 2–4 were evalu-
ated for their inhibitory activity against hPTP1B and the
result showed that only compound 4 had a strong PTP1B
inhibitory activity with an IC50 value of 3.77 lM. The
cytotoxicity against HL-60 and MCF-7 cell lines was also
tested for compounds 2–4, but they showed no signifi-
cant bioactivity.
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Abstract—The 5-HT2C receptor has been implicated in the regulation of appetite. As such, small molecule agonists to this receptor
may serve as novel therapies to combat obesity. We describe here the identification, synthesis, and SAR of a 5-HT2C agonist from
a unique pyrimidine-diazabicyclo[3.3.0]octane series. This compound displayed good potency at the 5-HT2C receptor, modest
selectivity relative to other 5-HT2 receptors, and was efficacious in an acute feeding study in rats.
� 2006 Elsevier Ltd. All rights reserved.

Obesity has become a worldwide health issue, exacerbat-
ed by its implication in the onset of cardiovascular
disease, diabetes, and cancer. The increasing prevalence
of obesity has sparked a rush in the pharmaceutical
industry to discover treatments that reduce body weight.
Specifically, much research has been focused on the
development of drugs that reduce food consumption
through action at key CNS regulators of appetite. In
addition to the approved drugs meridia and xenical,
the most advanced new drug candidate is rimonobant,
a cannabinoid receptor antagonist, which has shown
efficacy in phase III clinical trials. Clearly, there is a need
to discover other potential drug candidates that could
mitigate food consumption and contain the widespread
prevalence of obesity.


Serotonin (5-HT) is a neurotransmitter that regulates
many important physiological processes. There are at
least 14 different G-protein coupled 5-HT receptor sub-
types. There are three 5-HT2 receptors, A–C and
5-HT2C receptors are primarily located in the brain.
5-HT2C receptor agonism has been linked to a decrease
in food consumption, and several classes of 5-HT2c
receptor agonists have been reported.1,2 A concern in
the development of a 5-HT2C agonist as a drug candi-
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date is the achievement of sufficient selectivity over the
other 5-HT2 receptors. 5-HT2A has been implicated in
the onset of psychiatric disorders, while 5-HT2B has
been linked with cardiovascular risks.


A high-throughput screen of our compound library
(>80,000 compounds) revealed lead compound 1, which
has EC50 values of 0.1, 0.6, and 1.7 lM in 5-HT2C, 5-
HT2A, and 5-HT2B receptor functional assays,3 respec-
tively. This compound is similar to the known 5-HT2C


partial agonist mCPP 2 (Fig. 1). Unfortunately, mCPP
has a low selectivity over other serotonin receptors,
especially 5-HT2A and 5-HT2B. Our initial research
efforts were directed at improving compound potency
with the added hope of an improved level of selectivity
over other serotonin receptors. We attempted to achieve
these goals through the manipulation of the homopiper-
azine ring via the introduction of a piperazine isostere.
2,7-Diazabicyclo[3.3.0]octane (DABO) was selected be-
cause of several attractive features: two potential sites
for attachment to the pyrimidine core (2-N or 7-N),

Figure 1. Structures of HTS lead 1, mCPP 2, and DABO.
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Scheme 2. Synthesis of pyrimidine-DABO derivatives. Reagents: (a)


NH4CO2H, Pd/C, EtOH; (b) pyrimidine chloride, DIEA, and CH2Cl2;


(c) 12 M HCl.
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the ability to introduce chirality into the compounds,
and the ease of modulation to introduce additional func-
tionality (Fig. 1).4


A racemic synthesis of DABO was initiated with the
protection of aminoacetaldehyde dimethyl acetal 3 as
the ethyl carbamate.5 The protected acetal 4 was then
alkylated with allyl bromide to provide intermediate 5,
which was subsequently converted to the desired alde-
hyde 6. A 1,3 dipolar cycloaddition of 6 and N-benzyl-
glycine provided the orthogonally protected DABO
derivative 7 (the 2-N is protected as a benzyl amine,
and the 7-N is protected as an ethyl carbamate). Of note,
enantiomerically pure DABO was subsequently synthe-
sized via the use of a chiral amine-protecting group on
the glycine derivative. Additionally, the introduction
of functionality to the DABO unit was accomplished
through the use of N-benzyl-LL-alanine, rather than N-
benzylglycine (Scheme 1).


The ability of DABO to serve as a useful homopiper-
azine surrogate was explored via the synthesis of deriv-
atives in which the pyrimidine core was linked to
DABO through either the 2-N or the 7-N position.
The synthesis of derivatives that bound DABO through
the 2-N position was achieved via hydrogenating the 2-
N-benzyl amine on 7, coupling the resulting secondary
amine with an appropriate 2-chloro-pyrimidine deriva-
tive, followed by deprotecting the ethyl carbamate to
give final compounds 11–13. Alternatively, the synthesis
of derivatives with the 7-N position of DABO bound to
the pyrimidine core was achieved via ethyl carbamate
deprotection, coupling with the same 2-chloro-pyrimi-
dine derivative, and deprotection of the benzyl amine
to give compounds 8–10. Three compounds in each ser-
ies were synthesized which included either a trifluoro-
methyl group found in the lead compound or a
dihalogenated bi-aryl moiety that is commonplace in
known 5-HT2C agonists1,2 (Scheme 2).


Analysis of the compounds in which DABO is bound to
pyrimidine through the 7-N position (compounds 8–10)

Scheme 1. Synthesis of DABO derivative 7. Reagents: (a) ethyl


chloroformate, NaOH, toluene, H2O; (b) allyl bromide, triethylben-


zylammonium chloride, toluene; (c) formic acid; (d) N-benzylglycine,


toluene.

revealed that this set of compounds is completely inac-
tive (EC50 values greater than 20 lM). However, 2-N
substitution (compounds 11–13) provided one deriva-
tive, compound 11 (EC50 = 180 nM), that displayed
moderate 5-HT2C agonism (Table 1).


The initial success of racemic DABO as a piperazine iso-
stere, in the context of 5-HT2C agonism, prompted the
analysis of the pure enantiomers of compound 11. Enan-
tiomeric compounds 14 and 15 were synthesized through
the use of a chiral (R)-methylbenzylamine-protecting
group, which allowed for silica gel chromatographic
separation of the resulting diastereomers after the 1,3
dipolar cycloaddition. Deprotection of the chiral ben-
zyl-protecting group provided enantiomerically pure
DABO. There was a marked improvement in activity
between the enantiomers of compound 11. In particular,
compound 14 (the S,S enantiomer) has an EC50 of
23 nM, which marks a fourfold increase in potency over
our HTS lead 1 (Table 2). Unfortunately, compound 14
is only slightly selective for 5-HT2C relative to 5-HT2A


(5·) and 5-HT2B (3·). This relatively poor selectivity
could result in clinical side effects related to 5-HT2A


and/or 5-HT2B interaction. Accordingly, an attempt
was made to explore the SAR through the modification
of DABO via the installation of a methyl group during
the synthesis of DABO using either N-benzyl-LL- or DD-al-
anine instead of N-benzylglycine. This modification of

Table 1. Activities of pyrimidine-DABO derivatives


Compounda R 5-HT2C EC50 (nM)


8 CF3 >20,000


9 2,5-Di-Cl-phenyl >20,000


10 2,5-Di-F-phenyl >20,000


11 CF3 180


12 2,5-Di-Cl-phenyl >1000


13 2,5-Di-F-phenyl >1000


a All compounds were purified by preparative HPLC and were evalu-


ated for proper identity and purity by analytical HPLC–MS and by
1H NMR.







Table 2. Activities of enantiomeric compounds


Compounda R Chirality 5-HT2C


EC50 (nM)


5-HT2A


EC50 (nM)


5-HT2B


EC50 (nM)


11 CF3 Racemic 180 220 320


14 CF3 (S,S) 23 116 62


15 CF3 (R,R) 519


16 CF3 (S,S,R) 57 25 48


17 CF3 (S,S,S) 22 40 151


a All compounds were purified by preparative HPLC and were evalu-


ated for proper identity and purity by analytical HPLC–MS and by
1H NMR.
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DABO gave rise to compounds 16 (from LL-Ala) and 17
(from DD-Ala) (Fig. 2). Compound 17 (EC50 = 22 nM)
was equipotent to compound 14, but the level of selec-
tivity was still unimpressive (Table 2).


Our attention subsequently turned toward an investiga-
tion of the importance of the pyrimidine ring. A small
selection of compounds was synthesized in which the
pyrimidine ring was replaced with a phenyl ring. These
compounds (18–20) were synthesized via a Buchwald
aryl amination of the 2-N on DABO with an aryl
bromide, followed by acidic deprotection of the
tert-butyl carbamate (Scheme 3).


An analysis of the results revealed that there is an
approximate fourfold advantage in having a pyrimidine
ring over a phenyl ring (compound 14 EC50 = 23 nM vs.
compound 18 EC50 = 103 nM). There also appears to be
a clear preference for a trifluoromethyl group in the
meta position over a halogen (Cl, compound 19,
EC50 = 503 nM; F, compound 20, EC50 = 319 nM). Of
some interest, the incorporation of a phenyl ring pro-
vides compounds that display comparable 5-HT2B activ-
ity to those containing pyrimidine.


The prevailing paradigm for 5-HT2C agonists is a need
for two nitrogens.1,2 One nitrogen is bound to the aro-
matic ring, while the second nitrogen is several atoms,

Figure 2. Structures of compound 16 and compound 17.


Scheme 3. Synthesis of phenyl-DABO derivatives 18–20. Reagents: (a)


Pd(dba)2, DPPF, NaO-t-Bu, toluene; (b) 4 N HCl/dioxane.

usually 2–3, away from the aromatic ring. We hypothe-
sized that the second nitrogen, several atoms from the
aromatic ring, was absolutely necessary for potency,
but that the tertiary nitrogen bound to the aromatic ring
was not as important for agonist activity. To address the
issue of whether two nitrogens are necessary for poten-
cy, we designed a mono-amine scaffold based on the
bicyclic ring structure of DABO.


Bicyclic scaffold 21 was synthesized in one step from
commercially available cyclopentenone via [3 + 2] cyclo-
addition with an azomethine ylide. Scaffold 21 was con-
verted to its corresponding triflate and then subjected to
a Suzuki reaction with 3-(trifluoromethyl)phenylboronic
acid. The resulting product was exposed to hydrogena-
tion conditions, which removed the benzyl group and re-
duced the alkene to give the desired final product 22
(Scheme 4). The reduction of the alkene yielded a single
diastereomer, presumably from attack from the less hin-
dered alkene face (Table 3).


The racemic bicyclic single-nitrogen compound 22 was
analyzed for 5-HT2C receptor agonism and compared
with the corresponding dual nitrogen pyrimidine-DABO
compound 11 (Table 4). Although compound 11
(EC50 = 180 nM) was more than 2-fold more potent
than compound 22 (EC50 = 420 nM), it seems that the
nitrogen bound to the aromatic ring is not absolutely
necessary for 5-HT2C agonism. Thus, a properly de-
signed, chiral single-nitrogen scaffold may hold promise
as a potent 5-HT2C agonist.

Scheme 4. Synthesis of bicyclic mono-amine derivative 22. Reagents:


(a) N-(methoxymethyl)-N-(trimethylsilylmethyl)benzyl amine, TFA,


CH2Cl2; (b) trifluoromethanesulfonic anhydride, pyridine, CH2Cl2; (c)


3-(trifluoromethyl)phenylboronic acid, Pd(PPh3)4, Na2CO3, NMP; (d)


NH4CO2H, 10% Pd/C, MeOH.


Table 3. Activities of phenyl-DABO derivatives


Compounda R 5-HT2C


EC50 (nM)


5-HT2A


EC50 (nM)


5-HT2B


EC50 (nM)


14 CF3 23 116 62


18 CF3 103 168 65


19 Cl 503 416 59


20 F 319 1120 108


a All compounds were purified by preparative HPLC and were evalu-


ated for proper identity and purity by analytical HPLC–MS and by
1H NMR.







Table 4. Activity of mono-amine derivative


Compounda R 5-HT2C


EC50 (nM)


5-HT2A


EC50 (nM)


5-HT2B


EC50 (nM)


11 CF3 180 220 320


22 CF3 420 1080 187


a All compounds were purified by preparative HPLC and were evalu-


ated for proper identity and purity by analytical HPLC–MS and by
1H NMR.


Table 5. Pharmacokinetic properties of 14 in rats


Dose


(mg/kg)


Cmax


(mg/kg)


B/P ratio


AUCcortex/


AUCplasma


Cl


((mL/min)/kg)


t1/2


(h)


F


(%)


1.2 (iv) 2.930 14.5 6.71 1.1


10.6 (po) 0.052 6
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4 24
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Vehicle
Fenfluramine (3 mg/kg) 
14 (1 mg/kg)
14 (3 mg/kg)
14 (10 mg/kg)
14 (20 mg/kg)


* p<0.05 compared to vehicle control  (ANOVA; Dunnett's)


*


*


*


*


*


Chart 1. Effect of 14 on food intake in rats.6
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Compound 14 was subjected to additional testing to
establish its pharmacokinetic profile (Table 5). The com-
pound displayed a modest half-life of 1.1 h, but parti-
tioned into the brain nicely with a brain-to-plasma
ratio of >14. This should result in a greater compound
exposure for the brain-localized 5-HT2C receptors rela-
tive to the peripheral 5-HT2B receptors, thereby decreas-
ing the potential for side effects related to interaction
with the latter receptor. Unfortunately, the low oral bio-
availability (6%) of compound 14 was less than
desirable.


Compound 14 was investigated in a 24 h acute feeding
study in rats. Fenfluramine, a compound known to reg-
ulate food consumption, was used as a positive control.
A dose-dependent decrease in food consumption was
observed, and compound 14 demonstrated a statistical
significance in reduction of food consumption after an
intraperitoneal dose of 20 mg/kg at both the 4 and
24 h time points (Chart 1).


In summary, a potent 5-HT2C agonist was designed
and synthesized based on a lead compound from
HTS. Crucial to the success of this endeavor was
the use of diazabicyclo[3.3.0]octane, which served as
a suitable piperazine isostere when connected to the
pyrimidine core through the 2-N. Compound 14 is rel-
atively potent against 5-HT2C and was proven to be
efficacious at 20 mg/kg in an acute feeding study.
While compound 14 serves as an interesting prototype,

its relative lack of selectivity suggests that it would
have an unacceptable safety profile due to possible
5-HT2A and/or 5-HT2B interaction. Moreover, this
compound has sub-optimal pharmacokinetic behavior.
Second-generation compounds are being developed
that focus on improving selectivity over 5-HT2A and
5-HT2B, and improving the overall pharmacokinetic
profile.
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Abstract—Oleanolic acid and its synthetic derivatives have been identified as novel inhibitors of glycogen phosphorylase. Within
this series of compounds, 4 (IC50 = 3.3 lM) is the most potent GPa inhibitor. Preliminary structure–activity relationships of the
oleanolic acid derivatives are discussed.
� 2006 Elsevier Ltd. All rights reserved.

Oleanolic acid (OA), which has been in active clinical
use as an anti-hepatitis drug in China for over 20 years,
possesses some attractive biological activities including
protection of the liver against toxic injury,1 anti-inflam-
mation,2 anti-HIV,3 and antitumor.4 Liu et al.5 reported
that OA exhibited hypoglycemic effect in alloxan-in-
duced hyperglycemic rats, meanwhile, significant accu-
mulation of hepatic glycogen in rats was observed in
OA treatment groups compared with the control
groups, indicating a possible inhibition of hepatic glyco-
genolysis. The action mechanism of OA’s effect on
hepatic glycogen metabolism, however, remains
unknown.
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Very recently, we first reported that maslinic acid, a
natural pentacyclic triterpene abundant in olive fruit,
represented a new class of inhibitors of glycogen phos-
phorylase (GP).6 GP is the enzyme responsible for gly-
cogen breakdown to produce glucose and related
metabolites for energy supply.7 Due to its key role in
modulation of glycogen metabolism, pharmacological
inhibition of GP has been regarded as a promising ther-
apeutic approach for treating diseases caused by abnor-
malities in glycogen metabolism.8 Several structural
classes of GP inhibitors have been developed,8a,8b,9


and a couple of GP inhibitors have been in clinical or
pre-clinical trials, for example, PSN-357 is an oral GP
inhibitor which is currently in phase II clinical trial for
treatment of type 2 diabetes.10


Based on our previous studies, we further examined
other members of pentacyclic triterpene family with
respect to their inhibitory effects on GP. The enzyme
assay results showed that like maslinic acid
(IC50 = 28 lM), OA was also a naturally occurring GP
inhibitor (IC50 = 14 lM). Encouraged by this in vitro
result, we tested hypoglycemic activity of OA in adren-
aline-induced diabetic mice which had hyperglycemia
due to increased hepatic glycogenolysis. OA was admin-
istered orally at 100 mg/kg/day for 7 days, and on the
last day, after adrenaline was iv administered, blood
glucose levels of OA treatment groups and the control
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Table 1. Effect of oleanolic acid (OA) on fasted plasma glucose of


hyperglycemic mice induced by adrenaline (n = 10)


Compound Dose


(mg/kg)


Fasted plasma glucose (OD)


0 h 1 h 2 h


Vehicle 0.138 ± 0.028 0.212 ± 0.032 0.149 ± 0.037


OA 100 0.114 ± 0.020 0.153 ± 0.040 0.063 ± 0.025
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groups were measured. Not surprisingly, the in vivo test
result (Table 1) showed that OA effectively inhibited the
increase of fasted plasma glucose of diabetic mice in-
duced by adrenaline.


The finding that OA is a natural GP inhibitor is of par-
ticular importance due to the following points: (1) it has
been disclosed herein that OA may lower blood glucose,
at least in part, through inhibiting GP and therefore
reducing hepatic glucose production. (2) OA, as a safe
nonprescription drug for the treatment of hepatitis,
may find its new clinical uses in treating diabetes charac-
terized by fasting hyperglycemia and other diseases
caused by disorders in glycogen metabolism. (3) OA,
which is widely distributed in plant kingdom, is very
cheap and easily available in large bulk, and therefore,
lead modification based on OA would be in a good
position for further drug development.


With OA as a lead compound, we sought to identify a
series of OA derivatives as novel GP inhibitors. Initial
synthetic efforts were focused on structural modifica-
tions at C-3 and C-28 positions. The synthetic routes
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Scheme 1. Reagents and conditions: (i) anhydride/Pyr, 80 �C or RCOOH/D


DMF, rt (85–93%); (iii) 1 M NaOH, THF/MeOH, rt (quant.); (iv) BrCH2C


reflux (78%); for 14: aqueous methylamine solution, K2CO3, acetone, rt (75%)


acetone/H2O, 0 �C (87%); (vii) HONH3Cl, pyridine, 80 �C (82%).

are outlined in Scheme 1. Treatment of OA with anhy-
dride/pyridine or RCOOH/DCC/DMAP or RCOCl/
Et3N afforded 3-O-acyl OA derivatives 1–5 in 40–91%
yields. C-28 esters 6–8 and 10 were prepared in high
yields (85–93%) by esterification of OA in the presence
of K2CO3 in DMF with bromoethane, allyl bromide,
ethyl bromoacetate, and ethyl 4-bromobutyrate, respec-
tively. Hydrolysis of 8 and 10 with 1 M NaOH in THF/
MeOH gave the corresponding carboxylic acids 9 and 11
in quantitative yields, respectively. Reaction of OA with
1,2-dibromoethane in the presence of K2CO3 in DMF
furnished bromide compound 12 (86%), which was fur-
ther converted to hydroxyl ethyl ester 13 (78%) by heat-
ing of 12 with aqueous ethanol in the presence of Et3N.
Treatment of 12 with aqueous methylamine solution in
the presence of K2CO3 in acetone at room temperature
afforded amine 14 in 75% yield. Reaction of 12 with
diethylamine in the presence of K2CO3 in acetone at re-
flux temperature gave amine 15 in 72% yield. Jones oxi-
dation of OA afforded oleanonic acid 16 (87%).
Reaction of 16 with hydroxylamine hydrochloride in
pyridine at 80 �C afforded oxime 17 (82%).


Next, we attempted to probe the effect of structural
modification at A-ring of OA on GP inhibitory activity.
In this regard, some oxime, oxadiazole, and isoxazole
derivatives of OA were synthesized as depicted in
Schemes 2 and 3. Esterification of OA with benzyl chlo-
ride followed by an oxidation reaction with PCC affor-
ded ketone 19 in high yields.6 Treatment of 19 with
hydroxylamine hydrochloride in pyridine gave oxime
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(78%); (viii) benzyl chloride or 2,4-dichlorobenzyl chloride, K2CO3, DMF, 40 �C (50–55%).
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20 (87%). Introduction of the oximino group to the C-2
position of 19 was carried out by reaction of 19 with
sodium nitrite under acidic conditions to give a-oximi-
noketone 21 (58%). Treatment of 21 with hydroxyl-
amine hydrochloride in pyridine at 80 �C afforded
dioxime 23 (80%). Cyclization of 23 was performed by
heating 23 with NaOH in 1,2-ethanediol at 200 �C to
give oxadiazole 24 (82%). Hydrogenolysis of 24 over
Pd/C in THF at room temperature gave oxadiazole car-
boxylic acid 2511 in quantitative yield. Reduction of 21
with NaBH4 in THF at 0 �C afforded a-oximinoalcohol
26 in 78% yield. Alkylation of 21 with benzyl chloride
and 2,4-dichlorobenzyl chloride in the presence of potas-
sium carbonate in DMF gave oxime ethers 28 and 29 in
moderate yields (50–55%), respectively. Hydrogenolysis
of 21 and 26 over Pd/C in THF at room temperature
gave the corresponding carboxylic acids 22 and 27 in
quantitative yield, respectively. Formylation of 19 with
ethyl formate in the presence of sodium methoxide in
CH2Cl2 gave compound 30 (80%). Treatment of 30 with

hydroxylamine hydrochloride in aqueous EtOH at
reflux temperature afforded isoxazole 31 (95%). Hydrog-
enolysis of 31 over Pd/C in EtOAc at room temperature
was a complex reaction to yield the desired isoxazole
carboxylic acid 32 in poor yield (12%).


The synthesized OA derivatives were evaluated in the
enzyme inhibition assay against rabbit muscle glycogen
phosphorylase a which shared considerable sequence
similarity with human liver GPa. As described previous-
ly,12 the activity of rabbit muscle GPa was measured
through detecting the release of phosphate from glu-
cose-1-phosphate in the direction of glycogen synthesis.
The assay results (Table 2) showed that many synthe-
sized OA derivatives exhibited moderate inhibitory
activity against rabbit muscle GPa.


Unlike maslinic acid derivatives which had a clear pref-
erence for hydrophobic groups at C-28 for GP inhibi-
tion,6b the OA derivatives showed some uncertainty in







Table 2. Inhibition of rabbit muscle GPa by compounds 1–32


Compound RMGPa IC50
a (lM)


1 NIb


2 34.3


3 NI


4 3.3


5 16.9


6 NI


7 NI


8 NI


9 62.6


10 76.7


11 NI


12 NI


13 NI


14 53.2


15 NI


16 17.9


17 225


18 461


19 66.6


20 20.8


21 46.8


22 26.1


23 22.3


24 1002


25 11.2


26 179.1


27 28.2


28 61.3


29 8.0


30 6.3


31 19.6


32 12.7


OA 14


Caffeine 114


a Values are means of three experiments.
b NI, no inhibition.
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terms of inhibitory potency correlated with the hydro-
phobic properties of C-28 substituents (e.g., 8 vs 9 and
10 vs 11). Introduction of aminoethyl esters at C-28 in
order to improve aqueous solubility resulted in decreas-
es in potency (e.g., 14 and 15). In most cases, C-28 car-
boxylic acids were more potent than their benzyl esters
(e.g., 21 vs 22, 24 vs 25, 26 vs 27, and 31 vs 32), indicat-
ing a preference for the free carboxylic acid group at
C-28.


Assay result for 3-O-acyl series showed that cinnamic
analogues 4 (IC50 = 3.3 lM) and 5 (IC50 = 16.9 lM)
were potent GPa inhibitors, while acetate 1 and butyrate
3 were inactive. Compound 4 was 3-fold more potent
than OA, indicating that A-ring of OA might be a good
target for further lead optimization. 2-Oximino series of
compounds (21–23 and 26–28) were less potent than
OA, except for 29 (IC50 = 8 lM). Oxadiazole 25
(IC50 = 11.2 lM) and isoxazole 32 (IC50 = 12.7 lM)
exhibited similar enzyme inhibitory potency with OA,
indicating that A-ring fused heterocyclic analogues
might deserve some attention for further inhibitor
design. Conversion of OA to oleanonic acid (16,
IC50 = 17.9 lM) did not result in a significant change
in potency.

In summary, we have identified oleanolic acid and its
synthetic derivatives as novel GPa inhibitors. As a pos-
sible result of this finding, oleanolic acid, a nonprescrip-
tion anti-hepatitis drug, may find its new clinical uses in
treating fasting hyperglycemia and other diseases caused
by abnormalities in glycogen metabolism.13 Lead opti-
mization based on oleanolic acid resulted in a series of
triterpene class of GP inhibitors, among which, 4 was
the most potent GPa inhibitor (IC50 = 3.3 lM). Further
research and drug development on pentacyclic triterpene
compounds as promising GPa inhibitors are ongoing in
our laboratory and the results will be reported in due
course.
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Abstract—A series of diphenylphosphonate-based probes were developed for the trypsin-like serine proteases. These probes selec-
tively target serine proteases rather than general serine hydrolases that are targets for fluorophosphonate-based probes. This
increased selectivity allows detection of low abundance serine proteases in complex proteomes using simple SDS–PAGE methods.
We present here the application of multiple probes in enzyme activity profiling of intact mast cells, a type of inflammatory cell
implicated in allergy and autoimmune diseases.
� 2006 Elsevier Ltd. All rights reserved.

The primary goal of proteomics is to assign functions to
all proteins in a given cell, tissue or organism.1 The chal-
lenges implicit in this field have generated novel
approaches to functionally dissect the proteome. Chem-
ical proteomics or activity-based protein profiling
(ABPP) makes use of small molecule probes that form
covalent complexes with their targets using an activity-
dependent chemical reaction. These activity-based
probes (ABPs) can be used to profile enzymatic activities
in complex proteomes and provide information on pro-
tein targets at the functional, rather than the expression
level.2 Moreover, due to its use of small molecules, this
approach naturally focuses on ‘druggable’ enzymes that
show specific ligand binding.


A number of classes of ABPs have successfully been
designed and applied to serine hydrolases3 and cysteine
proteases.4 Recently the scope of this approach has
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expanded with the development of chemical probes that
target additional important enzyme families including
phosphatases5 and kinases.6 Many approaches have
focused on broad-spectrum probes that target multiple
related enzyme family members.7 Thus, there is a great
need to develop new chemical probes to selectively
target sub-classes of enzymes to study their roles in bio-
logical processes.


Serine hydrolases represent a large family of enzymes,
members of which participate in many crucial biologi-
cal processes. One of the most intriguing sub-classes of
this family is the trypsin-like serine proteases. This sub-
group is comprised of 65 enzymes in humans with un-
ique cellular and physiological regulatory roles in
health and disease.8 Several enzymes within this group,
such as thrombin, factor VIIa, factor Xa, and tryptase,
are being extensively pursued as drug targets in
cardiovascular and inflammatory indications. A fluor-
ophosphonate (FP) probe, similar to probe 1 (Bio-
FP), has been previously reported to target the serine
hydrolase family (Ref. 3). The broad reactivity of
probe 1 enables simultaneous labeling of a large num-
ber of enzymes including esterases, proteases, lipases,
and amidases. In many cases, this probe generates a
highly complex activity profile that prevents its usage
for studying low-abundance, specific enzymes using
simple analytical methods such as SDS–PAGE. To
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Figure 1. A general serine hydrolase probe 1.


Table 1. Apparent inhibition constants [Ki(app) lM] of probes 1, 4, and


5 for trypsin-like serine proteases following 30 min of incubation13


Enzymes Bio-FP 1 Bio-PK-DPP 4 Bio-NK-DPP 5


b-Tryptase 30 6.2 2.5


Trypsin 16.5 0.57 57.3


Thrombin 7.9 1.07 >100


Plasmin >100 2.9 4.03
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circumvent this issue, we developed a series of selective
probes that specifically target the trypsin-like serine
proteases (see Fig. 1).


To achieve selectivity toward serine proteases, we fo-
cused our efforts on phosphonate-based probes. Ini-
tial attempts to use an a-amino fluorophosphonate
reactive group failed due to its short half-life in an
aqueous environment.9 The more stable reactive
group, diphenylphosphonate, has previously been
used to generate potent irreversible serine protease
inhibitors10. Here, we describe our efforts in develop-
ing diphenylphosphonate (DPP)-derived probes for
activity profiling of trypsin-like serine proteases11


(see Scheme 1).


Based on previous studies of substrate specificity,12 a
lysine residue was incorporated at the P1 site with either
a proline or asparagine at the P2 position to generate a
general trypsin-family protease probe 4 (Bio-PK-DPP)
and a b-tryptase-selective probe 5 (Bio-NK-DPP),
respectively. Lysine-based DPPs can be made through
the Oleksyszyn 3-component reaction using either con-
ventional heating or microwave-assisted agitation. Inter-
mediate 2 was obtained through three steps of
protecting group manipulations. A biotinylated probe
3 (Bio-K-DPP) was made by coupling 2 with a commer-
cially available biotinylation reagent NHS-(PEG)4-
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Scheme 1. Synthesis of ABPs with the diphenylphosphonate reactive group


5–10 min or oil bath, 70 �C, 1–3 h; (b) hydrazine; Boc2O; H2, Pd–C; (c) N


HOBt; H2, Pd–C; (e) Cbz-Asn(Trt)-OH, EDCI, HOBt; H2, Pd–C.

biotin. Following addition of an amino acid residue at
the P2 position, similar procedures produced biotinyla-
ted probes 4 and 5.


Apparent inhibition constants [Ki(app)] were obtained for
these probes against four trypsin-like serine proteases
(Table 1). The addition of a P2 proline residue increased
the overall reactivity of probe 4 toward trypsin-like
serine proteases. Incorporation of an asparagine residue
at P2 yielded a 23-fold selectivity increase for probe 5
favoring tryptase over its closely related family member
trypsin.


To confirm that the potency and selectivity observed in
kinetic assays were reflected in enzyme labeling profiles,
probes 1, 4, and 5 were used for activity-based labeling
of a panel of recombinant enzymes from different serine
hydrolase families (Fig. 2). The extent of covalent label-
ing was determined by Western blotting with streptavi-
din detection of the biotin reporter group. Probe 1
labeled all recombinant enzymes tested including butyr-
ylcholine esterase (BCE), a hydrolase enzyme. In con-
trast, the lysine-DPP-based probes were completely
inactive against both chymotrypsin and BCE. The gen-
eral trypsin-family probe 4 efficiently labeled all trypsin-
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Figure 2. Labeling of recombinant enzymes with probes Bio-FP 1,
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like enzymes tested. Interestingly, this probe was even
more potent in labeling thrombin than probe 1 even
though it has a much less reactive functional group.
Probe 5 labeled three of the four trypsin-like serine pro-
teases but not thrombin, with a clear preference for b-
tryptase. Together, these results suggest that the incor-
poration of a P2 element enhances both the selectivity
and potency of the probes for trypsin-like enzymes.


Next we determined whether the probes can selectively
label trypsin-like serine proteases in a complex prote-
ome. Initially, the labeling pattern of the serine protease
probe 3 was compared to that of the general serine
hydrolase probe 1. Activity-based profiling was per-
formed using the human mast cell line HMC-1. Mast
cells are inflammatory cells that provide protection
against parasitic infections but are also known to play
a major role in allergic responses and autoimmune dis-
eases.14 Intact HMC-1 cells were incubated for 1 h with
probe 1 or probe 3. Cell lysates were then analyzed by
SDS–PAGE followed by Western blotting using strepta-
vidin-HRP detection reagent (Fig. 3). Multiple active
mast cell serine hydrolases were labeled by probe 1
(Fig. 3, left panel). Pretreatment with 4-(2-aminoeth-
yl)-benzenesulfonyl fluoride (AEBSF), a general serine
hydrolase inhibitor, blocked the labeling of several en-
zymes. Affinity purification of probe 1 modified enzymes
followed by tryptic digestion and analysis by mass spec-
trometry, resulted in identification of 15 membrane-
bound and secreted enzymes.15 The majority of these

- + - +
prolyl endopeptidase


DPP7 +prolyl carboxypeptidase
Acyl-CoA thioester hydrolase


β-tryptase+ acyl transferase


RA inducible serine carboxypeptidase
lysophospholipase


Bio-FP
1


Bio-K-DPP
3


AEBSF


Figure 3. Selective labeling of b-tryptase in HMC-1 cell lysates by Bio-


K-DPP probe 3, with the absence (�) and presence (+) of AEBSF


pretreatment prior to probes addition.

enzymes were serine hydrolases that were not proteases.
In addition, several identified serine hydrolases were
abundant housekeeping enzymes such as acyl-transfer-
ase, lysophospholipase, and acyl-CoA thioester hydro-
lase. In sharp contrast, the trypsin-family-selective
probe 3 selectively labeled b-tryptase (Fig. 3, right pan-
el). Further analysis of the labeling with probe 1 re-
vealed that acyl-transferase and b-tryptase co-migrate
on the gel, thus making it difficult to distinguish activi-
ty-profiles for these two enzymes in HMC-1 cells. Since
no labeling of acyl-transferase was observed with probe
3, b-tryptase activity could be directly evaluated in the
mast cell proteome without a need for any further
purification steps. This exemplifies the utility of prote-
ase-selective probes for profiling trypsin-like proteases
within a complex proteome.


HMC-1 cells are immature cells that do not fully reflect
properties of mature mast cells. A prominent feature of
mast cell is the presence of granules that store pre-
formed mediators including proteases such as tryptases.
Upon activation, the content of the granules is released
into the extracellular milieu to promote local wound
healing and inflammatory responses. We characterized
serine hydrolase and protease activities in more physio-
logically relevant, mature mast cells that were derived
from CD34+ hematopoietic progenitors. These cells
were stimulated to degranulate via activation of the high
affinity receptor for IgE (FceR) (Fig. 4). Following acti-
vation, intact cells were incubated with probes for 1 h,
conditioned medium was collected, and labeled enzymes
were purified and identified. Probe 1 yielded a complex
labeling pattern regardless of the mast cell activation
state (Fig. 4, lanes 1 and 2). The tryptase-selective probe
5 predominantly labeled b-tryptase (Fig. 4, lanes 3 and
4). Notably, when the general trypsin-family probe 4
was used for labeling, both tryptase and cathepsin G
were labeled (Fig. 4, lanes 5 and 6). The observed reac-
tivity of probe 4 is consistent with the known substrate
specificity of these two enzymes, with tryptase exhibiting
trypsin-like activity and cathepsin G having both tryptic
and chymotryptic activities. Labeling with probes 4 and
5 showed clear up-regulation in the activity of these en-
zymes following IgE stimulation (Fig. 4, lane 3 vs lane 4
and lane 5 vs lane 6). This demonstrates that probes 4

- + - + - + IgE treatment


β Tryptase


Cathepsin G28


39


51
64


1 2  3   4 5  6


kDa


Bio-FP
1


Bio-NK
5


Bio-PK
4


Figure 4. Selective activity-based labeling of mast cell trypsin-like
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and 5 can be used to study the cellular b-tryptase’s
activity upon biological stimulation.


In summary, we have demonstrated the design, synthesis,
and application of selective trypsin-family protease-selec-
tive probes 3, 4, and 5. These probes are capable of specif-
ically labeling trypsin-like serine proteases either in their
pure forms or as components of complex proteomes.
Thus, these probes represent powerful biochemical tools
for monitoring the activity of proteases in their natural
environment. Attachment of other reporter groups such
as fluorophores may also allow imaging of protease activ-
ity in situ as recently described for cysteine proteases.16


Finally, probes that target other sub-families of serine
proteases can be designed using a similar approach.
Increasing the number and type of chemical proteomics
probes targeting serine proteases will significantly en-
hance our ability to understand the activity, regulation,
and function of these important enzymes.
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Abstract—The 3,4-fused sulfamides, sulfonamides and sulfone have been identified as highly potent c-secretase inhibitors. Evalua-
tion of the SAR of substitution within these series has allowed the identification of a range of compounds which significantly reduce
brain Ab in transgenic mouse models and thus have potential as possible treatments for Alzheimer’s disease.
� 2006 Elsevier Ltd. All rights reserved.
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Alzheimer’s disease (AD) is characterized by progressive
cognitive decline accompanied by the deposition of pla-
ques composed of the neurotoxic 40–42 amino acid pep-
tide amyloid-b (Ab) and by increased levels of soluble
Ab. One of the major hypotheses for the progression
of AD is that the extracellular accumulation of Ab is
the primary pathological event leading to neurodegener-
ation, dementia and ultimately death. In order to test
this hypothesis and potentially to provide pharmacolog-
ical agents to arrest the progress of the disease, the inhi-
bition of Ab production is of particular interest. The
release of Ab is the result of cleavage of b-amyloid pre-
cursor protein (b-APP) by two proteases. The first cleav-
age of b-APP by b-secretase produces a b-APP C-
terminal fragment which is cleaved within the cell mem-
brane by the aspartyl protease c-secretase to release Ab.
The identification of a selective orally active c-secretase
inhibitor has been targeted as an attractive way to test
the amyloid hypothesis.1
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As part of our ongoing medicinal chemistry programme
the cyclohexane 12 (3 nM) and the sulfonamides 23


(4.2 nM) and (±)-33 (1.8 nM) were identified as potent
c-secretase inhibitors and previously disclosed.4–7


The tolerance for substitution of the cyclohexyl ring was
significant in that it allowed improved absorption prop-
erties to be achieved. The compounds did, however,
show a relatively short half-life in rodent (e.g., 2: F
31%, t1/2 1.1 h in rat) and high turnover in rat liver
microsomes (2 33%; 3 78%).8 We set out to synthesise
stable analogs of these sulfonamides which should also
take advantage of the known lipophilic binding pocket
identified from the X-ray crystal structure of the potent
inhibitor 4.9
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The relatively high potency of 2 and 3 compared to
many of the substituted cyclohexanes which we had
examined3 led us to believe that a single sulfonamide
binding site existed that could be accessed from either
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the 3 or 4 positions of the cyclohexane ring. A 3,4-fused
cyclic sulfamide was postulated to take full advantage of
this binding site, introduction of an N-substituent would

Figure 1. Overlay of the X-ray structure of 4 (grey carbons) with the


minimised structure of the 5c (orange carbons).
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Scheme 1. Reagents and conditions: (i) LHMDS, THF, SEM–Cl, �78 �C; 6


NaN3, DMF, 90 �C, 75%; (v) PPh3, THF, H2O, 95%; (vi) BF3ÆOEt2, DCM


periodinane, DCM, 80%; (ix) RNH2, EtOH; (x) NaBH4; (xi) THF, reflux, 7

then potentially allow us to access the lipophilic binding
site. It was hypothesised (Fig. 1) that the ethyl substitut-
ed 3,4-fused cyclic sulfamide (±)-5c (orange carbons)
would overlay both the hydrogen bond acceptor (SO2)
and the lipophilic group with the same groups in the
X-ray crystal structure of 4 (grey carbons).10


A versatile cyclic sulfamide synthesis was developed
(Scheme 1) which allowed exploration of the lipophilic
binding pocket by variation of the nitrogen substituent
at the final stage (see Tables 1–3).


The cyclohexanone 62 was alkylated with SEM–Cl to
give, as a single isomer,11 the protected a-hydroxymethyl
ketone (±)-7.12 Stereoselective reduction with sodium
borohydride gave the anti-alcohol which underwent
smooth azide displacement (via the mesylate) and subse-
quent reduction to give the syn-amine (±)-8.


Deprotection of the alcohol was followed by selective
sulfonylation of the amine to afford the N,N-dim-
ethylsulfamide. Oxidation of the primary alcohol to
the aldehyde facilitated the introduction of an alkyl
substituted amine (±)-9. This aminosulfamide under-
went a facile cyclisation to the cyclic sulfamide (±)-5

7


NH2


O2S
F


F


Cl


O


O2S
F


F


Cl


8


a-h


ii-v


Cl


S
O2


NR


O
TMS


O
TMS


(+/-)


(+/-)


0%; (ii) NaBH4, �20 �C, IPA, 80%; (iii) MsCl, NEt3, DCM, 97%; (iv)


, 95%; (vii) Me2NSO2Cl, NEt3, DMA, DCM, 80%; (vii) Dess–Martin


0% (3 steps).







Table 2. Variation of biological properties with the cyclic sulfona-


mides and sulfones


O2S
F


F


C l


X
SO2


R


X R Compound IC50 (nM)14 Microsomal turnover (%)8


NH Me 12a 0.08 (±0.02) 20


NH Et 12b 0.06 (±0.05) 7


NH nPr 12c 0.24 (±0.05) 32


CH2 Et 13 0.76 (±0.06) 15


Table 1. Variation of properties with the introduction of N-substit-


uents


O2S
F


F


Cl


HN
S
O2


NR


(+/-)


R Compound IC50 (nM)14 Microsomal turnover (%)8


H 5a 6.18 (±2.0) 9


Me 5b 0.90 (±0.3) 17


Et 5c 0.40 (±0.1) 46
nPr 5d 1.17 (±0.7) 63
iPr 5e 0.41 (±0.1) 0
cPr 5f 0.19 (±0.2) 14
cBu 5g 0.26 (±0.04) 68
tBu 5h 1.39 (±0.5) 15
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Scheme 2. Reagents and conditions: (i) BuLi, LiCl, [S-(R*,R*)]-(�)-


bis-a-methylbenzylamine, �100 �C, TMS–Cl, THF; (ii) 1 mol% SnCl4,


�40 �C, SEM–Cl, DCM 75%.
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with extrusion of dimethylamine by heating in
tetrahydrofuran.


The resultant racemic cyclic sulfamides exhibited potent
c-secretase inhibition, indicating that the lipophilic
binding pocket had been accessed. For unbranched alkyl
groups optimal activity was seen with (±)-5c (R = Et),
while small branched alkyl groups, for example, (±)-5f
(R = cPr) were of greatest potency. The larger
alkyl-substituted analogues showed an increased
turnover in rat liver microsomes (R = cBu (±)-5g) as
did the straight chain analogues (R = Et (±)-5c and
R = nPr (±)-5d).

Table 3. Variation of in vivo efficacy properties


Compound In vitro IC50 (nM)14 [Plasma] EC50 (nM)18 [Bra


11 0.04 (±0.01) 104 (±42) 20


12b 0.06 (±0.05) 380 (±89) 88


13 0.76 (±0.06) 761 (±216) 327

An asymmetric synthesis was developed based on the
chiral deprotonation13 of the ketone 6 and trapping as
a trimethylsilyl enol ether followed by a Tin (IV) chlo-
ride catalysed alkylation with SEM–Cl to give 10
(Scheme 2). This chemistry facilitated identification of
the enantiomerically pure cyclopropyl cyclic sulfamide
11 (IC50 0.04 ± 0.01 nM) for in vivo evaluation.


The stability of the unsubstituted ring system 5a and the
strong relationship between turnover and the N-substi-
tuent of the cyclic sulfamide led us to believe this was
a major site of metabolism. We therefore targeted
the carbon-linked derivatives, the cyclic sulfonamides
12a–c (Scheme 3) and the cyclic sulfone 13 (Scheme 4).


The enantiomerically pure amine 14 obtained as out-
lined in Schemes 1 and 2 was N-sulfonylated and then
allylated on nitrogen under forcing conditions to give
the allyl sulfonamide 15. Deprotection and activation
as the tosylate gave the cyclisation precursor 16. Treat-
ment with butyl lithium achieved a clean cyclisation to
the sultam. The sultam was deprotonated at low temper-
ature before treating with alkyl iodide and allowing to
warm to room temperature overnight. This gave very
good selectivity (>19:1) for the anti-alkyl product. Nick-
el catalysed deprotection gave the desired cyclic sulfa-
mide containing an equatorial alkyl group.


The enantiomerically pure ketone 1015 was homologated
using a Horner–Emmons reaction to give the vinyl
sulfone which could be stereospecifically reduced using

in] EC50 (nM)18 Brain/plasma ratio ED50 at 4 h (mg/kg)18


(±4) 0.16 11.4 (±1.2)


(±16) 0.18 2.8 (±1.2)


(±90) 0.41 3.9 (±1.2)
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LL-SelectrideTM to give the syn-sulfone 17. At this stage
the methyl sulfone was activated as the phosphonate
and then O-deprotection and activation were carried

out as in Scheme 3. A cyclisation to the phosphonyl-
3,4 fused cyclic sulfone was achieved in good yield.


A second Horner–Emmons reaction was carried out to
provide the unsaturated sulfone 19. Reduction of the
double bond by hydrogenation gave the undesired syn-
alkyl ring substituent (>19:1 ratio), this compound
showing no inhibition of c-secretase at concentrations
up to 9 lM. The desired anti-alkyl compound 13 could
be isolated cleanly after a base catalysed epimerisation.


The sulfonamides were highly potent inhibitors of
c-secretase and showed a similar SAR of straight chain
alkyl substitution to that seen with the sulfamides (i.e.,
ethyl was optimal). There was, however, no further ben-
efit seen from the introduction of branched alkyl groups
(data not shown). The ethyl substituted cyclic
sulfonamide 12b was also optimal in terms of rat micro-
somal stability and showed reduced turnover relative to
the corresponding sulfamides and the acyclic sulfona-
mides 2 and 3.


The ethyl substituted sulfone 13 showed somewhat
reduced in vitro inhibition of c-secretase compared to
the sulfonamide 12b but was stable in rat liver
microsomes.


With these data in hand we set about evaluating the
in vivo properties of the compounds using the
APP-YAC mouse model.16 The brain levels of DEA-
extractable Ab17 at 4 h post-oral dosing, relative to vehi-
cle and a positive control c-secretase inhibitor together
with the plasma and brain drug concentrations were
determined for the key compounds 11, 12b and 13.
The sulfone 13 was considered an interesting molecule
to investigate in vivo because the absence of the sulfon-
amide NH was postulated to offer an improvement in
terms of brain penetration.


In assessing the relative merits of the compounds we not-
ed that the in vitro IC50 and brain level required for effi-
cacy tracked well with each other. The highly potent
cyclic sulfamide 11 had efficacy at very low brain concen-
trations, but relatively poor plasma levels were obtained
after oral dosing leading to an ED50 of 11.4 mg/kg. The
cyclic sulfonamide 12b was shown to be efficacious at
lower doses due to the improved pharmacokinetics
observed. The cyclic sulfone 13 required higher brain
levels to show efficacy but the expected improvement in
brain penetration and the good pharmacokinetics meant
that this compound compared well with the cyclic sulfon-
amide 12b in terms of dose required for efficacy.


Separate evaluation showed that the compounds de-
tailed in this communication inhibit notch cleavage at
concentrations comparable to those required to inhibit
Ab production, consistent with data from several exist-
ing series of c-secretase inhibitors.19


In conclusion, we have shown that by a combination of
conformational restriction and exploitation of a well-
defined lipophilic binding pocket, we can reliably
achieve excellent in vitro c-secretase inhibition. In addi-
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tion, we have been able to reduce microsomal turnover
and achieve good plasma levels after oral dosing. We
have identified three different stable core structures with
complementary in vivo properties. In the case of the cyc-
lic sulfamides we achieved in vivo potency at low brain
levels. With the cyclic sulfonamides we were able to add
to this good pharmacokinetics after oral dosing. The
cyclic sulfones offer an alternative series where improved
brain–plasma ratio could lead to a more desirable profile
for our target central inhibition of c-secretase.
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Abstract—We have prepared a series of cathepsin K inhibitors bearing the keto-1,3,4-oxadiazole warhead capable of forming a
hemithioketal complex with the target enzyme. By modifying binding moieties at the P1, P2, and prime side positions of the inhib-
itors, we have achieved selectivity over cathepsins B, L, and S, and have achieved sub-nanomolar potency against cathepsin K. This
series thus represents a promising chemotype that could be used in diseases implicated by imbalances in cathepsin K activity such as
osteoporosis.
� 2006 Elsevier Ltd. All rights reserved.

Osteoporosis can be described as brittle bone disease,
manifested by loss of bone mass and an increased ten-
dency to fracture. The condition can be brought on by
an imbalance of the functions of osteoblasts, responsible
for bone formation, and osteoclasts, which are responsi-
ble for bone resorption.1 The major structural compo-
nents of extracellular bone are hydroxyapatite and
protein, of which the latter is 90% type I collagen. Dur-
ing bone resorption, multinucleated osteoclasts form
lacunae on the surface of the bone, into which protons
and proteases are secreted. This acidic environment is
suitable for the proteolytic degradation of the collagen
component.


Cathepsin K, a member of the papain superfamily of
cysteine proteases, is the major cysteine protease ex-
pressed in osteoclasts.2 Type I collagen is readily degrad-
ed by cathepsin K over a pH range of approximately
4–7, suggesting its potential as a target for osteoporosis
therapeutics.


Recent reports on the inhibition of cathepsin K have
focused on aldehydes,3 aminomethyl ketones,4 hydroxy-
methyl ketones,5 ketobenzoxazoles,6 and most recently
nitriles.7 In a recent article, the use of a-ketothiazoles

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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was reported. By comparison, the lone example of a
keto-1,3,4-oxadiazole displayed only micromolar poten-
cy.8 While this ketoheterocycle has been described for
inhibition of serine proteases,9 there are no reports of
sub-nanomolar potencies against cysteine proteases.
We chose this oxadiazole functionality both for its ease
of synthesis via commercially available methyl esters
and also for the opportunity to explore prime side bind-
ing moieties (R 0 in Scheme 1), wherein the inhibitors
span the active site histidinium-thiolate-containing cata-
lytic triad, anchored by a reversible hemithioketal bond.


We synthesized amino acid-derived 1,3,4-oxadiazole
building blocks as illustrated in Scheme 1. Conversion
of commercially available Boc-protected amino acids 1
to the aldehydes 2 (via Weinreb amides) proceeded
smoothly. These were used without further purification.
We prepared oxadiazoles 3 and subjected them to subse-
quent coupling with 2 using procedures outlined in Ref.
9. Conversion of the adducts 4 to the free amino alco-
hols 5 proceeded either through deprotection with HCl
in dioxane, or, for more easily handled salts, with anhy-
drous tosic acid.


To probe the inhibitory effect of inhibitors targeting
only the active site cysteine, the P1 pocket, and the prime
side of cathepsin K, we oxidized small samples of pro-
tected amino alcohols 4 with Dess–Martin periodinane
(Scheme 2) to give the keto-1,3,4-oxadiazoles 6a–d. We
chose the norvaline (Nva) P1 residue as a hydrophobic
chain but without the branching that might favor serine
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protease inhibition such as elastase or chymotrypsin.10


Prior work in our laboratories has indicated that the
Nva residue occupies similar geometry to the homophe-
nylalanine residue (phenethyl) but without the addition-
al molecular weight encumbrance that can hamper oral
bioavailability.11


The inhibitory potencies (Ki(app.))12 of these derivatives
are shown in Table 1, reflecting the greatest potency for
cathepsin K, with modest potencies for cathepsin S, and
little or no inhibition of cathepsins B and L. The lack of
P2 binding moieties in this series suggests that significant
potency can be achieved through fine tuning of the
prime side moiety, the most potent compound (6d) bear-
ing a thiophene residue. It does appear that electron-
donating groups on the aromatic ring may have an

Table 1. Inhibition of cathepsins K, B, L, and S by Boc-Nva-1,3,4-


keto-oxadiazoles


Compound R 0 = Cat K Cat B Cat L Cat S


6a N 33 >150 130 28


6b


O


17 >150 >150 19


6c 5.6 >150 >150 130


6d
S


0.81 120 63 12


Inhibition constants (Ki(app.)) are given in lM units. Assay methods


are described in Ref. 12.

adverse effect on inhibitory potency (entries 6a and
6b), whereas relatively small substituents afford good
selectivity for cathepsin K.


We next prepared a series of inhibitors incorporat-
ing a P2 residue known to be selective for cathepsin
K, namely the aminocyclohexylcarboxyl group (Ac6)
derivatized as the p-trifluoromethoxybenzamide, cho-
sen based on cathepsin K’s known preference for 4-
substituted benzamides.7a Synthesis of the elaborated
inhibitors is shown in Scheme 3. Transformation of
the commercially available Boc-Ac6OH, 7, proceed-
ed via benzyl ester formation to give 8, acidic
cleavage of the Boc group to yield 9, and coupling
with 4-trifluoromethoxybenzoic acid in the presence
of HATU to give 10. Conversion to the free acid
11 took place via hydrogenolysis. Coupling with
Nva-based amino alcohols 12a–h (synthesized as de-
scribed in Scheme 1) followed by oxidation to the
ketone gave the final products 13a–h, purified by
flash chromatography.


This series was then tested as before against the panel of
cathepsins K, B, L, and S. Table 2 shows the results of
the enzymology.


Several patterns emerged from this study. First, the
selectivity of the inhibitors for cathepsin K largely par-
alleled our published observations in the nitrile warhead
series. Potency was consistently submicromolar, as
expected for benzamide derivatives of P2-Ac6 containing
cathepsin K inhibitors. The most telling observation,
however, was the effect of the ketooxazole substituent
in the prime side, wherein both size and electronic fac-
tors played a part in determining potency.


Unsubstituted or electron-donating groups in the para
position of phenyloxadiazoles (13a, 13c) showed consis-
tent double digit nanomolar potency versus cathepsin K,
with several 100-fold selectivity over cathepsins B, L,
and S. While potency was similar for the meta-substitut-
ed examples, regardless of electronic push/pull (13b, 13e)
the selectivity was reduced. The most remarkable loss of
potency was observed in the p-substituted electron-with-
drawing example 13d, perhaps as a result of greater







Table 2. Inhibition of cathepsins K, B, L, and S by 4-CF3OPh-Ac6-Nva-1,3,4-keto-oxadiazoles


Compound R 0 = Cat K Cat B Cat L Cat S


13a 0.029 73 19 45


13b
O


0.037 2.1 7.5 10


13c O 0.022 57 37 20


13d CF3 0.55 23 11 13


13e
CF3


0.054 1.1 1.4 3.3


13f 1.3 10 10 17


13g 0.035 0.43 4.6 0.8


13h 0.0079 0.098 0.3 0.47


13i O 0.0033 0.093 0.16 0.32


13j
S


0.0052 0.27 2.9 0.76


13k
O


0.0017 0.22 1.0 0.35


Inhibition constants (Ki (app.)) are given in lM units.
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EtOH; (e) HATU, i-Pr2NEt, DMF; (f) Dess–Martin periodinane, CH2Cl2.
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hydration of the active ketone and therefore less electro-
philicity. The loss of potency created by the bulky sub-
stituent 13f suggests that this accommodation of
hindered groups in the prime side is limited to isopropyl
(13g) and smaller.


The most potent compounds contained small ketoox-
adiazole substituents (13h and 13i) but with increased

potency across all enzymes, particularly cathepsin B.
Nevertheless, at least 30-fold selectivity was achieved
in the case of the most potent example, 13i, whose elec-
tronics would also suggest favoring the ketone versus
hydrate.


Finally, the thiophene and furan derivatives 13j, 13k,
respectively, displayed the best balance of potency and
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selectivity within the series, setting the stage for subse-
quent improvements.


In an attempt to improve potency to the sub-nanomolar
level for cathepsin K inhibitors, mindful of potential
shifts between enzyme potency and potency in cellular
systems,we explored variations at the P3 position. Be-
cause of the potential for reduced functional selectivity
and/or lysosomotropism in cysteine protease inhibitors
bearing both positive charges and lipophilic moieties,13


our goal was to increase potency without resorting to
aliphatic amine groups at P3. Synthesis of this series
(Scheme 4) proceeded in a similar manner to that previ-
ously described, except that the P3 moiety was intro-
duced at the penultimate step. Coupling of 7 with 12k
to give 14, followed by HCl deprotection to yield 15,
coupling with the appropriate P3 benzoyl chloride, and
oxidation gave derivatives 16a and 16b.

Table 3. Modifications at P3 for P3-Ac6-Nva-1,3,4-ketooxadiazoles


Compound P3 residue Cat K


14
O


O
0.043


16a F
O


0.019


16b Me2N
O


0.00095


Inhibition constants (Ki(app.)) are given in lM units.


Table 4. In vitro, biology, rat PK analysis of 16b


Bone res. IC50 (lM) Cmax (lM) CL (min


0.132 2.86 ± 0.55 18 ± 3.2


PK conditions: formulation: 0.5 mg/mL/compound in DMSO/Cremophor


compartmental. 1/y weighting.

Assay results for the modified P3 derivatives are shown
in Table 3. Interestingly, the simple carbamate 14 re-
tained good potency, but to increase potency to sub-
nanomolar levels, the introduction of an amine function
para to the carboxamide group served well.


Encouraged by the potency and selectivity of 16b, we
tested this compound in a bone resorption assay
measuring the inhibition of resorption of bovine bone
mediated by rabbit osteoclasts as a functional measure
of cellular potency.14 At the same time, we tested 16b
in a pharmacokinetic assay (cassette dosing in rats,
intravenous route) to establish its suitability for in vivo
efficacy studies. Table 4 indicates the results obtained.
While the potency of the compound in the bone resorp-
tion assay was still reasonably high, this represented a
significant shift between enzyme inhibition and func-
tional potency, quite possibly due to membrane
permeability.


In addition, while the low clearance value of 18 mL/min/
kg was in line with our target, the relatively short mean
residence time (MRT, calculated as Vss/CL) indicated
that improvements would need to be made to consider
the series for evaluation in efficacy models. (Table 5).


To this end, we chose to lengthen the P1 residue by an
additional carbon atom, so as to ‘fine tune’ hydrophobic
interactions in the S1 pocket without adding too much
molecular weight. We prepared the norleucine series
(Nle) in a similar manner to the Nva series described
above, starting with commercially available materials.
We consistently found an increase in potency over the
shorter chain by using the four carbon substituent, sug-
gesting a subtle but significant binding effect of this res-
idue as compared to the three carbon chain. We
continued to use the furoyl group on the oxadiazole por-
tion of the inhibitor series and explored additional P2


and P3 residues to enhance potency and selectivity.

Cat B Cat L Cat S


7.3 18 0.96


0.95 2.9 0.14


0.73 0.96 0.70


/mL/kg) Vss (mL/kg) MRT (min)


658 ± 68 37 ± 5.2


EL/PEG 400/Water 15/5/20/60, pH 4.7. WinNonlin PK Analyses: 2







Table 5. P3-P2-Nle-1,3,4-ketooxadiazoles, inhibition of cathepsins K, B, L, and S


X
P3


O


OH
N


N N


O O


P2


Compound P3 P2 X K B L S


17 None CH2 52 110 150 9.2


18 None CH2 9.6 25 100 2.6


19 None O 3 34 28 2


20 None O 0.5 16 14 0.38


21 F3C
H
N (S)-CH 0.12 48 2.1 0.24


22 CBZ (S)-CH <0.00025 0.002 0.001 <0.00025


23 N
H


O


F3CO


Ac6 C <0.00025 0.075 1.3 0.3


Inhibition constants (Ki (app.)) are given in lM units.
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While able to achieve sub-micromolar potency with the
simple isobutyl carbamate 20, we realized the necessity
of a designed P3 unit for sub-nanomolar potency, pref-
erably with a hydrogen bond acceptor in the form of a
carbamate or amide carbonyl; the simple trifluoroethyl-
amine P3 (21) was not beneficial in this series. The CBZ-
Leu derivative 22 proved to be relatively non-selective
against cathepsins S and L, in line with published series
cited earlier. We were gratified, however, to see that our
optimal P2 residue and P3 trifluoromethoxybenzamide
group (23) yielded an even more potent and selective
compound than we had seen in the case of the Nva series
(13k), We thus illustrated that in this series, tuning of P3,
P2, P1, and prime side binding moieties, coupled with an
activating electrophile, the 1,3,4-ketooxadiazole, yields
potent and selective cathepsin K inhibitors that may
be useful in treating osteoporosis and other diseases
involving collagen breakdown.
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Abstract—Counterscreening compounds from a Merck PPAR program discovered lead 1, as a nanomolar LXR/PPAR dual agonist.
SAR optimization developed a series of heterocyclic LXR agonists having excellent selectivity over all PPAR isoforms and possess-
ing high LXR affinity and strong in vivo potency.
� 2006 Elsevier Ltd. All rights reserved.

A major cause of morbidity and mortality in modern
societies is atherosclerotic cardiovascular disease
(CVD),1 which is characterized by accumulation of
low density lipoprotein (LDL) particles in the arterial
wall leading to formation of cholesterol-laden foam cells
and immune system activation.2 Important therapeutics
(e.g., statins) have been developed which lower circulat-
ing levels of LDL cholesterol and successfully reduce the
incidence of CVD.3 Despite these therapies, incidences
of myocardial infarction and ischemic stroke are only re-
duced by one-third, and many individuals with ‘normal’
LDL levels suffer from atherosclerosis. Promisingly,
high density lipoprotein (HDL) plasma levels are
inversely correlated with the incidence of CVD.4 This
protective effect may be linked to the formation of the
HDL particle via reverse cholesterol transport (RCT),
whereby cholesterol is transported by plasma lipopro-
teins from peripheral cells (including arterial foam cells)
to the liver for excretion in bile.5 Agents that promote
RCT and/or raise the level of circulating HDL hold
the promise of an alternative and complimentary treat-
ment to existing LDL-based therapies.


The liver X receptor (LXR) belongs to the nuclear hor-
mone superfamily and is comprised of two subtypes:
LXRa (NR1H3) and LXRb (NR1H2).6 They act as
intracellular oxysterol sensors and regulate expression
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of genes involved in lipid metabolism.7 The LXR target
genes include many of those known to be important in
the reverse cholesterol transport pathway, specifically
those regulating cellular cholesterol efflux, HDL metab-
olism, and biliary cholesterol excretion.7 The most
prominent, ABCA1, which encodes for a lipid pump,
mediates cholesterol efflux from peripheral cells to the
lipid-poor apolipoprotein acceptors (e.g., apoA-1).8 Sur-
prisingly, only a few examples of synthetic LXR ago-
nists have been reported.9–11 LXR agonists offer the
exciting possibility of combining the beneficial effects
of HDL raising and cholesterol efflux by acting upon a
single drugable target, unfortunately the accompanying
agonist driven steatosis limits the utility of these
agents.12 In this report, we describe the SAR and opti-
mization for a novel series of potent LXR agonists
and their effect upon circulating HDL and triglyceride
(TG) levels in vivo.


A novel LXR agonist (1) was identified by counter-
screening ligands from our PPAR program. Although
1 possessed high LXR affinity in the binding assay,13 it
displayed poor efficacy in the functional assay (monitor-
ing bLac transactivation, TA)14 as well as high affinity
for off-target PPAR receptors (e.g., PPARd IC50 =
4 nM, Table 1). Elimination of all PPAR activity was
of particular concern,15 since evaluation of the effect of
a mixed LXR/PPAR agonist in vivo would be compro-
mised by PPAR-mediated lipid changes. Thus, a key
question for these agonists was whether the LXR and
PPAR activities could be separated.
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Scheme 2. Synthesis of various heterocyclic agonists. Reagents: (a)


Cs2CO3; DMF; (b) NaBH4, MeOH; or DIBAL, THF; (c) i—MsCl,


TEA, THF; ii—Bu4NCN; (d) NaOH (50% aq), 2:1 MeOH/THF; (e)


NCS, DCM; (f) H3PO4, acetic acid, 100 �C.


Table 1. Aniline substitutions and modificationsa,b


O


O N


CF3


X


HO


O


R2


Compound X R2 LXR IC50 (nM) LXR TA EC50 (nM) PPAR IC50 (nM)


a b a b a d c


1 S Cl 32 28 5900 7300 280 4 195


3 O Cl 39 65 wa 9700 230 4 280


4 O H 730 100 wa wa 19 8 270


5 CH2 H 530 970 na na na na na


6 NMe Cl 630 170 wa wa wa 49 wa


7 NMe H 18 25 450 360 310 310 2900


8 NH H 68 89 8000 7700 16 88 102


9 NEt H 110 140 wa wa 2600 8600 wa


10 N-Formyl H 6400 wa na na na na na


11 NAc H 6400 wa na na na na na


a Values are means of at least two independent titrations.
b na, not active, <10% activation at 15 lM; wa, weak active, <50% activation at 10 lM.


3056 J. W. Szewczyk et al. / Bioorg. Med. Chem. Lett. 16 (2006) 3055–3060

The synthesis of the lead agonist 116 and the oxy-analogs
3 and 417 has been previously described. The N-methyl
aniline agonists were synthesized by heating the corre-
sponding benzoate amines and the bromide 218 in tolu-
ene (Scheme 1, n = 0). The secondary amines were
alkylated, and the esters reduced with diisobutylalumi-
num hydride (DIBAL). The resulting alcohols were
converted to nitriles via a two-step, one-pot mesyla-
tion/cyanide displacement sequence. Saponification then
afforded the desired analogs 6–14 and 24–27. Alterna-
tively, aminophenyl acetic acid was alkylated with 2,
followed by hydrolysis to afford analog 8 (Scheme 1,
n = 1). This material was then directly acylated to afford
analogs 10 and 11.


The indole and polar heterocyclic analogs were prepared
analogously by alkylation of the appropriate heteroaro-
matic with the bromide 2 (Scheme 2). In the case of in-
dole analogs, the starting aldehyde was reacted with
sodium borohydride to generate a secondary alcohol.
For other heteroaromatics, DIBAL reduction of the
starting esters furnished the alcohols. Subsequent mesy-
lation/cyanide displacement yielded the nitrile precur-
sors, which were saponified to afford analogs 15–22.
Treatment of the indole 15 with N-chlorosuccinimide

Scheme 1. Synthesis of various aniline agonists. Reagents and condi-


tions: (a) Bu4NI, toluene, reflux; (b) NaH, R 0–X, THF; (c) DIBAL,


THF; (d) i—MsCl, TEA, THF; ii—Bu4NCN; (e) NaOH (50% aq), 2:1


MeOH/THF; (f) (R00CO)2O, DMF, TEA.

followed by hydrolysis with phosphoric acid afforded
the oxyindole 19.


Lastly, synthesis of the N-methyl amino heteroaromatics
began by SnAr displacement of the corresponding chlo-
ro aryl ester with amine 2318 (Scheme 3). These esters
were then reduced, mesylated, displaced with cyanide,
and subsequently saponified to afford the desired acetic
acids 28–31.


An initial SAR investigation revealed that the benzisox-
azole fragment of 1 is well optimized for LXR binding.
All modifications were poorly tolerated, including

Scheme 3. Synthesis of various N-methyl amino heteroaromatics.


Reagents: (a) TEA, CH3CN; (b) DIBAL, THF; (c) i—MsCl, TEA,


THF; ii—Bu4NCN; (d) NaOH (50% aq), 2:1 MeOH/THF.







Table 2. Acid modificationsa


O


O N


CF3


N


R


Compound R LXR IC50 (nM) LXR TA EC50 (nM) PPAR IC50 (nM)


a b a b a d c


12 m-CH2CO2H 102 98 2600 3500 1500 93 3000


13 H 372 428 na na na na na


14 p-CO2H 79 190 6000 5100 wa na na


a na, not active, <10% activation at 15 lM; wa, weak active, <50% activation at 10 lM.
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replacement of the ether oxygen with carbon, any
change of the propyl residue, and alteration of the ben-
zisoxazole ring. Only the trifluoromethyl position al-
lowed some small variation (i.e., phenyl, ethyl, and
tert-butyl methyl), yielding only compounds of inferior
potency.


The benzisoxazole moiety was then held constant,
allowing the SAR investigation to focus on optimiza-
tion of the acetic acid fragment (Table 1). Arbitrarily,
initial studies of 1 began with replacement of the sul-
fur heteroatom. Oxy-analog 3 had comparable affini-
ty, but functional potency was reduced. Removal of
the chlorine substituent (4) significantly decreased
affinity and potency. Carbon substitution (5) for sul-
fur was poorly tolerated and resulted in inactive ana-
logs. Introduction of a N-methyl group gave a weak
agonist of modest affinity (6), but intriguingly,
replacement of the chloride with hydrogen (7) in this
case dramatically improved affinity (�10-fold), in-
creased functional potency (�10-fold), and modestly
improved selectivity.


To follow up the aniline modification, a simple set of
nitrogen substituents were surveyed. Replacement of
the N-methyl with a smaller (i.e., hydrogen, 8) or a larg-
er group (ethyl, 9) greatly decreased functional potency

Table 3. Effect of indole modifications and heteroatom replacementsa


N


YZ


HO


O


n


Compound Y Z n LXR IC50 (nM)


a b


15 C C 1 16 16


16 C N 1 180 410


17 N C 1 73 87


18 N N 1 410 350


19 CO CH2 1 19 13


20 CO CH2 0 97 700


21 C C 2 18 6


22 C C 0 72 199


a na, not active, <10% activation at 15 lM; wa, weak active, <50% activatio

(Table 1). Acylation of the aniline to form the N-formyl
10 or N-acetyl analog 11 resulted in inactive
compounds.


The optimized N-methyl group of 7 was held constant,
while the contribution of the acetic acid to affinity and
selectivity was investigated (Table 2). The meta-acetic
acid analog 12 retains moderate affinity, however func-
tional potency is notably reduced. The complete loss
of functional activity upon deletion of the acetic acid
(13) indicates that the acid is essential for efficacy. Trun-
cation of the acid to the benzoate 14 improves the selec-
tivity, but reduces both affinity and functional potency.
Additionally, the pharmacokinetic profiles of the benzo-
ates are greatly inferior to related acetic acid analogs,
providing inadequate drug levels for a convincing in vivo
test.19 This combination of superior potency and phar-
macokinetics leads to retention of the aryl acetic acid
pharmacophore and pursuit of alternative approaches
to improve selectivity.


Next, a series of N-methyl anilide ring-fused analogs
were prepared (Table 3). While the N-methyl aniline
was intolerant of simple modification (Table 1), fusion
of the anilide nitrogen into a five-membered indole ring
was remarkably well tolerated (15); although selectivity
remained unchanged. In contrast, the other possible

O


O N


CF3


LXR TA EC50 (nM) PPAR IC50 (nM)


a b a d c


590 450 400 57 1900


wa 8600 na 1800 na


480 580 780 24 na


2300 1700 4400 79 na


180 140 na na na


3000 4400 na na na


820 700 450 70 1200


1900 2800 8300 na na


n at 10 lM.
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nitrogen ring-fusion analog, a C2-linked N-methyl in-
dole, dramatically decreased LXR affinity (>100-fold)
and was not pursued.


The carbons of the five-membered indole ring were sys-
tematically replaced with heteroatoms to investigate if
strategic placement of a polar atom could effectively
achieve discrimination between LXR and the undesired
PPAR receptors (Table 3). Sequential substitution of
C2 and C3 of 15 with nitrogen yielded the benzimid-
azole 16, indazole 17, and benzotriazole 18 analogs.
In general, polarity was tolerated at C2 with affinity
and potency well maintained, while poorly tolerated
at C3. Disappointingly, this series of heterocyclic
replacements only moderately improved selectivity,
but indicated that it was possible to increase agonist
polarity while maintaining high affinity.


As a second generation analog, an exocyclic oxygen was
introduced at C2 forming an oxyindole (19, Table 3).
The oxyindole 19 retained high LXR affinity and full
functional potency while not binding to any of the
PPAR subtypes. Remarkably, this represents a >3100-
fold increase in designed selectivity and achieves the dis-
crimination desired for in vivo evaluation (PPAR’s
IC50 > 50 lM). Oxyindole 19 was further profiled
against a representative set of problematic channels
and receptors (i.e., IKr, PXR, and RXR) and found to
be inactive (IC50’s >10,000 nM). As previously ob-
served, truncation of the acetic acid to the benzoate 20
provides favorable selectivity, while again yielding an
unacceptable pharmacokinetic profile.

Table 5. Mouse pharmacokinetic parameters for selected LXR agonistsa


Compound Cl (mL/min/kg) Vdss (L/k


15 18 2.7


19 46 2.9


29 13 1.2


30 17 2.8


GW3965 8 1.2


a 0.5/20 mpk iv/po.


Table 4. Phenyl substitution and heteroatom replacementsa


N


HO


O
Ar


R2


R3


Compound Ar R2 R3 LXR IC50 (nM


a b


24 Ph Me H 580 32


25 Ph H Me 117 2


26 Ph H Cl 12 1


27 Ph H CF3 60 1


28 2,5-Pyridyl 105 63


29 2,5-Thiazolyl 67 10


30 2,5-Pyrazinyl 90 4


31 2,5-Pyrimidyl 26 5


a na, not active, <10% activation at 15 lM; wa, weak active, <50% activatio

An attempt to gain receptor selectivity by a-methyl sub-
stitution of the carboxylate moiety was also explored.
The two chiral a-methyl and the a,a-dimethyl indoles
were prepared, and while affinity was well maintained
no meaningful enhancement in selectivity was ob-
served.19 Additionally, homologation of the acid by
one carbon (21) left both affinity and selectivity un-
changed. Deletion of the a-methylene to give benzoate
22 improved selectivity but reduced LXR potency.


Since heteroatom substitution dramatically improved
selectivity for the indole series, a small set of substituted
anilines were investigated. ortho-Methyl agonist 24 was
tested and, like the prior ortho-chloro analog 6, ortho-
substitution decreased affinity and produced essentially
functionally inactive compounds (Table 4). In contrast,
meta-substitution was tolerated (25–27), though these
simple substituents had no effect upon selectivity.


Next, the aniline carbons were substituted with heteroa-
toms, thus formally replacing the phenyl with pyridine
(28), thiazole (29), pyrazine (30), and pyrimidine (31).
The amino heterocyclic analogs were generally well
tolerated, possessing good affinities and excellent selectiv-
ity profiles (Table 4). The pyrazine 30 is representative of
the series having >550-fold LXR selectivity over PPAR.
The only exception was the basic pyridine analog 28,
which had good affinity but poor functional potency.


Agonists that possessed superior potency and selectivity
profiles were evaluated for their mouse pharmacokinetic
properties (Table 5). In general, these analogs exhibited

g) t1/2 (h) AUCn (lM h kg/mg)


3.9 2.7


1.0 1.0


1.2 3.1


2.1 7.5


3.4 2.0


O


O N


CF3


) LXR TA EC50 (nM) PPAR IC50 (nM)


a b a d c


0 na na 600 39 460


6 1300 303 870 150 4600


0 170 124 na 1400 na


8 3600 1300 140 540 wa


0 5000 wa na na wa


0 1100 650 na wa na


0 540 150 na na na


5 620 470 na na na


n at 10 lM.







Table 6. In vivo HDL raising with LXR agonistsb,c


Compound Day Dosea HDL (%) Tot. Chol. (%) TG (%) Liver TG (%)


GW3965 8 1-qd 23� 21� 62� 10�


8 10-qd 46 48 50 44


8 30-qd 40 69 110 69


15 8 30 64 97 115 405


19 9 10 40 55 1� —


9 30 32 62 33� —


14 10 64 91 47� 145


14 30 61 120 4� 174


29 8 30 23 48 143 178


30 10 30 48 101 130 256


a All doses (mpk) are b.i.d. unless otherwise noted.
b In a typical experiment, normal mice were po dosed b.i.d. for 8–14 days and HDL, total cholesterol, and triglycerides were monitored.
c All P values are 60.01 except as noted. P values of 60.05 and >0.05 indicated by � and �, respectively.
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moderate clearance and good half-lives. Oral dosing was
performed at the anticipated use dose (20 mg/kg), and
adequate po plasma exposures were achieved with
b.i.d. dosing.


The most promising analogs were tested in C57BL/6
mice (Table 6). These mice were responsive to known
agonists9 (e.g., GW3965) for both the desired effect of
raised HDL and the undesired TG elevation in plasma
and liver.


Dosing of the unselective indole 15 resulted in excellent
LXR efficacy (HDL increased 65% relative to control),
yet as previously observed with other small molecule
agonists, triglycerides were increased to an unacceptable
level (116%/388% plasma/liver, respectively). A structur-
ally unrelated LXR agonist, GW3965, increased HDL
39% and elevated plasma TG (32%) in this assay. The
selective oxyindole 19 was tested at two different dose
levels (10 and 30 mpk b.i.d.) and the lipid levels moni-
tored at days 9 and 14. While excellent in vivo efficacy
was observed for both doses (10 and 30 mpk;
HDL = 60% and 64%, respectively), triglyceride eleva-
tion was also dose dependent. Moreover, the lower dose
of 19 (10 mpk) slows the onset of, but does not prevent,
steatosis.


Two of the selective amino heteroaryls (29 and 30) were
also tested as two structurally diverse agonists. Both
were effective LXR agonists in vivo, raising HDL 24%
(29) or 48% (30), respectively (Table 6). Again, these
agonists also elevated plasma triglycerides and histology
revealed the development of fatty liver.


From these data, pyrazine 30 was selected for advanced
in vivo testing to elucidate the effects of selective activa-
tion of LXRa and LXRb on lipid metabolism.20 In this
study, mice genetically deficient in either LXRa or
LXRb were dosed with 30, a LXR dual agonist, and
the lipid effects on HDL cholesterol and plasma TG
were monitored, and these results are reported in a sep-
arate monograph.20


The SAR for a series of acidic LXR agonists has been
described. Atomic substitution of either an indole or
aniline template gave highly potent heterocyclic agonists

with excellent LXR selectivity versus PPAR. These
selective agonists were evaluated in vivo and determined
to be highly efficacious in raising HDL and promoting
RCT, while unavoidably increasing plasma TG.
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Abstract—A Diels–Alder/thiol–olefin co-oxygenation approach to the synthesis of novel bicyclic endoperoxides 17a–22b is reported.
Some of these endoperoxides (e.g., 17b, 19b, 22a and 22b) have potent nanomolar in vitro antimalarial activity equivalent to that of
the synthetic antimalarial agent arteflene. Iron(II)-mediated degradation of sulfone-endoperoxide 19b and spin-trapping with TEM-
PO provide a spin-trapped adduct 25 indicative of the formation of a secondary carbon centered radical species 24. Reactive
C-radical intermediates of this type may be involved in the expression of the antimalarial effect of these bicyclic endoperoxides.
� 2006 Elsevier Ltd. All rights reserved.
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The 2,3-dioxabicyclo[3.3.1]nonane system 1 was first
identified in the naturally occurring antimalarial yingz-
haosu A 2.1,2 It was subsequently incorporated into syn-
thetic antimalarials as Hoffmann LaRoche’s arteflene 3,3


endoperoxides 4 synthesized by O’Neill et al.4 b-sulfanyl
and b-sulfonyl-endoperoxides 5–9b synthesized by Bachi
and co-workers,5–8 and related cyclic peroxides synthe-
sized by Nojima and co-workers,9 to become a well-
established pharmacophore. C(4)-Methyl-substituted
b-sulfanyl- and b-sulfonyl-2,3-dioxabicyclo[3.3.1]non-
ane derivatives such as 5–8 are now readily available
by a useful method based on the adaptation of the
thiol–olefin co-oxygenation (TOCO) reaction10 to limo-
nene.5–8 This method proved to be particularly efficient
in a key step of the synthesis of C(4)-phenyl-substituted
benzylidene endoperoxides like 10 and 1111 (Fig. 1).


More than 50 compounds of types 5–8 have been
screened for in vitro activity.12 Ten of the b-sulfonyl-
endoperoxides of types 6 and 8 have IC50 values lower

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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than 25 nM against Plasmodium falciparum (NF54).12


Upon subcutaneous administration, four b-sulfonyl
endoperoxides were shown to be highly active antimala-

5, 6 - obtained from R-(+)-limonene
7, 8 - obtained from S-(-)-limonene


Figure 1. Bicyclic endoperoxides based on the 2,3-dioxabicy-


clo[3.3.1]nonane pharmacophore.
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Figure 2. Structures and antimalarial activities of lead endoperoxides 9a, 9b, 10 and 11.


2992 P. M. O’Neill et al. / Bioorg. Med. Chem. Lett. 16 (2006) 2991–2995

rials in vivo against Plasmodium yoelii and Plasmodium
berghei strains of malaria parasites. Relative to artemis-
inin, the most potent compounds 9a and 9b (Fig. 2) were
about two times more efficacious against chloroquine-
sensitive P. berghei and 3–5 times more efficacious
against chloroquine-resistant P. yoelii. Thus, the poten-
cy of the endoperoxides 9a and 9b is comparable to
those of some of the best currently used antimalarial
drugs, including artemether and arteether. The benzyl-
oxy derivative 9b (Fig. 2) exhibits also a reasonable oral
antimalarial efficacy about twice the level of arteflene.
Antimalarial benzylidene endoperoxides, such as com-
pounds 10 and 11, have been shown to liberate chal-
cones following iron-dependent bioactivation of the
endoperoxide bridge within isolated digestive vacuoles
of P. falciparum. Such compounds are considered as
pro-drug prototypes.11


In this paper, we report on the synthesis of a new series
of bicyclic C(4)-phenyl-substituted b-sulfanyl/sulfonyl
endoperoxides and the assessment of their antimalarial
activity.


The key intermediate in our earlier11 synthesis of pro-
drug prototypes 10 and 11 was the phenyl limonene
derivative 12 prepared in four steps from the unsaturat-
ed epoxide 13 (Scheme 1). We decided to investigate a
more direct and flexible synthesis of 12 by employing a
Sc(OTf)3-catalysed Diels–Alder reaction of 1-phenyl-
prop-2-en-1-one (15) with isoprene. Studies by Kobay-
ashi have shown that scandium perfluoroalkane
sulfonates catalyse the reaction of vinyl ketones with
isoprene leading to excellent yields of the corresponding
cycloadducts with very high levels of regioselectivity.13

key intermediate
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O
Ph


SO2Ph


O


O


OH


O
Ph


SPh


Ph


13


TOCO


PhSH/AIBN/UV
2 O2


4 steps


Scheme 1. Retrosynthetic analysis on sulfone endoperoxides to


limonene epoxide 13.

Enone 15 was prepared from 3-chloropropiophenone 14
by base-catalysed elimination of HCl in 90% yield. The
enone product was used immediately in the Diels–Alder
reaction with isoprene; the Kobayashi protocol gave the
desired product 16 in 76% yield following purification
by flash column chromatography; only minor quantities
(<2%) of the regioisomeric 1,3-adduct could be detected.
Compound 16 was subjected to a Wittig reaction, with
methyl triphenyl phosphonium bromide and potassium
tert-butoxide as base, to give the desired product 12 in
90% yield. Exposure of 12 to optimised conditions for
the TOCO reaction gave a mixture of two diastereomers
17a14 and 17b15 in yields of 70% on a 2g scale.11 The
individual racemic diastereomers were separated by col-
umn chromatography and oxidised with m-CPBA to
give the corresponding sulfones 19a16 and 19b17 in excel-
lent yields. The TOCO reaction of 12, performed using
p-chlorothiophenol instead of phenylthiol, afforded the
p-chloro-substituted analogues 18a and 18b, although
in lower yields.


Since previous SAR studies involving C(4) methyl-
substituted endoperoxides like 5–8 of both the ‘a’ and
‘b’ diastereomeric series revealed that acetylation of
the tertiary alcohol led to improvement in antimalarial
activity both in vitro and in vivo;12 hydroxy endoperox-
ides 17a and 17b were transformed in good overall yield
into the corresponding acetoxy sulfides 21a and 21b as
shown in Scheme 3. The corresponding sulfones 22a
and 22b were obtained as before, by the use of m-CPBA
as oxidant. The assignment of stereochemistry at the C-4
position for 22b has previously been confirmed by a
combination of NMR spectroscopy and X-ray
crystallography.7,11


Prior to testing, we considered the issue of enantiomeric
purity since all of the compounds prepared in this study
are racemic. Previously, several studies have confirmed
that enantiomeric pairs of endoperoxides have identical
antimalarial activity; these compounds include antimal-
arially potent 1,2,4-trioxanes,18a,b endoperoxides18c and
analogues of the present series of bicyclic endoperox-
ides.12 Thus, for the purposes of identifying lead
endoperoxides, we note that many papers in the litera-
ture have employed primary screening of racemic
endoperoxides and feel that this is a validated approach
to antimalarial lead compound discovery.18a–c The
antimalarial activity of selected endoperoxides was mea-
sured in red blood cell-based assays. Efficacy was mon-
itored by parasite {3H}-hypoxanthine incorporation
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Scheme 2. Reagents and conditions: (a) potassium acetate, EtOH, reflux, 3 h; (b) isoprene, Sc(OTf)3, 5 Å molecular sieves, CH2Cl2, �20 �C, 3 h; (c)
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Ph3P (1.6 equiv), CH3CN, CH2Cl2, 0 �C to rt (Ar = Ph, ratio 17b/17a ca. 4:3); (e) m-CPBA, CH2Cl2, rt.
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using parasite-infected human erythrocytes.19,20 All
compounds were assayed in triplicate against the chloro-
quine-resistant parasite, K1 and data are recorded in
Table 1.


The endoperoxides 17a–22b have a broad range of IC50s
versus the K1 strain with the two most potent com-
pounds expressing equivalent activity to arteflene. Apart
from analogues 18a and 18b, compounds of the ‘b’ series
tend to be more potent than compounds of the ‘a’ series
(see 17b, 19b, 20b and 22b vs 17a, 19a, 20a and 22a). In
line with previous SAR work on C(4)-methyl analogues
of types 5–8,12 acetylation of the 8-hydroxyl function
and oxidation of the sulfide group to a sulfone enhance
activity for this class of endoperoxide. It is apparent that
the incorporation of the phenyl group at the C(4)
position in place of the C(4) methyl group of previous
analogues (5–8) provides no advantage in terms of
enhancing antimalarial activity.


In order to gain insight into potential antimalarial
mechanisms of action of these endoperoxides, we

performed an iron(II)-mediated degradation of sulfone
19b in the presence of the spin-trapping agent TEMPO
(2,2,6,6-tetramethylpiperidine-1-oxyl) (Scheme 4). 21,22


Following column chromatography of the reaction
mixture, a major product (40%) was identified as
b-ketosulfone 23.23a The residual complex mixture
was analysed by LCMS and several products were
identified including the spin-trapped TEMPO adduct
25.23b The formation of these products is consistent
with the mechanism depicted in Scheme 4 whereby
association of oxygen O2 with reducing Fe(II)
provides an oxyl radical by homolytic cleavage of the
endoperoxide bridge. The intermediate oxyl radical spe-
cies fragments to produce the secondary carbon cen-
tered radical species 24 in tandem with the sulfone 23.


Although in vitro antimalarial assessment of the ‘poten-
tially protein reactive 23’ revealed that it is inactive, we
have no knowledge about its potential activity if re-
leased within the parasite’s food vacuole or cytosol24a


through iron-induced degradation of the parent perox-
ide. Nevertheless, by analogy to the mode of action of
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Table 1. Antimalarial activities of bicyclic endoperoxides


OR


O
O


Z


Y


10
8


1
9


5


4
3


2
7


Compound Y Z R IC50
a (nM)


17a CH2SPh Ph H 298


17b Ph CH2SPh H 81


18a CH2S–p-Cl–Ph Ph H 247


18b Ph CH2S–p-Cl–Ph H 541


19a CH2SO2Ph Ph H 230


19b Ph CH2SO2Ph H 92


20a CH2SO2–p-Cl–Ph Ph H 225


20b Ph CH2SO2–p-Cl–Ph H 107


21a CH2SPh Ph Ac 164


21b Ph CH2SPh Ac 124


22a CH2SO2Ph Ph Ac 72


22b Ph CH2SO2Ph Ac 42


Arteflene 76


23 1000


a Parasites were maintained in continuous culture according to the method of Trager and Jensen.18 IC50 values were measured according to the


methods described by Desjardins.19
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other antimalarial endoperoxides,24b,c it is expected that
the activity of the peroxides described in Table 1 is med-
iated by the secondary carbon centered radical 24, gen-
erated by iron-mediated bioactivation in the vicinity of
one or more key parasite protein targets.24b It is also fea-
sible, based on previous observations,24c that this radical
species can also form potentially protein reactive carbo-
cations via radical oxidation with ferric iron (generated
through the initial SET-mediated cleavage of the endo-
peroxide bridge).


In conclusion, we have developed a novel and efficient
approach to antimalarial endoperoxides that is based

on a Diels–Alder reaction and a TOCO reaction. It fol-
lows a protocol that should allow a variety of structural
modifications on the 1,3-diene and on the vinyl ketone
participating in the Diels–Alder reaction as well as in
the arylthiol participating in the TOCO reaction
(Scheme 2). Consequently in addition to possible manip-
ulations of the group ‘R,’ also groups ‘Y’ and ‘Z’ of the
endoperoxides (17a–22a) reported in Table 1 should be
prone to changes required for SAR studies. The best
compounds from the present series are obtained in good
yields and have equivalent activity to arteflene. Further
work in this area will continue.
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Abstract—A novel fluorescent probe, a swallow-tailed perylene derivative for detecting hydroperoxides (Spy-HP), containing per-
ylene 3,4,9,10-tetracarboxyl bisimide as the main skeleton in the structure, was developed. Spy-HP reacted rapidly with hydroper-
oxides such as m-chloroperbenzoic acid (MCPBA) and cumene hydroperoxide to form its oxidized derivative, Spy-HPOx, and
emitted an extremely strong fluorescence (U � 1) in the visible range (kex = 524 nm and kem = 535 nm), as the result of canceling
the photoinduced electron transfer (PET) effect. The reaction between Spy-HP and hydroperoxides proceeded quantitatively in strict
stoichiometry, without being affected by autoxidation or photobleaching. Because of these prominent properties, Spy-HP is expected
to be a novel and useful fluorescent probe to ‘spy’ on hydroperoxides in biosamples.
� 2006 Elsevier Ltd. All rights reserved.

Lipid peroxidation is generally thought to be an impor-
tant causative factor for some diseases and for aging.1–6


Since large quantities of hydroperoxides are produced in
the first stage of lipid peroxidation, hydroperoxides have
attracted a great deal of considerable attention as a
marker of oxidative stress. Several methods for detecting
hydroperoxides have been reported to date.7–18 Among
them, a method using diphenyl-1-pyrenylphosphine
(DPPP)11–16 appears to be one of the most successful.
Indeed, DPPP has been applied not only to the determi-
nation of various hydroperoxides using an HPLC post-
column detection system,13,14 but also to the monitoring
of lipid peroxidation within cell membranes by utilizing
as a fluorescent probe.15,16 Unfortunately, however, the
both excitation and emission wavelengths of DPPP are
in such a short range (kex = 352 nm and kem = 380 nm)
that detection using DPPP frequently suffers from unde-
sirable effects such as autofluorescence from biomatrices
and damage to living cells.


Basic fluorescent properties of fluorescent probe are
heavily dependent on the fluorophore, that is selected

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


doi:10.1016/j.bmcl.2006.02.078


Keywords: Hydroperoxide; Fluorescent probe; Perylene 3,4,9,10-tetra-


carboxyl bisimide; Photoinduced electron transfer; Lipid peroxidation.
* Corresponding authors. Tel.: +81 92 802 2891; fax: +81 92 802 2889


(N.S.); tel./fax: +81 92 802 2889 (T.I.); e-mail addresses:


soh@cstf.kyushu-u.ac.jp; imato@cstf.kyushu-u.ac.jp

as the main skeleton of the fluorescent probe. The short
wavelengths of excitation and emission of DPPP are
attributed to the pyrenyl group. If the pyrenyl group
is substituted by a more highly conjugated polycyclic
group, the wavelengths of the probe would be shifted
to longer wavelengths. Although 4-(2-diphenylphosphi-
noethylamino)-7-nitro-2,1,3-benzoxadiazole containing
a benzofurazan skeleton was developed for the detec-
tion of hydroperoxides at longer wavelengths,17 the
excitation wavelength of the reagent would not be suf-
ficiently long (kex = 458 nm) for desirable detection and
the fluorescence quantum yields of the fluorescent
derivative formed after the reaction with hydroperox-
ides would not be sufficiently high (0.44 in acetonitrile
and 0.21 in methanol). Very recently, a fluorescent
probe containing normal perylene was also developed
for determination of hydroperoxides, however, the exci-
tation and emission wavelengths are not in sufficiently
long range (kex = 440 nm and kem = 470 nm).18 On the
other hand, some fluorescent ‘perylene derivatives’ are
known to have excellent fluorescent properties such as
long excitation and emission wavelengths, a high pho-
tochemical stability, a high fluorescence quantum yield,
a low quantum yield of intersystem crossing, and versa-
tile reactivity. Such perylene derivatives would be
promising candidates for use in the design of analytical
fluorescent reagents, especially in designing fluorescent
probes for biosamples. However, perylene derivatives
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have not been extensively examined as a skeleton for
fluorescent probes in spite of their excellent fluorescent
properties, while many other fluorophores such as fluo-
rescein derivatives are widely used for this purpose. In
this paper, we wish to report on a novel perylene-based
fluorescent probe, a swallow-tailed perylene derivative
for detecting hydroperoxides (Spy-HP), which reacts
with hydroperoxides and emits a strong fluorescence
in the visible range. As the perylene fluorophore in
the main skeleton of the probe, perylene 3,4,9,10-tetra-
carboxyl bisimide was selected because the fluorophore
has prominent properties such as sufficiently long exci-
tation and emission wavelengths, a high fluorescence
quantum yield (�1), and high molar coefficient for
the extinction maximum (88,000).19 Furthermore, the
fluorophore can be excited using frequently used laser
and the fluorophore is useful for single-molecule fluo-
rescence-based studies because of such excellent
properties.20,21


The structure of Spy-HP and its detection mechanism
for hydroperoxides are shown in Scheme 1. Spy-HP
was synthesized by coupling N-(1-hexylheptyl)perylene-
3,4,9,10-tetracarboxyl-3,4-anhydride-9,10-imide and 4-
(diphenylphosphino)benzeneamine.22 As shown in
Scheme 1, we expected that Spy-HP would react with
hydroperoxides to form an oxidized derivative (Spy-
HPOx) and, as a result, emit a strong fluorescence based
on cancellation of photoinduced electron transfer (PET)
effect23 from the donor moiety (triphenylphosphine moi-
ety) to the acceptor moiety (perylene moiety).


The fluorescent properties of Spy-HP and Spy-HPOx
were initially investigated. The excitation and emission
wavelengths of both Spy-HP and Spy-HPOx were found
to be sufficiently long (kex = 524 nm and kem = 535 nm in
ethanol). The fluorescence of Spy-HP was efficiently
suppressed due to the PET effect (U � 0.05 in ethanol),
on the other hand, Spy-HPOx emitted an extremely
strong fluorescence (U � 1 in ethanol). Since the value

Scheme 1. Chemical structure of Spy-HP and a schematic illustration of the

of the fluorescence quantum yield of Spy-HPOx (�1)
was nearly equal to that of perylene 3,4,9,10-tetracarb-
oxyl bisimide itself, it appeared likely that the PET effect
would be cancelled in Spy-HPOx. Similar results were
obtained for other organic solvents, such as methanol
and CH2Cl2.


To evaluate the applicability of Spy-HP as a fluorescent
probe for hydroperoxides, Spy-HP (1 lM) was treated
with various concentrations (50, 100, 200, 400, 800 nM
and 1–4 lM) of m-chloroperbenzoic acid (MCPBA),
which is a lipid-soluble hydroperoxide and was used as
a representative hydroperoxide in this study. Figure 1a
shows the fluorescence spectra of Spy-HP, after a
5 min incubation with MCPBA in ethanol at 37 �C. As
expected, the fluorescence intensity of Spy-HP increased
with an increase in the concentration of the hydroperox-
ide and a good linear relationship was observed between
the fluorescence intensity at 535 nm and the concentra-
tion of the hydroperoxide in the range of 0–1 lM, as
can be seen from Figure 1b. The fluorescence intensity
was saturated at concentrations higher than 1 lM and
a sharp breakpoint was observed at a concentration of
1 lM. Taking into consideration the fact that the con-
centration of the Spy-HP solution before the addition
of hydroperoxide was 1 lM, the result would be quite
reasonable and strongly suggests that Spy-HP reacts
with the hydroperoxide rapidly at a stoichiometric mo-
lar ratio of 1:1 strictly without being affected by autox-
idation or photobleaching. Spy-HP also increased the
fluorescence intensity upon the addition of cumene
hydroperoxide. The results indicate that Spy-HP reacted
with hydroperoxides quantitatively and Spy-HP would,
therefore, be useful for the determination of
hydroperoxides.


Figure 2 shows fluorescent images of solutions contain-
ing Spy-HP (sample a: 10 lM Spy-HP), Spy-HPOx
(sample b: 10 lM Spy-HPOx), and Spy-HP with hydro-
peroxide (sample c: 10 lM Spy-HP and 20 lM

mechanism of detection of hydroperoxides using the probe.
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Figure 1. (a) Emission spectra for Spy-HP at 37 �C in ethanol in the


presence of hydroperoxide (MCPBA) at various concentrations. The


emission spectra were obtained 5 min after the addition of the


hydroperoxide to the Spy-HP (1 lM) under aerobic conditions. (b)


Relationship between the concentration of the hydroperoxide and the


ratio of the fluorescence intensity. F0 and F denote the fluorescence


intensities at 535 nm before and after the addition of the hydroper-


oxide, respectively.
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Figure 2. Photographs of CH2Cl2 solutions of Spy-HP (sample a:


10 lM Spy-HP), Spy-HPOx (sample b: 10 lM Spy-HPOx), and Spy-


HP treated with hydroperoxide (sample c: 10 lM Spy-HP and 20 lM


MCPBA). Photographs were obtained using a mercury–xenon lamp.
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MCPBA). A mercury–xenon lamp (Moritex, MUV-
202U) was used to acquire the images. As seen from
Figure 2, it can be clearly confirmed with the naked
eye that weakly fluorescent Spy-HP reacts with hydro-
peroxide to give strongly fluorescent Spy-HPOx, owing
to the extremely high fluorescence quantum yields (�1)
of Spy-HPOx and the efficient PET effect induced in
Spy-HP.


In conclusion, we report on the successful development of
a novel fluorescent probe for monitoring hydroperoxides,
Spy-HP, containing perylene 3,4,9,10-tetracarboxyl bisi-
mide as the main skeleton in the structure. Spy-HP react-
ed quantitatively with hydroperoxides to form its
oxidized derivative, Spy-HPOx, which emits a strong
fluorescence in the visible range, without being affected
by autoxidation or photobleaching. Due to these unique
properties, Spy-HP is expected to be a novel and useful
fluorescent probe to ‘spy’ on hydroperoxides, particularly
in biosamples. Furthermore, Spy-HP is also the first

prototype of fluorescent probes, having perylene-deriva-
tive skeletons with prominent fluorescent properties.
Although many fluorescent probes have been reported
to date, most were designed and developed to function
in the cytoplasm. Different from ordinary fluorescent
probes, highly hydrophobic fluorescent probes based on
a perylene-derivative skeleton are promising candidates
for use as new fluorescent probes, which could be local-
ized to monitor biomolecules or bioprocesses in hydro-
phobic regions of living cells such as cell membranes.
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Abstract—Aminomethyl-substituted biaryls bearing a pyrazole or triazole moiety were synthesized and investigated for dopamine
and serotonin receptor binding. The N-arylpyrazoles 3b,f,g and 4 revealed Ki values in the subnanomolar range (0.28–0.70 nM) for
the dopamine D4 receptor subtype. Employing both mitogenesis and GTPcS assays, ligand efficacy was evaluated indicating partial
agonist properties. Interestingly, the tetrahydropyrimidine 4 (FAUC 2020) displayed significant intrinsic selectivity for D2long over
D2short.
� 2006 Elsevier Ltd. All rights reserved.
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Chart 1. Structures of D4 selective lead and target compounds.

The dopamine D4 receptor subtype received much
attention as a pharmacological target for the treatment
of schizophrenia, Parkinson’s disease, depression, and
attention deficit hyperactivity disorder (ADHD).1 As a
consequence, ongoing efforts have been made to find
selective ligands revealing high affinity for the D4 recep-
tor. Thus, an N-arylpiperazine framework proved to be
a privileged structural unit,2 which can be labeled as an
integral part of a majority of potent D4 receptor ligands.
The second nitrogen atom of the piperazine moiety is
preferably attached to a benzylic CH2 position of a
fused heteroaryl or a biaryl substructure (Chart 1).
Starting from the highly selective D4 ligand L-745,870
displaying weak partial agonist properties,3,4 structural
variations proved to be highly beneficial when ligand
efficacy could be tuned. Thus, FAUC 213 turned out
to be a complete antagonist exhibiting atypical antipsy-
chotic properties in behavioral and neurochemical
models of schizophrenia.5,6 Very recently, the D4
agonist ABT-724 was discovered as a drug candidate
for the treatment of erectile dysfunction (ED).7


The phenylimidazole NGD 94-1 is a prominent member
of the biaryl type class of D4 selective ligands being
reported to act as a full antagonist.8 Following studies
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indicated partial agonist effects.9 Recently, we reported
on the synthesis and receptor binding of dehydroimidaz-
ole and pyrrole analogs of type A,10,11 demonstrating
that the phenyl nucleus can be displaced by a 1,1-dicy-
anovinyl substituent.12 Having in mind that a negative
molecular electrostatic potential (MEP) exerted by the
lone pair of an endocyclic sp2 nitrogen proved to be
beneficial for preferential D4 binding of the fused
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120 �C, 16 h (84%); (b) DIBAL-H, toluene, �60 �C (55%); (c)
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heteroarene derivatives,13 we envisioned to prepare het-
erocyclic biaryl analogs of type B revealing a pyrazole or
triazole nucleus in combination with a benzene or pyri-
dine ring.14 Further structural manipulations were
envisaged including the exchange of the positions of
the five- and the six-membered heteroarene units and
the introduction of a tetrahydropyridine moiety replac-
ing the piperazine ring.15


Starting from N-phenylpyrazoles 1a,b16 and the pyridine
analog 1c,17 we employed a Vilsmeier formylation reac-
tion to obtain the respective pyrazole carbaldehydes
2a–c, which could be transformed into the piper-
azinylmethylpyrazoles 3a–i by reductive amination in
78–88% yield (Scheme 1). Regiodirected lithiation of
the azole moiety of 3c followed by alkylation with
MeI gave access to the 5-methyl derivative 3j. Treatment
of 2a with 4-phenyl-1,2,5,6-tetrahydropyridine in the
presence of Na(OAc)3BH resulted in formation of the
aminomethylpyrazole 4.


To prove our hypothesis that the relative orientation of
the negative MEP is crucial for preferential D4 binding,
we synthesized the regioisomer of the phenylpyrazole 3c
featuring an exchange of the rings within the biaryl
moiety. Thus, 4-fluorobenzonitrile (5) was reacted with
pyrazole to give the N-arylazole 6.18 DIBAL-H reduc-
tion furnished the respective carbaldehyde 7, which
was converted into the desired phenylpiperazine 8 by
reductive amination (Scheme 2).


As an extension, we synthesized triazole analogs of the
above-mentioned pyrazoles 3c,g and 4. Thus, alkylation
of the secondary amines 9a,b and 12 with propargyl bro-
mide gave the 3-aminopropynes 10a,b and 13, respec-
tively. Employing a slightly modified ‘click chemistry’
protocol,19 we transformed the respective intermediates
into the triazoles 11a,b and 14 employing 1,3-dipolar
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Scheme 1. Reagents and conditions: (a) Ref. 18; (b) arylpiperazine,


Na(OAc)3BH, CH2Cl2, rt, 16 h (78–88%); (c) 1—n-BuLi, THF, �78 to


�30 �C, 2 h; 2—MeI, �78 to 0 �C, 1.5 h (62%).

cycloaddition with phenyl azide in the presence of Cu(II)
and Na-ascorbate (Scheme 3).


The final products 3a–j, 4, 8, 11a,b, and 1420 and the
phenylpyrrole A as a reference compound were evaluat-
ed in vitro for their abilities to displace [3H]spiperone
from the cloned human dopamine receptors D2long,
D2short,


21 D3,22 and D4.423 being stably expressed in
CHO cells.24 The D1 affinities were determined by
employing porcine striatal membrane preparations and
the D1 selective antagonist [3H]SCH 23390.


Receptor binding studies clearly indicated that the target
compounds reveal only poor affinity to the D1 subtype.
Depending on the substitution pattern of the aryl piper-
azine group, Ki values ranged from 11 to 6000 nM, 8 to
14,000 nM, and 33 to 4900 nM for D2long, D2short, and
D3, respectively (Table 1). Interestingly, incorporation
of a halogen atom in para-position (3d,e) strongly
decreases D2 and D3 binding whereas ortho-substituents
bearing a negative electrostatic potential caused an
increase of affinity (3b,f,g and 11b). In contrast, the
2-pyrimidyl-substituted NGD 94-1 analog 3i displayed
poor receptor binding for all GPCRs investigated. With
the exception of the pyrimidine 3i and the reversed
regioisomer 8, all target compounds displayed extra-
ordinarily high D4 affinity with Ki values in the sub-
nanomolar and single digit nanomolar range. Thus,
the arylpyrazole and aryltriazole scaffold causes a sub-
stantial increase of affinity when compared to the phe-
nylpyrrole substructure of the reference D4 ligand of
type A. SAR observations indicate that the introduction
of a further sp2 nitrogen into the six- or five-membered
arenes resulting in formation of the pyridylpyrazoles







Table 1. Receptor binding data (Ki valuesa of the arylazoles 3a–j, 4, 8, 11a,b, and 14, and the reference agent A based on means of 3–14 experiments


each performed in triplicate) (nM)


N
N


N
N


X


R R'


Compound X R R 0 D1 D2l D2s D3 D4


3a N H H 1600 340b 190 160 2.6


3b N H 2-MeO 1900 40 31 72 0.44


3c CH H H 1600 140 75 140 1.0


3d CH H 4-Cl 7500 2900 1900 1900 2.9


3e CH H 4-F 1900 450 400 540 2.9


3f CH H 2-F 680 63 37 67 0.70


3g CH H 2-MeO 1000 11 8.0 35 0.28b


3h CH 3-CH3 H 3900 71 43 360b 1.0


3i 7100 6000 14,000 2900b 310b


3j CH 5-CH3 H 560 630 250 320 5.3


N
N


X


N
Y


R'


z


Compound X Y Z R 0 D1 D2l D2s D3 D4


11a N N CH2 H 21,000 1500 860 1200 9.9


11b N N CH2 OMe 27,000 120 65 340 2.7


4 CH C CH H 3000 38 28 33 0.59


8 7600 3000 2400 2100 20


14 N C CH H 10,000 220 110 94 3.2


A 2100 230b 170 514 12


a All standard deviations (±SEM) are within <25% of the appropriate Ki values.
b Standard deviation in the range of 25–35%.
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3a,b and the phenyltriazoles 11a,b, respectively, leads to
a significant reduction of dopamine receptor binding.
C-Methylation in position 3 or 5 of the pyrazole ring
resulting in the test compounds 3h and j was not crucial
for D4 affinity and selectivity. It is interesting to note
that the replacement of the piperazine ring by a tetrahy-
dropyridine unit proved to be possible without signifi-
cant reduction of receptor binding for the bioisosteres
4 and 14.


To investigate the intrinsic effect of the most active D4
ligands of the piperazine and tetrahydropyridine class
of compounds, respectively, in vitro functional assays
with 3g and 4 were envisaged measuring the [3H]thymi-
dine uptake in growing CHO cells stably expressing the
dopamine D2long, D2short, D3, and D4.225 receptor,
respectively, and GTPcS binding for D2 and D4.26


Employing the mitogenesis assay, the aminomethylpy-
razoles 3g and 4 proved to be partial agonists for
D2long, D2short, D3, and D4.2 displaying intrinsic activ-
ities between 30% and 66% (Table 2). The partial ago-
nist effect of 4 at the D4 subtype was further confirmed
when antagonizing the effect of 100 nM quinpirole in a
dose-dependent manner (Fig. 1). Interestingly, the D4
preference demonstrated for the binding experiments
could not be observed in the functional assay. Having
in mind that ligand binding and functional properties
of the two isoforms D2long and D2short have been de-
scribed to be more or less identical, it was very surpris-
ing that the data indicated an intrinsic selectivity of the

tetrahydropyridine 4 (FAUC 2020). In detail, ligand
efficacy of 54% relative to the dopaminergic full agonist
quinpirole significantly exceeded a 25% relative efficacy
upon the D2short mediated transduction system. To
confirm these results, a GTPcS assay was performed
when FAUC 2020 (4) led to 45% intrinsic activity via
D2long and only 17% via D2short corroborating the re-
sults of the mitogenesis assay. To our knowledge,
FAUC 2020 is the first example of a dopamine recep-
tor ligand revealing nearly strong partial agonist prop-
erties at the D2long splice variant in combination with
an only weak agonist effect at the D2short isoform
and, thus might be of great interest as a pharmacolog-
ical tool.


Due to the structural similarity of the test compounds to
the atypical neuroleptic agent bifeprunox27 displaying a
combination of dopaminergic properties and single digit
nanomolar 5-HT1A receptor affinity, porcine striatal
membranes were employed for serotonin receptor bind-
ing studies. In fact, the phenylpyrazoles 3g and 4 have
been capable to efficiently displace the radioligand
[3H]WAY100635, whereas 5-HT2 binding was only
weak.


In conclusion, SAR experiments on dopaminergic
arylazole derivatives lead to highly active D4 partial
agonist showing substantial 5-HT1A binding, as well.
The tetrahydropyridine analog FAUC 2020 (4) indicat-
ed significant intrinsic selectivity for D2long over the
isoform D2short.







Table 2. Agonist effects of the arylpyrazoles 3g, 4 and quinpirole at the D2long, D2short, D3, and D4.2 receptor investigated by measuring the


stimulation of mitogenesis and GTPcS binding as well as serotonin receptor binding


Test compounds


3g 4 Quinpirole


D2l Efficacy mitogenesisa (%) 56 54 100


EC50
b (nM) 0.28 3.0 7.4


Efficacy GTPcS (%)a nd 45 100


EC50
b (nM) — 25 330


D2s Efficacy mitogenesisa (%) 66 30 100


EC50
b (nM) 0.22 1.7 10


Efficacy GTPcS (%)a nd 17 100


EC50
b (nM) — 32 230


D3 Efficacy mitogenesisa (%) 62 44 100


EC50
b (nM) 0.21 3.3 3.4


D4 Efficacy mitogenesisa (%) 43 39 100


EC50
b (nM) 0.60 5.6 11


Efficacy GTPcS (%)a nd 38 100


EC50
b (nM) — 9.5 23


5-HT1A Ki
c (nM) 6.8 37 nd


5-HT2 Ki
c (nM) 1300 2100 nd


a Rate of incorporation of [3H]thymidine (in %) relative to the maximal effect of the full agonist quinpirole (100%); the results are means of


quadruplicate from 2 to 14 experiments.
b EC50 values derived from the mean curves of 2–14 experiments; nd, not determined.
c Ki values for 5-HT1A and 5-HT2 binding were derived from two experiments each done in triplicate.
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Figure 1. Partial agonism of the tetrahydropyridine 4 at the D4


receptor indicated by stimulation of [3H]thymidine incorporation and


confirmed by partially antagonizing the effect of quinpirole.
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Abstract—A significant increase in plasma glutamate-oxaloacetate transaminase and glutamate-pyruvate transaminase was
observed 6 h after intraperitoneal administration of DD-galactosamine (DD-Galn). Three hours after administration of DD-Galn, the vita-
min C concentration in the liver decreased significantly compared to that in a control group and thereafter the hepatic vitamin C
concentration remained at a significantly lower level. Phosphorylated JNK (c-Jun NH2-terminal kinase) and phosphorylated ERK
(extracellular signal-regulated kinase) started increasing 3 h after DD-Galn treatment and remained at a high level for 6–12 h after the
treatment, while phosphorylated p38 MAPK increased significantly 6 h after DD-Galn administration. These results indicated that
oxidative stress and the activation of JNK and ERK took place almost simultaneously, followed by the activation of p38 MAPK.
� 2006 Elsevier Ltd. All rights reserved.

DD-Galactosamine (DD-Galn) is known as a toxin causing
necrosis of the liver by UTP depletion and inhibition
of protein synthesis.1 Recently, we reported that radical
reactions were caused by DD-Galn in the early stage based
on a decrease in vitamin C,2 which was first consumed
by oxidative stress and also was the most sensitive indi-
cator of oxidative stress.3 In the later stage, extensive
radical reactions took place evidenced by a significant
increase in lipid hydroperoxides,2 which were measured
by a specific and sensitive method involving chemical
conversion of lipid hydroperoxides into aromatic phos-
phine oxide, followed by the measurement of oxide by
HPLC.4


Although DD-Galn has long been known as a typical
hepatotoxin causing necrosis,1 DD-Galn was shown to in-
duce apoptosis involving the activation of caspase-3 in
the rat liver based on histochemical observations
[in situ terminal deoxynucleotidyl transferase-mediated
dUTP nick end labeling (TUNEL) method].2 These
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studies demonstrate that DD-Galn causes liver cell necro-
sis as well as apoptosis through oxidative stress, which is
shared by many environmental toxicants. In addition,
DD-Galn increased the plasma concentration of cera-
mides,5 which were a possible candidate to induce dam-
ages of extrahepatic tissues during fulminant hepatic
failure.


In this study, early changes leading to liver cell death
caused by DD-Galn were investigated with special refer-
ence to the activations of mitogen activated protein
kinase (MAPK) including JNK (c-Jun NH2-terminal
kinase), p38 MAPK (mitogen activated protein kinase),
and ERK (extracellular signal-regulated kinase). These
MAPKs have been investigated extensively in cultured
cells but a study of MAPK in animal tissues has been
made scarcely. In addition, MAPKs are assumed to be
activated by oxidative stress in cultured cells. Howev-
er, their relationship has never been studied in the liv-
er. In this study, time courses of oxidative stress and
MAPK activation were compared for the first time
in the liver based on phosphorylation profiles of
MAPKs and the level of vitamin C, the most sensitive
indicator of oxidative stress.3


DD-Galn (1 g/kg body weight) was intraperitoneally
administered to rats.6 After 1.5 and 3 h, the activity of
plasma GOT and GPT did not significantly differ from
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Table 1. The plasma GOT and GTP (Karmen units), and the vitamin C concentration (nmol/g liver) in DD-galactosamine-treated rats after 1.5, 3, 6,


12, and 24 h, and control rats


Control 1.5 h 3 h 6 h 12 h 24 h


GOT 69.2 ± 13.2 52.3 ± 23.8 124 ± 22 517 ± 227* 793 ± 223* 2560 ± 538*


GPT 24.2 ± 2.8 25.8 ± 14.9 49.7 ± 4.5 295 ± 104* 426 ± 116* 1519 ± 308*


Vitamin C 1498 ± 106 1571 ± 219 1137 ± 199* 1118 ± 114* 1104 ± 225* 978 ± 49*


DD-Galactosamine (1 g/kg body weight) was intraperitoneally administered to rats. After 1.5, 3, 6, 12, and 24 h, plasma GOT and GPT, and the liver


vitamin C concentration were determined as described in the text. Control rats received saline and determinations were made after 3 h. Values are


means ± SD for 4–6 rats and asterisks indicate significant differences from the control group (ANOVA Fisher’s protected least significant difference


test (PLSD), *P < 0.01.
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Figure 1. MAPK and phospho-MAPK in the livers of rats 1.5, 3, 6, 12,


and 24 h after DD-galactosamine injections and control rats. DD-Galac-


tosamine (1 g/kg body weight) was intraperitoneally administered to


rats. After 1.5, 3, 6, 12, and 24 h, protein concentrations of MAPK and


phosphorylated MAPK (described as p-ERK, p-p38, and p-JNK) in


the livers were determined as described in the text. Three hours after


the administration of saline, determinations were made for control


rats.
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that of the control group, which was administered saline
(Table 1).7 After 6 h, plasma GOT and GPT were signif-
icantly higher than that of the control group (Table 1).
Activities of both enzymes continued increasing and
after 24 h, they augmented to an extremely high level
compared to those of the control group (Table 1) consis-
tent with a previous study.2 These results showed that
the necrotic process was already initiated approximately
6 h after DD-Galn administration and was enhanced
thereafter. It was also shown that apoptosis involving
the activation of caspase-3 took place 18 h after DD-Galn
injection.2


The liver concentration of vitamin C was not affected at
1.5 h, but was significantly decreased 3 h after DD-Galn
injection, when necrosis was not appreciably induced
based on plasma GOT and GPT (Table 1). Thereafter,
the hepatic vitamin C concentration remained at a sig-
nificantly lower level than that in the control. These re-
sults indicated that oxidative stress was significantly
enhanced as early as 3 h after DD-Galn administration.


Phosphorylated JNK at 54 kDa significantly increased
3 h after treatment with DD-Galn, when oxidative stress
in the liver had been significantly enhanced as described
above, while the JNK protein level was almost the same
as that of the control from 1.5 to 24 h after DD-Galn treat-
ment (Figs. 1 and 2).8 The phospho-JNK level remained
at a high level for 6–12 h after DD-Galn treatment and de-
clined thereafter (Figs. 1 and 2A).


Phosphorylated ERK at 42 kDa was significantly in-
creased after 3 h and maintained a significantly high le-
vel for 6–24 h after DD-Galn injection, while the level of
ERK1 and ERK2 proteins was almost the same as that
of the control from 1.5 to 24 h after DD-Galn treatment
(Figs. 1 and 2B).


Phosphorylated p38 MAPK was significantly increased
6 h after administration of DD-Galn, while the level of
p38 MAPK protein was almost the same as that of the
control from 1.5 to 24 h after DD-Galn treatment (Figs.
1 and 2C). These results indicated that oxidative stress
and the phosphorylation of JNK and ERK were almost
simultaneously increased approximately 3 h after
administration of DD-Galn, followed by the transient acti-
vation of p38 MAPK.


Proteins comprising the MAPK family are important
mediators of signal transduction processes that serve
to regulate diverse cellular responses to extracellular

stimuli. The three major subclasses of the MAPK fam-
ily are JNK, p38 MAPK, and ERK. Among them,
JNK was shown to be activated in the induction of
hepatocyte death by TGF-b1,9,10 ischemia–reperfu-
sion,11 thioacetamide,12 oxidative stress induced by
menadione,13 and carbon tetrachloride.14 The present
study also indicated that activation of JNK occurred
before apoptosis involving activation of caspase-3 and
widespread necrosis of liver cells induced by DD-Galn.2


An increase in phospho-JNK was clear at 3 h after
DD-Galn injection (Figs. 1 and 2A), when the oxidative
stress had significantly increased as evidenced by
decreased liver vitamin C, while liver necrosis
was not evident based on plasma GOT and GPT levels
(Table 1).
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In a series of studies, we demonstrated that the tissue
vitamin C concentration was the most sensitive indicator
of oxidative stress3 caused by carbon tetrachloride,15


thioacetamide,16 and DD-Galn.2 The liver vitamin C con-
centration decreased before extensive radical reactions
leading to the accumulation of lipid hydroperoxides
took place.2 These results indicated that oxidative stress
and the activation of JNK took place almost simulta-
neously, resulting in subsequent widespread cell death
indicated by high levels of GOT and GPT (Table 1).


Along with JNK, p38 MAPK has been shown to have
a similar activation profile17,18 toward stresses such as
ischemia–reperfusion,11 growth factor withdrawal,19


hypoosmotic conditions,20 TGF-b1,10 thioacetamide,12


and 4-hydroxy-2-nonenal,21 the end product of lipid
peroxidation. This similarity may be ascribed to apop-
tosis signal-regulating kinase (ASK1), a common phos-
phorylation enzyme.12,22 On the other hand, JNK and
p38 MAPK were independently regulated under carbon
tetrachloride intoxication14 and repeated fasting
stress.23

This study demonstrated that phospho-JNK increased
at earlier phase than phospho-p38 MAPK after admin-
istration of DD-Galn. This observation suggested that
JNK and p38 MAPK were independently regulated as
reported for carbon tetrachloride intoxication14 and
repeated fasting stress.23 This result may be explained
on the grounds that carbon tetrachloride shared a radi-
cal reaction as a common mechanism of liver cell
death15 with DD-Galn.2


TGF-b110 and hypoosmotic stress20 activated p38
MAPK, JNK, and ERK in hepatocytes. Although it is
still controversial, ERK has been reported to be cyto-
protective against apoptosis triggered by oxidative
stress,13,24,25 tumor necrosis factor a,26,27 growth factor
deprivation,19 and by proapoptotic drugs,28 in contrast
to JNK and p38 MAPK. In addition, hepatocyte resis-
tance to oxidative stress depended on protein kinase C
and ERK-mediated downregulation of JNK signaling.13


In the present study, phospho-ERK2 was significantly
increased at 3 h and clearly elevated 6–24 h after the
DD-Galn injection (Figs. 1 and 2B). However, extensive
apoptosis and necrosis took place 12 h after DD-Galn
administration. These findings imply that the activation
of ERK took place, and that the strong apoptotic and
necrotic signal induced by a high dose of DD-Galn could
block cell responses to growth and survival factors act-
ing through the ERK pathway.


In this study, oxidative stress causing the decrease in
vitamin C and the phosphorylation of JNK and
ERK occurred almost simultaneously. Therefore, it re-
mains to be clarified whether oxidative stress was a
cause or/and a result of the activation of JNK and
ERK, causing and preventing cell death, respectively.
If oxidative stress were a cause of the phosphorylation
of these MAPKs, their activation followed oxidative
stress very rapidly. This result indicated closer relation-
ship between oxidative stress and MAPKs than that
formerly assumed.


In conclusion, administration of DD-Galn rapidly caused
oxidative stress and the activation of MAPKs such as
JNK and ERK, followed by the activation of p38 MAPK.
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Abstract—Thirty-four spermidine (SPD) and spermine (SPM) derivatives with aromatic substituents were synthesized and tested as
inhibitors of specific binding of the NMDA channel blocker [3H]MK-801 to membranes prepared from rat hippocampus and cere-
bral cortex. SPD and SPM derivatives with aromatic substituents at the primary amino groups were the most potent inhibitors (IC50


3.9–4.7 lM). These compounds most likely act directly at the NMDA ion channel, since 30 lM SPM had no pronounced influence
on their inhibiting activities. SPD derivatives with aromatic substituents at the secondary amino group were either inactive or highly
SPM-sensitive inhibitors (IC50 10–82 lM), depending on the size of the substituent. Our results support the hypothesis that an
aromatic interaction site near the center of polyamine derivatives contributes to polyamine inverse agonism.
� 2006 Elsevier Ltd. All rights reserved.

Endogenous polyamines including spermidine (SPD)
and spermine (SPM) influence the activities of several
ion channels, including inward rectifier K+ channels
and ion channels associated with AMPA and NMDA
receptors.1 The NMDA receptor complex has been
implicated in learning and memory, and may also occu-
py a central role in various conditions leading to neuro-
nal degeneration. In addition to the binding site for the
main agonist glutamate, the NMDA receptor complex
contains binding sites for the co-agonist glycine, a chan-
nel blocking site, and modulatory sites for Ifenprodil
and Zn2+, and is influenced by oxidizing agents and by
protons.2 Also polyamines exert several different effects
at the NMDA receptor. SPD and SPM increase the
opening frequency of the ion channel associated with
the prevalent NMDA receptor splice variant by relief
from inhibition by protons at physiological pH. Com-
pounds inhibiting the NMDA receptor via the same
mechanism are described as polyamine inverse agonists.3


SPD and SPM themselves act as weak NMDA channel
blockers.4 This channel blocking potency is increased by
incorporation of aromatic substituents as, for example,

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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in N1-dansyl-SPM5 and certain N-benzyl-substituted
SPD and SPM derivatives.6


For this study, 34 derivatives of SPD or SPM with aro-
matic substituents appended to the amino groups (as
shown in Scheme 1) were synthesized. We describe that,
depending on the specific substitution pattern, SPD and
SPM derivatives with aromatic residues not only act as
NMDA channel blockers, but also as agonists and as in-
verse agonists at the polyamine-regulatory site of the
NMDA receptor complex. These results support the
hypothesis that an aromatic interaction site near the
center of polyamine derivatives contributes to poly-
amine inverse agonism.7 Some of these results have been
presented as an abstract.8


We have previously described the syntheses of several of
the polyamine derivatives used in this study.9,10 Note
that the N-atoms in SPD are numbered by convention
as N1-(CH2)3-N4-(CH2)4-N8 and those of SPM as N1-
(CH2)3-N4-(CH2)4-N8-(CH2)3-N12. The 1H and 13C
NMR spectra of all new compounds were consistent
with their proposed structures. Compound 1d was pre-
pared by reacting N1,N8-bis(trifluoroacetyl)-SPD11 with
5-chlorodibenzosuberane in the presence of triethyl-
amine and CH3CN, followed by removal of the trifluo-
roacetyl groups by refluxing in NH4OH and CH3OH.
For preparation of 5b, N1,N12-bis(trifluoroacetyl)-SPM11
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was refluxed with 1-bromo-3-phenylpropane in the
presence of triethylamine and CH3CN to give a
mixture of N4,N8-bis(3-phenylpropyl)-N1,N12-bis(triflu-
oroacetyl)-SPM and N4-(3-phenylpropyl)-N1,N12-bis(tri-
fluoroacetyl)-SPM, which were purified. Then the
trifluoroacetyl groups were removed from N4-(3-phenyl-
propyl)-N1,N12-bis(trifluoroacetyl)-SPM by refluxing in
NH4OH and CH3OH to give compound 5b. Compound
5c was prepared in the same manner as 5b, except that
N1,N12-bis(trifluoroacetyl)-SPM was refluxed with 2-
(bromomethyl)naphthalene in the presence of triethyl-
amine and CH3CN. Compounds 7b and 8b were
prepared from 6c, by reaction with either 1.0 or 2.2
equiv of the N,N 0-bis-(t-butoxycarbonyl) derivative of
1H-pyrazole-1-carboxamidine in THF,12 respectively;
followed by the removal of the t-butoxycarbonyl groups
with trifluoroacetic acid in CH3OH. 3c was obtained
from 1y by reductive amination with 4.8 equiv of
2-naphthaldehyde using sodium triacetoxyborohydride
in 1,2-dichloroethane;13 followed by removal of the
t-butoxycarbonyl group with trifluoroacetic acid in
CH2Cl2. The same strategy was used to prepare 11c
from 6y, and 11b from 6y (with 3-phenylpropanal).


In vitro pharmacological testing has been performed as
described.7,14 Data were computer-fitted to B ¼ B0�
ICnH


50 =ðxnH þ ICnH
50 Þ þNB (B, amount of radioligand


bound; x, concentration of test compound; B0, specific
binding at x = 0; nH, Hill coefficient; NB, nonspecific
binding). Stimulation at low and inhibition at high
concentrations was fitted to an inhibition function
superimposed to a stimulation function (given in
Fig. 1).15


Nineteen of the polyamine derivatives investigated were
potent inhibitors of [3H]MK-801 binding, with IC50


values below 20 lM. Substitution at the secondary

amino group of SPD yielded compounds with widely
differing properties (R5 in Table 1). N4-(2-naphthyl-
methyl)- (1c) and N4-(benzyloxycarbonyl)-SPD (1z)
exhibited properties typical of inverse polyamine ago-
nists, with inhibition of [3H]MK-801 binding strongly
attenuated by 30 lM SPM (by factors 13 and 67,
respectively). SPM attenuation factors >50 have recent-
ly been described for aromatic diamines with an addi-
tional uncharged nitrogen.16 Compounds 1a and 1b,
with smaller substituents at N4, were inactive. Slight
structural changes in the N4 substituent had major con-
sequences. Compound 1d, with dibenzosuberyl (DBS-)
at N4, had a similar IC50 as naphthylmethyl-substituted
1c, but was much less sensitive to SPM. The N4-benzo-
yl and benzyloxycarbonyl derivatives 1w and 1z are
chemically cognate (neither are protonated at N4 at
pH 7), however, 1z was a more effective inhibitor and
extremely sensitive to SPM. A Boc-substituent at N4


of SPD resulted in the inactive 1y, either for steric rea-
sons, or because this substituent was not aromatic.
Alkylation at both primary amino groups in SPD
(which at pH 7 preserve the protonated nitrogens)
yielded the potent inhibitors N1,N8-bis(benzyl)- (2a)
and N1,N8-bis(2-naphthylmethyl)-SPD (2c), with
moderate to poor SPM-sensitivities. Acylation, leading
to the loss of both terminal charges, resulted in
inactive N1,N8-bis(benzoyl)-SPD (2w) and in the
weakly active N1,N8-bis(benzyloxycarbonyl)-SPD (2z),
the latter exhibiting high SPM-sensitivity like its N4


homologue 1z.


Substitution of just one of the secondary amino groups
in SPM resulted in inactive (5a) or weak inhibitors (5b,
5c; Table 2) with poor SPM-sensitivity. However, for 5a
and 5b some agonistic activity was maintained: both
stimulated specific [3H]MK-801 binding with EC50 val-
ues similar to SPM itself, but with somewhat lower
intrinsic activities (reaching lower levels of stimulation,
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Table 2. Inhibition of [3H]MK-801 binding by derivativesa of spermine and influence of spermine


Compound R1 R3 R5 R6 R2 R4 IC50 (lM) ±SDb Attenuationc by 30 lM


spermineb


5a PhCH2- >300d —


5b Ph(CH2)3- 182 ± 40 (3)e 0.93, 0.94 (2)


5c NaphCH2- 58 ± 15 (3) 1.45, 0.59 (2)


6a PhCH2- PhCH2- 38 ± 18 (3) 4.3, 2.5 (2)


6b Ph(CH2)3- Ph(CH2)3- 26.7 ± 3.1 (3) 2.6 ± 0.3 (3)


6c NaphCH2- NaphCH2- 9.1 ± 2.8 (4) 2.20 ± 0.2 (3)


6y Boc- Boc- 66, 77 (2) 5.3, 5.6 (2)


6z Z- Z- 17.2 ± 6.6 (5) 4.7 ± 1.0 (3)


7b CxA- Ph(CH2)3- Ph(CH2)3- 13.0 ± 2.9 (7) 1.5 ± 0.2 (3)


8b CxA- Ph(CH2)3- Ph(CH2)3- CxA- 11.2, 8.0 (2) 0.63, 0.94 (2)


9b Ph(CH2)3- 25.6 ± 11.0 (4) 1.43, 1.01 (2)


10a PhCH2- PhCH2- 6.12 ± 1.81 (3) 2.27, 2.10 (2)


10b Ph(CH2)3- Ph(CH2)3- 7.4 ± 1.9 (6) 0.92 ± 0.17 (5)


10c NaphCH2- NaphCH2- 4.7 ± 2.2 (4) 2.84, 1.77 (2)


10x PhCH2CO- PhCH2CO- 103 ± 35 (3) >10


11b Ph(CH2)3- Ph(CH2)3- Ph(CH2)3- Ph(CH2)3- 3.9 ± 1.1 (3) 1.58 ± 0.65 (3)


11c NaphCH2- NaphCH2- NaphCH2- NaphCH2- 8.7 ± 3.6 (3) 1.32 ± 0.33 (3)


12b Ph(CH2)3- Ph(CH2)3- Ph(CH2)3- 13.1 ± 2.8 (4) 1.44, 1.29 (2)


12c iprp- NaphCH2- NaphCH2- 14.0, 10.0 (2) 1.96, 1.20 (2)


13b Ph(CH2)3- Ph(CH2)3- Ph(CH2)3- Ph(CH2)3- 8.4 ± 3.8 (5) 1.49 ± 0.18 (3)


13c iprp- NaphCH2- NaphCH2- iprp- 44.6, 38.5 (2) 0.48, 0.66 (2)


a As in Table 1.
b As in Table 1.
c As in Table 1.
d Stimulation at lower concentrations (EC50 2.7 lM, Fig. 1).
e Stimulation at lower concentrations (EC50 1.8 lM, Fig. 1).


Table 1. Inhibition of [3H]MK-801 binding by derivativesa of spermidine and influence of spermine


Compound R1 R3 R5 R2 R4 IC50 (lM) ±SDb Attenuationc by 30 lM spermineb


1a PhCH2- >300 —


1b Ph(CH2)3- >300 —


1c NaphCH2- 9.8 ± 5.5 (4) 13.1 ± 5.6 (3)


1d DBS- 14.2 ± 4.4 (4) 5.1, 4.4 (2)


1w PhCO- 82 ± 12 (3) >10


1y Boc- >300 —


1z Z- 17.6 ± 9.3 (5) 67 ± 25 (3)


2a PhCH2- PhCH2- 6.2 ± 1.9 (5) 5.9 ± 1.1 (4)


2c NaphCH2- NaphCH2- 4.37 ± 1.16 (4) 2.2, 2.0 (2)


2w PhCO- PhCO- >300 —


2z Z- Z- 56 ± 22 (3) >10


3c NaphCH2- NaphCH2- NaphCH2- NaphCH2- 14.3, 12.4 (2) 1.66, 2.46 (2)


4b Ph(CH2)3- Ph(CH2)3- Ph(CH2)3- 9.5 ± 5.6 (4) 2.03, 1.60 (2)


a Key for substituents in Scheme 1; where no substituent is indicated, the substituent was H.
b Numbers of repeat experiments are given in parentheses.
c Ratio (IC50 with SPM)/(IC50 without SPM).
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Fig. 1). Partial stimulation of [3H]MK-801 binding has
also been described for other SPM derivatives.17,18


Substitution at both secondary amino groups of SPM
yielded potent inhibitors, with SPM-sensitivities below
those of the respective SPD analogues (Table 2). Only

6y and 6z, with N4 and N8 being uncharged at pH 7,
were slightly influenced by SPM (factor 5).


The most potent inhibitors of [3H]MK-801 binding in
this study were N1,N8-bis(2-naphthylmethyl)-SPD (2c)
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Figure 2. For 16 compounds, the sensitivity of their inhibiting potency


to spermine is plotted against sensitivity to alkalization. Dotted line


indicates identity.
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with an IC50 value of 4.4 lM (Table 1), N1,N12-bis-(2-
naphthylmethyl)-SPM (10c) (IC50 4.7 lM), and
N1,N1,N12,N12-tetrakis(3-phenylpropyl)-SPM (11b) (IC50


3.9 lM) (Table 2), all of which are substituted at the dis-
tal, primary amino groups. However, these compounds
appeared to act directly at the ion channel, since their
potencies were not markedly influenced by 30 lM
SPM (attenuation factors 1–2.3). In this respect, they be-
haved similarly to the benzyl-substituted SPD and SPM
derivatives 2a and 10a, described as NMDA channel
blockers by Igarashi et al.6 This type of behavior is also
displayed by N1-dansyl-SPM.5 The only compounds
substituted at the primary amino groups with pro-
nounced SPM-sensitivities were the weak inhibitors 2z
(Table 1) and 10x (Table 2), with SPM-factors >10.
Both of these compounds have terminal N’s that are
uncharged at physiological pH.


Several SPM derivatives with additional substituents
were investigated. Adding isopropyl groups to one or
both of the primary amino groups of the fairly potent
channel blocker 6c resulted in the equivalent 12c and
the much less potent 13c (Table 2). Replacing the
primary amino groups of moderately potent channel
blocker 6b with the more basic guanidino groups result-
ed in more potent inhibitors (7b, 8b), but their sensitivity
to SPM was even less than that of 6b.


One trivial explanation for the observed attenuating ef-
fect of 30 lM SPM on the inhibition of [3H]MK-801
binding by various compounds would be a slightly alka-
line microenvironment at the receptor created by SPM
(macroscopically, the pH was kept at 7.0). To test this
possibility, we investigated the influence of a pH change
from 6.4 to 8.2 on the inhibiting effects of 16 com-
pounds. We found that, in fact, the potencies of most
compounds were weakened by increasing the pH by
1.8 units (by factors up to 6.4), however there was no
significant correlation with the attenuation by SPM
(Fig. 2). Thus, SPM’s attenuating influence was not
due to its basicity, but involves a more specific molecular
interaction.


Several compounds inhibiting the NMDA receptor
complex in this study also exhibit trypanocidal
activity at micromolar (10b) or sub-micromolar con-
centrations (4b, 6b, 12b, and 13b).9 If in the future,
related compounds were used in high concentrations
as drugs to combat diseases caused by trypanosomes
or leishmania, side effects related to inhibition of
NMDA receptors should not be excluded. Interesting-
ly, analogues of pentamidine (an aromatic diamidine
currently used in the treatment of African trypanoso-
miasis and leishmaniasis) display both trypanocidal
activities19 and inverse polyamine agonism at the
NMDA receptor.20


Our results provide further evidence in support of the
hypothesis that an aromatic moiety near the center of
polyamine derivatives contributes to polyamine inverse
agonism.7,21 Substitution of the primary amino groups
of SPD and SPM resulted in potent NMDA channel
blockers (e.g., compounds 2c, 10c, and 11b) with low

SPM-sensitivities; these compounds most likely act
directly at the NMDA receptor associated ion channel.
However, SPD derivatives with moieties at the central
N4 position (1c and 1z) exhibited pronounced sensitivity
to SPM in their inhibition, suggesting their interaction
with a polyamine-sensitive site of the NMDA receptor.
The clinical application of most channel blocking
NMDA antagonists is hampered by severe psychotic
side effects. Addressing the polyamine regulatory site
might offer a promising alternative strategy for drug
development.
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Abstract—A series of 5-amino derivatives of 8-hydroxy[1,6]-naphthyridine-7-carboxamide exhibiting sub-micromolar potency
against replication of HIV-1 in cell culture was identified. One of these analogs, compound 12, displayed excellent pharmacokinetic
properties when dosed orally in rats and in monkeys. This compound was demonstrated to be efficacious against replication of
simian-human immunodeficiency virus (SHIV) 89.6P in infected rhesus macaques.
� 2006 Elsevier Ltd. All rights reserved.
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Resistance to the current chemotherapeutic agents for
the treatment of HIV-1 infections continues to drive re-
search toward developing new and better antiretroviral
treatments. Principal therapies currently in use target re-
verse transcriptase and protease, two of the three virally
encoded enzymes that play critical roles in the reproduc-
tive cycle of HIV. The third enzyme, integrase, is respon-
sible for inserting the pro-viral DNA into the cellular
genome via endonucleolytic processing and strand trans-
fer processes.1


The 8-hydroxy-[1,6]naphthyridine scaffold was discov-
ered to be a potent replacement for the diketoacid
pharmacophore of HIV-1 integrase inhibitors in our
laboratories.2,3 Further exploration led to the identifi-
cation of the N-(4-fluorobenzyl)-8-hydroxy-[1,6]naph-
thyridine-7-carboxamide 1 as a potent platform for
extensive studies (Fig. 1). Compound 1 inhibits the
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strand transfer process of integration with an IC50


of 33 nM3,4 and also inhibits the replication of
HIV-1 in cell culture with a CIC95 of 1250 nM.5 In
the presence of 50% normal human serum (NHS),
a 4-fold drop in potency (CIC95 = 6000 nM) is ob-
served due to the binding of drug to serum protein
(99.2%).6
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Figure 1. Evolution of naphthyridine integrase inhibitors.
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We explored the incorporation of polar heterocycles
into compound 1 to improve both intrinsic potency
and physical properties. Recently, a series of 5-dihydro-
uracil 8-hydroxy[1,6]naphthyridine-7-carboxamides 2
was reported to potently inhibit HIV-1 replication in
cell culture and to give good pharmacokinetic profiles
in rats and dogs.7 In this communication, we describe
a series of 5-amino derivatives of 8-hydroxy[1,6]naph-
thyridine-7-carboxamide as potent inhibitors of HIV-1
integrase and viral replication in cell culture. One of
these analogs, compound 12, was shown to be effica-
cious against replication of simian-human immunodefi-
ciency virus (SHIV) 89.6P in infected rhesus
macaques.8


The chemistry used to prepare these analogs is illustrated
in Scheme 1. Reaction of the accessible bromonaphthyri-
dine 39 with primary or secondary amines provided a ser-
ies of substituted aminonaphthyridines 4. The products
derived from reactions with primary amines were further
functionalized to compounds 5 and 6 for optimization of
biological and physical properties.


Substitution at the 5 position of 8-hydroxy[1,6]naph-
thyridine-7-carboxamide with secondary amino groups,
such as N-acetylpiperazine and N-methylpiperazine,
provided inhibitors 7 and 8, respectively (Table 1). Com-
pounds 7 and 8 exhibited comparable potency to com-
pound 1 against HIV-1 integrase in the enzyme assay.
Both analogs were significantly more active against rep-
lication of HIV-1 in cell culture in the presence of 10%
fetal bovine serum (FBS). Presumably the polar hetero-
cyclic substitution improved cell penetration of these
analogs. However, when the antiviral replication assay
was repeated with these compounds in the presence of
50% normal human serum (NHS), there was a 10-fold
decrease in potency with compound 7 and a nearly 3-
fold decrease with compound 8. These shifts in potency
appear to correlate with the high affinities of the com-
pounds for human serum proteins as determined in vitro
(Table 1; 98–99% for compounds 1, 7, and 8). Two
amino functionalities, MeNCH2CH2NMe)Ac and
MeNCH2CONMe2, were recently reported to exhibit
low affinity for the serum proteins fibrinogen and lyso-
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Scheme 1. Reagents and conditions: (a) R1R2NH, DIEA, DMSO,


THF, 140 �C, 72 h; (b) R1R2NH, i-Pr2NEt, DMSO, THF, microwave


at 170 �C, 1 h; (c) i-Pr2NEt, THF, 0–25 �C; (d) R4R5NH, MeOH, 0 �C.

zyme.10 These two functional groups were incorporated
into the naphthyridine inhibitor scaffold to provide com-
pounds 9 and 10 (Table 1). Compound 10 displayed sig-
nificantly less affinity toward human serum proteins
(83.3% compared to 98–99% for compounds 7 and 8).
This reduction in protein binding with compound 10
translated to a less than 2-fold shift in potency against
HIV-1 replication in the presence of 50% NHS (Table
1). Little decrease in affinity for serum protein was ob-
served with inhibitor 9.


Intravenous dosing of DMSO solutions of analogs 7, 8,
and 10 in rats at 2 mg/kg resulted in rapid clearance of
the compounds from plasma (Table 1; clearance
42–150 mL/min/kg). Further studies indicated that these
analogs were primarily cleared via glucuronidation. It
has been reported that acetylation of the methylamino
group para to the hydroxyl group of 4-N-methylamin-
ophenol reduces its rate of glucuronidation by 5-fold rel-
ative to the parent compound.11 This feature was
incorporated into the 5-amino-8-hydroxy[1,6]naphthyri-
dine-7-carboxamide template to afford the acetyl amin-
onaphthyridine 11 (Table 1). Compound 11 exhibited
very low clearance (1.8 mL/min/kg) following intrave-
nous dosing in rats. It also had antiviral activity compa-
rable to those of inhibitors 7–10 when assayed in the
presence of 10% FBS. However, there was a 5-fold shift
in its antiviral activity in the presence of 50% NHS.
Compound 11 was found to have higher affinity for
human serum protein than 10 (95.6% vs. 83.3%),
although its affinity was lower than those observed for
compounds 7–9.


Combination of the unique structural features of com-
pounds 10 and 11 led to the preparation of naphthyri-
dine oxalylamide 12 (Table 1). Compound 12 exhibited
balanced biological and physical properties, with an
antiviral CIC95 of 103 nM and a moderate affinity for
human serum protein (93.2%) that led to a modest 2.5-
fold shift of the CIC95 to 250 nM in the presence of
50% NHS. Furthermore, analog 12 exhibited low clear-
ance of 5.6 mL/min/kg in rats when dosed intravenously
at 2 mg/kg as a solution in DMSO. Compound 12 was
found to be well absorbed with an oral bioavailability
of 71% and excellent exposure (AUC of 52 lM h) when
dosed at 10 mg/kg as a suspension in 0.5% methylcellu-
lose (Fig. 2). Mean plasma concentration of compound
12 at the 24th hour was determined to be �600 nM,
which was significantly higher than the 250 nM required
for inhibition of 95% of viral growth in the presence of
50% human serum.


Replacement of the dimethylamino moiety of the oxa-
lylamide 12 with methylamino and amino groups led
to the preparation of compounds 13 and 14. Improve-
ments in their intrinsic activities against integrase were
observed (Table 2); however, both compounds were less
active against replication of HIV-1 in cell assays. Pre-
sumably, the introduction of additional amido hydro-
gen(s) adversely affects cell penetration and increases
binding to human serum proteins10 (Table 2). Substitu-
tion with piperidine and pyrrolidine led to the prepara-
tion of compounds 15 and 16. The pyrrolidine analog 16







Table 1. SAR of 5-substituted amino 1,6-naphthyridines
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Compound R = IC50
a (nM) CIC95 (nM) (10% FBS)b CIC95 (nM) (50% NHS)c PB (%)d Cle


1 H 33 1250 6000 99.2 na


7 N N
CH3


O
25 128 1344 99.0 77.3


8 N N CH3 40 234 677 97.9 42.3


9
N
CH3


N
H3C CH3


O 30 156 625 98.3 na


10
N
CH3


N
H3C


CH3


O
58 156 234 83.3 150.0


11 N
CH3


CH3


O


25 125 612 95.6 1.8


12
N
CH3


N


O


O CH3


CH3


40 103 250 93.2 5.6


a Assays were performed with recombinant HIV-integrase (0.1 lM) preassembled on immobilized oligonucleotides.4


b Cell culture inhibitory concentrations (CIC95) are defined as those which inhibited by >95% the spread of HIV-1 infection in MT-4 human


T-lymphoid cells maintained in RPMI 1640 medium containing 10% heat-inactivated fetal bovine serum.5a Cytotoxicity was not observed in cell


culture at concentrations up to 20 lM.5b


c Cell culture assayed in the presence of 50% normal human serum.5a


d Percentage of compound bound to human serum proteins.6


e Rat clearance values; i.v. dosing as a solution in DMSO (2 mg/kg).


Figure 2. Pharmacokinetic profile of compound 12 in rats dosed orally


at 10 mg/kg as a suspension in 0.5% aqueous methylcellulose.
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was the most potent compound in this series of naph-
thyridine oxalylamides in the antiviral assay and was
nearly 2-fold more active than compound 12 when as-
sayed in the presence of fetal bovine serum. However,
binding to human serum protein also crept up to
96.7%, which rendered compound 16 2-fold less active

than compound 12 in the presence of human serum.
Compound 17, which contains a 2,3-piperazine dione
substituent as a cyclic version of the oxalylamide in
12, maintained potency against integrase, but was 10-
fold less active against replication of the virus.


Compound 12, possessing balanced biological and phys-
ical properties, was chosen for further characterization.
It was found to exhibit an excellent pharmacokinetic
profile in rhesus monkey with 60% bioavailability and
a half life of 5 h when dosed orally at 10 mg/kg as a sus-
pension in 0.5% methylcellulose. Compound 12 is active
against both HIV-1 and the simian lentivirus, SIV, with
CIC95 values of 250 and 350 nM, respectively, in the
presence of 50% human and rhesus serum. These favor-
able features made it an excellent tool for evaluation of
the antiviral efficacy of an integrase inhibitor against
SHIV in an animal model. More than 400 g of
compound 12 was prepared for biological studies.12


In the early intervention cohort of the study, 10 days
after rhesus monkeys were infected intravenously with
50 monkey infectious doses of cell-free SHIV 89.6P,







Table 2. SAR of 1,6-naphthyridine oxalylamides


H
N


N


N


F


OH


R


O


Compound R = IC50
a (nM) CIC95 (nM) (10% FBS)a CIC95 (nM) (50% NHS)a PB (%)a


12
N
CH3


N


O


O CH3


H3C


40 103 250 93.2


13
N
CH3


HN


O


O CH3


15 500 >1000 98.3


14 N
CH3


NH2


O


O


20 563 750 98.2


15
N


CH3


N


O


O 7 125 500 97.8


16


N
CH3


N


O


O 40 63 500 96.7


17
N N


O O


CH3


10 1000 >1000 98.8


a See footnotes under Table 1.
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dosing of the animals with integrase inhibitor 12 as a
suspension in 0.5% aqueous methylcellulose was initiat-
ed at 10 mg/kg, twice daily. This resulted in a plasma
concentration of �700 nM of 12 at 12 h, well above
the CIC95 of 350 nM.8 Sustained suppression of viral
replication in vivo was achieved in less than 4 weeks.
Continued inhibition of viral growth was maintained
subsequently with a once-daily dose of 20 mg/kg of 12
through 87 days post-infection.


In summary, a potent series of 5-amino derivatives of
8-hydroxy[1,6]naphthyridine-7-carboxamide exhibiting
sub-micromolar potency against replication of HIV-1
in cell-based assay was identified. The most potent
inhibitor, analog 16, inhibited viral growth with a
CIC95 of 63 nM in the presence of 10% FBS. Compound
12 displayed balanced biological and physical proper-
ties, and excellent pharmacokinetic profiles in rats and
monkey. Oxalylamide 12 was demonstrated to be
efficacious against replication of simian-human immu-
nodeficiency virus (SHIV) 89.6P in infected rhesus
macaques.
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Abstract—A series of esters and amides of myristic acid was synthesized and tested in vitro for antibacterial activity against Gram-
positive and Gram-negative bacteria. All the compounds showed activity comparable to that of the standard drug, ciprofloxacin.
The structural characteristics governing antibacterial activity of myristic acid derivatives was studied using QSAR methodology.
The results showed that the antibacterial activity could be modeled using the topological descriptor, valence molecular connectivity
index. The predictive ability of the models was cross-validated by construction of a test set. The low residual activity and high cross-
validated r2 values ðr2


cvÞ observed indicated the predictive ability of the developed QSAR models.
� 2006 Elsevier Ltd. All rights reserved.

In recent years, the number of life-threatening infections
caused by multidrug-resistant Gram-positive and Gram-
negative bacteria has reached an alarming level in many
countries around the world.1,2 The contribution of sim-
ple organic acids in prevention of bacterial infections3


directed us to search for new antimicrobial acid
compounds.


In previous papers,4–6 we described the preparation and
antibacterial properties of derivatives of simple organic
acids viz. sorbic acid, cinnamic acid, ricinoleic acid,
and anacardic acid. The antibacterial potential of myris-
tic acid was studied by us7 and others8,9. Literature
reports show that myristoylation leads to anti-HIV10


activity and modification of G-protein-mediated signal
transduction.11


Quantitative structure–activity relationships (QSAR)
have been employed, and continue to be developed
and employed, both to correlate information in data sets
and as a tool to facilitate the discovery of new molecules
with increased biological potency.12 A large number of
such QSAR models have been developed for different
biological properties.13–17 Recently, we have reported
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the development of useful QSAR models for antibacte-
rial4,5 and anti-inflammatory activities.18


In view of the above, in the present paper we describe a
QSAR analysis for the series of myristic acid derivatives
for the first time. Hansch analysis correlates biological
activity values with electronic, steric, and hydrophobic,
influences of structural variance through linear regres-
sion analysis. Therefore, the structural homogeneity of
the present series has allowed a classical Hansch ap-
proach. The changes in electronic, steric, hydrophobic,
and other characteristics induced by the substituents
were correlated with the antibacterial activity using
appropriate descriptors.


Myristic acid separated from our previous study7 was
utilized for preparation of derivatives. The esters of
myristic acid were prepared by the reaction of myristic
acid with corresponding alcohols in the presence of sul-
furic acid and the amides were prepared by the reaction
of acid chloride of myristic acid with corresponding
amines (Scheme 1) as described in our previous study.4,5


The synthesized compounds were characterized by spec-
troanalytical studies and the data were found to be in
agreement with those of the assigned molecular struc-
tures. The physicochemical parameters and molecular
structures of the myristic acid derivatives used in the
present study are given in Table 1.
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CH3[CH2]12COOH
ROH/H2SO4
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[M2 - M9, M21- M23]
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CH3[CH2]12COOR
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Scheme 1. Scheme for synthesis of myristic acid derivatives


(M-2–M-27).
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The newly obtained derivatives were evaluated for in vi-
tro antibacterial activity against Gram-positive Staphy-
lococcus aureus, Micrococcus luteus, and Gram-
negative Escherichia coli. Double strength nutrient
broth-I.P.19 was employed for bacterial growth. Mini-
mal inhibitory concentrations were determined by
means of standard serial dilution method20 and the �log
MIC values are presented in Table 2. All of the reported
compounds exhibited comparable in vitro activity
against the tested bacterial strains compared to reference
ciprofloxacin (S). In general, antimicrobial activity of
the tested compounds follows the pattern:


S. aureus > M . luteus > E. coli.

Table 1. Physicochemical characteristics of myristic acid derivatives


Compound R Molecular formula Mo


Training set


M-1 H C14H28O2 228


M-2 Me C15H30O2 242


M-3 i-Pr C17H34O2 270


M-4 i-Bu C18H36O2 284


M-5 n-Pen C19H38O2 298


M-6 i-Amyl C19H38O2 298


M-7 n-Hex C20H40O2 312


M-8 n-Hep C21H42O2 326


M-9 n-Oct C22H44O2 340


M-10 CH2–Ph C21H34O2 318


M-11 NH–NH2 C14H30ON2 242


M-12 CH3CH2CH2–NH C17H35ON 269


M-13 CH3(CH2)3–NH C18H37ON 283


M-14 Ph–NH C20H33ON 303


M-15 (4-NO2) Ph–NH C20H32O3N2 348


M-16 (2-Cl) Ph–NH C20H32ONCl 337


M-17 (3-Cl) Ph–NH C20H32ONCl 337


M-18 (4-Cl) Ph–NH C20H32ONCl 337


M-19 (2-CH3O) Ph–NH C21H35O2N 333


M-20 (4-CH3O) Ph–NH C21H35O2N 333


Test set


M-21 Et C16H32O2 256


M-22 n-Pr C17H34O2 270


M-23 n-Bu C18H36O2 284


M-24 NH2 C14H29ON 227


M-25 (2-NO2) Ph–NH C20H32O3N2 348


M-26 (3-NO2) Ph–NH C20H32O3N2 348


M-27 NH(Et)2 C18H37ON 283


* Boiling point.

The synthesized compounds showed a remarkable
increase in antibacterial activity than the parent myristic
acid. Further, a close inspection of screening results re-
veals that the anilides (M-12–M-20) of myristic acid
exhibited strong antibacterial activity. It is worthwhile
to note that the presence of a nitro group in the meta
position of the aromatic ring of the anilides does not
improve the antibacterial activity. The formation of es-
ters also showed an improvement in the antibacterial
activity of myristic acid derivatives. Further it is impor-
tant to note that the absence of fluorine in the structure
of anilides of myristic acid may be responsible for their
lower activity in comparison to the standard drug,
ciprofloxacin, even though they contain the aromatic
ring with chlorine.


In an attempt to determine the role of structural
features, QSAR studies were undertaken using the linear
free energy relationship (LFER) model of Hansch and
Fujita.21 Biological activity data determined as MIC
values were first transformed to �log MIC on a molar
basis, which was used as a dependent variable in the
QSAR study. These were correlated with different
molecular descriptors like log of octanol–water partition
coefficient (logP),21 molar refractivity (MR),22 Kiers
molecular connectivity (2vv), and shape (j1,ja1) topo-
logical indices,23 Randic topological index (R),24 Balban

l wt Mp/bp* (�C) Rf value (benzene) Yield (%)


.42 52–54 0.14 40


.45 121–124* 0.62 76


.51 207–211* 0.58 88


.54 227–229* 0.65 79


.57 156–158* 0.79 62


.57 281–283* 0.66 89


.60 185–187* 0.76 91


.63 243–245* 0.56 68


.66 235–237* 0.76 42


.55 288–290* 0.69 35


.46 116–119 0.10 83


.53 135–137 0.56 47


.56 166–168 0.45 62


.54 71–74 0.38 68


.54 130–132 0.49 22


.98 95–97 0.61 59


.98 136–138 0.42 69


.98 115–117 0.54 72


.57 156–158 0.67 86


.57 165–167 0.58 46


.48 180–182* 0.60 82


.51 217–219* 0.61 66


.54 271–273* 0.58 74


.44 80–82 0.10 87


.54 146–148 0.45 18


.54 211–213 0.22 84


.56 68–70 0.13 24







Table 2. The in vitro activity of synthesized myristic acid derivatives


Compound �log MIC


S. aureus M. luteus E. coli


Training set


M-1 2.48 2.48 2.26


M-2 2.38 2.29 2.38


M-3 2.65 2.65 2.43


M-4 2.76 2.76 2.50


M-5 2.70 2.70 2.52


M-6 2.78 2.70 2.52


M-7 2.80 2.89 2.59


M-8 2.91 2.82 2.61


M-9 2.93 2.93 2.63


M-10 2.80 2.73 2.60


M-11 2.38 2.29 2.38


M-12 2.59 2.59 2.43


M-13 2.67 2.61 2.45


M-14 2.71 2.71 2.50


M-15 2.86 2.76 2.56


M-16 2.83 2.75 2.57


M-17 2.83 2.93 2.57


M-18 2.83 2.83 2.57


M-19 2.82 2.75 2.62


M-20 2.82 2.75 2.62


Test set


M-21 2.41 2.61 2.61


M-22 2.63 2.63 2.34


M-23 2.58 2.36 2.45


M-24 2.59 2.29 2.51


M-25 2.86 2.76 2.46


M-26 2.56 2.46 2.56


M-27 2.58 2.67 2.65


Sa 3.33 3.33 3.33


a Standard drug—ciprofloxacin.
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topological index (J),25 Wiener topological index (W),26


Total energy (Te),4 energies of highest occupied molecu-
lar orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO),27 dipole moment (l), electronic energy
(ElcE), nuclear energy (NuE), and molecular surface
area (SA).28 The values of these descriptors are present-
ed in Table 3.


In the present work, a training set consisting of 20 mol-
ecules (M-1–M-20) was used for linear regression model
generation and a prediction set consisting of 7 molecules
(M-21–M-27) was used for the evaluation of generated
linear regression model. The reference drug ciprofloxa-
cin was not included in model generation as it belongs
to a different structural series.


First, correlation analysis of various descriptors with
biological activity was performed. The data are pre-
sented in Table 4, which shows that most of the
parameters are highly correlated with antibacterial
activity. A correlation matrix (Table 5) was constructed
to find the interrelationship among the parameters,
which shows that each parameter selected in the study
is highly correlated with the other (r > 0.8) except the
descriptors ionization potential, LUMO, and 3vv. Any
combination of these descriptors in multiple regression
analysis may result with a model suffering from multi-
colinearity.

The topological parameter, valence molecular connec-
tivity indices (0vv and 2vv) for the esters and amides of
myristic acid, has been found to exhibit best correlation
and high statistical significance (p < 0.01). The resulting
best-fit models applying the principle of Parsimony are
reported in Eqs. 1–3 together with statistical parameters
of regression. It is important to note that all these mod-
els were developed by using the entire training set
(n = 20), since no outliers were identified.


The quality of the models is indicated by the following
parameters: r, correlation coefficient; F, Fisher’s statis-
tics; and s, standard error of estimation; r2


cv, cross vali-
dated r2 obtained by ‘leave one out’ (LOO) method.


QSAR model for antibacterial activity against E. coli


� log MIC ¼ 0:061 0vv þ 1:635 n ¼ 20


r ¼ 0:963 F ¼ 232:661 s ¼ 0:027 r2
cv ¼ 0:902. ð1Þ


QSAR model for antibacterial activity against S. aureus


� log MIC ¼ 0:217 2vv þ 1:375 n ¼ 20


r ¼ 0:978 F ¼ 407:85 s ¼ 0:030 r2
cv ¼ 0:931. ð2Þ


QSAR model for antibacterial activity against M. luteus


� log MIC ¼ 0:229 2vv þ 1:268 n ¼ 20


r ¼ 0:934 F ¼ 123:968 s ¼ 0:064 r2
cv ¼ 0:810. ð3Þ

The coefficient of 0vv in the mono-parametric model in
Eq. 1 is positive, indicating thereby that antibacterial
activity of myristic acid derivatives against E. coli is
directly proportional to the magnitude of 0vv. The anti-
bacterial activity increases with an increase in magnitude
of 0vv. This is evidenced by the values of 0vv in Table 3.
The values of 0vv for compounds M-8, M-9 are 16.04
and 16.75, respectively, which are higher than the 0vv


values of other compounds in the training set which
make them the most active compounds against E. coli.
Similarly the compounds M-1, M-2, and M-11 have
the minimum 0vv values of 10.84, 11.80, and 11.47,
respectively, and have minimum activity. Similar trend
was observed in case of S. aureus and M. luteus with va-
lence second order molecular connectivity index, 2vv.


In order to confirm our results we have synthesized a
prediction set consisting of 7 myristic acid derivatives
viz. M-21–M-27, predicted their activities using the
model expressed by Eqs. 1–3, and compared them with
the observed values. We have also applied the same
model to predict the activity of training set. The data
presented in Table 6 show that the observed and the esti-
mated activities are very close to each other evidenced
by low values of residual activity.


The cross-validation of the models was also done by
LOO technique.29 The high cross-validated correlation
coefficient (r2


cv or q2) values obtained for the best
QSAR models indicated their reliability in predicting
the antibacterial activity of myristic acid derivatives.
But one should not forget the recommendations of
Golbraikh et al.,30 who have recently reported that







Table 3. Values of selected descriptors used in the linear regression analysis


Compound logP MR 0vv 2vv j1 ja1 R W Te NuE SA IP


Training set


M-1 4.82 67.88 10.84 4.68 16.00 15.63 7.77 667.00 �2822.89 14014.40 346.14 11.11


M-2 4.85 72.65 11.80 4.86 17.00 16.63 8.31 790.00 �2978.14 15413.50 368.85 11.10


M-3 5.61 81.82 13.38 5.82 19.00 18.63 9.16 1072.00 �3289.64 18420.30 409.43 11.03


M-4 6.07 86.39 14.09 6.36 20.00 19.63 9.66 1248.00 �3445.45 19944.70 429.84 11.06


M-5 6.46 91.12 14.63 6.21 21.00 20.63 10.31 1462.00 �3601.42 20933.20 455.99 11.06


M-6 6.46 91.00 14.79 6.48 21.00 20.63 10.20 1428.00 �3601.25 21519.40 458.92 11.06


M-7 6.85 95.73 15.34 6.57 22.00 21.63 10.81 1680.00 �3757.26 22335.40 477.03 11.06


M-8 7.25 100.33 16.04 6.92 23.00 22.63 11.31 1920.00 �3913.09 23749.30 498.96 11.05


M-9 7.64 104.93 16.75 7.27 24.00 23.63 11.81 2183.00 �4068.93 25178.70 521.52 11.05


M-10 6.63 97.26 14.90 6.43 21.04 19.90 11.33 1810.00 �3800.85 22399.10 450.42 9.69


M-11 3.94 74.19 11.47 4.85 17.00 16.59 8.31 790.00 �2942.72 15417.90 367.10 10.28


M-12 5.01 83.87 13.31 5.64 19.00 18.63 9.31 1088.00 �3189.91 18095.40 417.97 9.79


M-13 5.41 88.47 14.01 5.99 20.00 19.63 9.81 1265.00 �3345.74 19462.80 439.50 9.79


M-14 5.88 94.38 14.28 6.20 20.05 18.90 10.83 1576.00 �3545.33 20868.50 432.18 8.75


M-15 5.84 101.70 15.47 6.64 23.04 21.45 12.13 2230.00 �4376.26 25273.70 458.99 9.57


M-16 6.40 99.18 15.40 6.75 21.04 20.19 11.24 1746.00 �3905.39 22987.40 445.47 9.21


M-17 6.40 99.18 15.40 6.82 21.04 20.19 11.22 1762.00 �3905.40 22933.60 446.00 9.29


M-18 6.40 99.18 15.40 6.81 21.04 20.19 11.22 1778.00 �3905.45 22274.50 447.84 8.79


M-19 5.63 100.84 15.61 6.53 22.04 20.85 11.77 1939.00 �4021.19 24501.00 460.59 8.49


M-20 5.63 100.84 15.61 6.56 22.04 20.85 11.76 2003.00 �4021.17 24126.30 465.21 8.37


Test set


M-21 5.19 77.40 12.51 5.09 18.00 17.63 8.81 930.00 �3133.93 16792.00 389.69 11.08


M-22 5.66 81.92 13.22 5.51 19.00 18.63 9.31 1088.00 �3289.76 18164.50 411.77 11.07


M-23 6.06 86.52 13.92 5.86 20.00 19.63 9.81 1265.00 �3445.59 19545.00 434.10 11.07


M-24 3.95 69.70 10.97 4.75 16.00 15.63 7.77 667.00 �2722.89 14022.90 354.22 10.52


M-25 5.84 101.70 15.47 6.61 23.04 21.45 12.15 2134.00 �4376.14 26473.70 454.39 9.72


M-26 5.84 101.70 15.47 6.64 23.04 21.45 12.13 2182.00 �4376.19 25385.70 458.38 9.48


M-27 5.13 88.99 14.26 5.85 20.00 19.63 9.76 1205.00 �3345.13 20257.10 433.32 9.56


Table 4. Correlation of �log MIC with molecular descriptors of


myristic acid derivatives


Molecular descriptor S. aureus M. luteus E. coli


logP 0.860 0.864 0.773


MR 0.942 0.866 0.961
0vv 0.963 0.899 0.963
1vv 0.948 0.898 0.937
2vv 0.979 0.934 0.932
3vv 0.382 0.370 0.262


j1 0.941 0.857 0.938


ja1 0.917 0.851 0.901


R 0.918 0.824 0.947


W 0.921 0.823 0.935


Te �0.919 �0.821 �0.922


NuE 0.948 0.854 0.958


SA 0.914 0.852 0.912


IP �0.282 �0.217 �0.382


LUMO �0.412 �0.332 �0.414
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the only way to estimate the true predictive power of
a model is to test their ability to predict accurately the
biological activities of compounds from an external
test set, that is, those compounds, which were not
used for the model development. The low residual
activity values observed in case of test set (M-21–M-
27) justify the selection of the linear regression models
expressed by Eqs. 1–3. Further the plot of linear
regression predicted �log MIC values against the ob-
served �log MIC values also favors the model ex-
pressed by Eq. 2 (Fig. 1).

Even though the sample size and the ‘Rule of Thumb’
allowed us to go for development of multi-parametric
model in multiple linear regression analysis, the high
interrelationship among the parameters restricted us
for mono-parametric model. The multicolinearity occurs
when two independent variables are correlated with each
other that become a problem for a theoretical statisti-
cian. One should note that 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 are
indications of high interrelationship among descriptors.


Nonlinear regression was applied to find out the rela-
tionship of logP with antibacterial activity. The models
obtained by NLR do not show any appreciable
improvement in correlation coefficient.


From the results and discussion made above we
conclude that the myristic acid derivatives are more
effective against Gram-positive rather than Gram-nega-
tive bacteria, S. aureus being the most sensitive organism
among the bacterial species tested. The results of in vitro
antibacterial activity studies indicate that the anilides of
myristic acid are the most effective compounds. The
QSAR studies indicated that the topological parameters,
the valence second order molecular connectivity index,
2vv, and valence zero order molecular connectivity
index, 0vv, can be used successfully for modeling anti-
bacterial activity of myristic acid derivatives against
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the bacterial species included in the present study. Con-
tribution of topological descriptors in describing the
antibacterial activity of acid derivatives was further evi-
denced by the results of our previous study.4 The QSAR
models are validated by the low residual antibacterial
activities observed in case of prediction set.


All the melting and boiling points reported in the
present study are uncorrected. The IR spectra were
recorded with a Shimadzu FTIR 8000 spectrophotom-
eter in KBr disks in case of solid and applied as thin
film in case of liquid samples. The 1H NMR spectra
in CDCl3 were recorded on an AC 300F NMR spec-
trophotometer using TMS as an internal standard.
Purity of all the synthesized compounds was ascer-
tained by TLC.


General procedure for synthesis of esters. The appropri-
ate alcohol (0.74 mol) was poured into a round-bot-
tomed flask containing myristic acid (M-1, 0.06 mol)
and sulfuric acid (2 mL). The solution was refluxed until
the completion of reaction. The reaction mixture was
added to 200 mL of ice-cold water and the oily layer
was separated, followed by extraction of the product
with ether. The evaporation of ether resulted in pure
product. The esters (M-2–M-9, M-21, and M-23) includ-
ed in the present study were prepared by the above
procedure.


General procedure for synthesis of amides. The acid chlo-
ride of myristic acid was prepared by the reaction of
myristic acid with thionyl chloride. The solution of the
corresponding amine (0.1 mol) in ether (50 mL) was
added dropwise to a solution of acid chloride
(0.06 mol) in ether (50 mL). The solution was stirred
for 30 min and the precipitated amide was separated
by filtration. The crude amides were recrystallized from
alcohol. The amides (M-11–M-20, M-24, and M-27)
included in the present study were prepared by the
above procedure.


Structures of the synthesized compounds were con-
firmed on the basis of spectroanalytical data.


Analytical data for compound M-2. Bp (�C) 121–123,
yield 76%; IR (cm�1) 1743 (C@O), 2854 (CH3); 1170
(C–O–C) 1H NMR (d ppm) 0.91 (t, 3H, CH3), 2.30 (t,
2H, CH2), 3.70 (s, 3H, OCH3), 1.65 (m, 2H, CO–CH2–
CH2–CH2), 1.26 (m, 2H, CH2CH2CH2).


Analytical data for compound M-14. Mp (�C) 71–73,
yield 68%; IR (cm�1) 1652 (C@O), 3280 (NH), 1600
(CH@CH, Ar); 1H NMR (d ppm) 7.21 (M, 5H,
C6H5), 7.2 (s, 1H, NH), 2.30 (t, 3H, COCH2), 1.67 (m,
2H, CO–CH2–CH2), 1.25 (m, 2H, CH2CH2CH2), 0.90
(t, 3H, CH3).


Analytical data for compound M-21. Bp (�C) 180–182,
yield 82%; IR (cm�1) 1739 (C@O), 2854 (CH3); 1178
(C–O–C) 1H NMR (d ppm) 0.90 (t, 3H, CH3), 2.25
(m, 2H, CH2CH2CH2), 4.15 (q, 2H, OCH2CH3), 1.63
(m, 2H, CO–CH2–CH2–CH2), 1.27 (t, 3H,
COCH2CH3).







Table 6. Observed and predicted antibacterial activity of myristic acid derivatives against Escherichia coli, Staphylococcus aureus, and Micrococcus


luteus using the best QSAR model viz. Eqs. 1–3, respectively


Compound �log MIC for S. aureus �log MIC for M. luteus �log MIC for E. coli


Obsd Pre. (Eq. 2) Resi. Obsd Pre. (Eq. 3) Resi. Obsd Pre. (Eq. 1) Resi.


Training set


M-1 2.48 2.39 0.09 2.48 2.34 0.14 2.26 2.30 �0.04


M-2 2.38 2.43 �0.05 2.29 2.38 �0.09 2.38 2.35 0.03


M-3 2.65 2.64 0.01 2.65 2.60 0.05 2.43 2.45 �0.02


M-4 2.76 2.76 0.00 2.76 2.72 0.04 2.50 2.49 0.01


M-5 2.70 2.72 �0.02 2.70 2.69 0.01 2.52 2.53 �0.01


M-6 2.78 2.78 0.00 2.70 2.75 �0.05 2.52 2.54 �0.02


M-7 2.80 2.80 0.00 2.89 2.77 0.12 2.59 2.57 0.02


M-8 2.91 2.88 0.03 2.82 2.85 �0.03 2.61 2.61 0.00


M-9 2.93 2.95 �0.02 2.93 2.93 0.00 2.63 2.66 �0.03


M-10 2.80 2.77 0.03 2.73 2.74 �0.01 2.60 2.54 0.06


M-11 2.38 2.43 �0.05 2.29 2.38 �0.09 2.38 2.33 0.05


M-12 2.59 2.60 �0.01 2.59 2.56 0.03 2.43 2.45 �0.02


M-13 2.67 2.67 0.00 2.61 2.64 �0.03 2.45 2.49 �0.04


M-14 2.71 2.72 �0.01 2.71 2.69 0.02 2.50 2.51 �0.01


M-15 2.86 2.82 0.04 2.76 2.79 �0.03 2.56 2.58 �0.02


M-16 2.83 2.84 �0.01 2.75 2.81 �0.06 2.57 2.57 0.00


M-17 2.83 2.85 �0.02 2.93 2.83 0.10 2.57 2.57 0.00


M-18 2.83 2.85 �0.02 2.83 2.83 0.00 2.57 2.57 0.00


M-19 2.82 2.79 0.03 2.75 2.76 �0.01 2.62 2.59 0.03


M-20 2.82 2.80 0.02 2.75 2.77 �0.02 2.62 2.59 0.03


Test set


M-21 2.41 2.48 �0.07 2.61 2.43 0.18 2.61 2.40 0.21


M-22 2.63 2.57 0.06 2.63 2.53 0.10 2.34 2.44 �0.10


M-23 2.58 2.65 �0.07 2.36 2.61 �0.25 2.45 2.48 �0.03


M-24 2.59 2.41 0.18 2.29 2.36 �0.07 2.51 2.30 0.21


M-25 2.86 2.81 0.05 2.76 2.78 �0.02 2.46 2.58 �0.12


M-26 2.56 2.82 �0.26 2.46 2.79 �0.33 2.56 2.58 �0.02


M-27 2.58 2.64 �0.06 2.67 2.61 0.06 2.65 2.50 0.15
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Figure 1. Plot of predicted �log MIC activity values against the


experimental �log MIC values for the QSAR model by Eq. 2 for


Staphylococcus aureus.


3028 B. Narasimhan et al. / Bioorg. Med. Chem. Lett. 16 (2006) 3023–3029

Analytical data for compound M-24. Mp (�C) 81–83,
yield 87%; IR (cm�1) 1635 (C@O), 3360 (NH), 3200
(NH), 1417 (C–N); 1H NMR (d ppm) 5.8 (s, 1H, NH),
2.19 (t, 2H, COCH2), 1.58 (m, 2H, CO–CH2–CH2),
1.29 (m, 2H, CH2CH2CH2), 0.90 (t, 3H, CH3).


Biological studies. The in vitro antibacterial activity of
the synthesized compounds against S. aureus, M. luteus,

and E. coli was carried out by using serial dilution meth-
od in double strength nutrient broth-IP as a medium.
The myristic acid derivatives were dissolved in DMSO
to give a concentration of 10 lg/mL (stock solution).


QSAR analysis. The calculation of molecular descriptors
of myristic acid derivatives as well as the regression anal-
ysis were carried out by using the molecular package
TSAR 3D version 3.3.31 The details of calculation of
these descriptors are available in the literature 5,21–28


and therefore, they are not mentioned here.
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Abstract—A novel indole series of PGD2 receptor (DP receptor) antagonists is presented. Optimization of this series led to the iden-
tification of potent and selective DP receptor antagonists. In particular, antagonists 35 and 36 were identified with Ki values of 2.6
and 1.8 nM, respectively. These two antagonists are also potent in a DP functional assay where they inhibit the PGD2 induced
cAMP production in platelet rich plasma with IC50 values of 7.9 and 8.6 nM, respectively. The structure–activity relationships of
this indole series of DP receptor antagonists will also be discussed.
� 2006 Elsevier Ltd. All rights reserved.

Seasonal allergic rhinitis (SAR) is a multisymptom dis-
ease characterized by nasal congestion, itching, and rhi-
norrhea. The nasal congestion in SAR results from
tissue edema and vasodilatation in the nasal mucosa.
A number of treatments are currently available for
SAR but they are either ineffective at treating all the
symptoms of this disease or suffer from unwanted side-
effects. For example, antihistamines are effective at con-
trolling the rhinorrhea associated with SAR but are not
effective at controlling the congestive response. The
symptoms of SAR are induced by a number of media-
tors such as histamine, cysteinyl leukotrienes, and
PGD2. It has been demonstrated in humans that intra-
nasal instillation of prostaglandin D2 results in upper
airway obstruction with 10-fold greater potency than
histamine.1 PGD2 is the major cyclooxygenase derived
metabolite produced by degranulation of mast cells2,3


and is present in the nasal washings of atopic individuals

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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following allergen challenge. The potential role of PGD2


in allergic rhinitis prompted us to initiate a program
aimed at identifying PGD2 receptor4 (DP receptor)
antagonists to block the inflammatory effects of
PGD2.5–9 To this end, we wish to disclose herein the
identification of an indole series of potent and selective
PGD2 receptor antagonists.


The search for PGD2 receptor antagonists was initiated
through the screening of the Merck sample collection.
From this effort, a number of hits were identified. One
of these hits was the difluoroindole 1 (Fig. 1). This com-
pound displayed good binding affinity10 (11 nM) for the
DP receptor although this compound was actually more
potent on the thromboxane A2 (TP) receptor (1.7 nM).


Compound 1 displayed moderate to good selectivity
versus the remaining six prostanoid receptors (Fig. 1).


At this point, medicinal chemistry was initiated in an ef-
fort to improve the DP potency and selectivity of this in-
dole series. At the outset, with the structure–activity
information available to us from the screening effort,
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Figure 1. Prostanoid binding profile of lead difluoroindole 1.
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we decided to focus our initial attention on modifying
the benzoid substituents of the indole core. Table 1 sum-
marizes the results from modification of the indole 7-
position. The unsubstituted indole 2 possess good DP
activity (Ki = 36 nM) but is 15-fold more potent on the
TP receptor (Ki = 2.4 nM). Introduction of an isopropyl
group (3) not only increased the DP activity but also
inverted the selectivity in favour of the DP receptor.


A bromine or aldehyde substituent as in 4 or 5 leads to
potent, non-selective, antagonists. The dimethylamide
analog 7 is somewhat less active on DP but displays
good selectivity versus TP (100-fold). The corresponding
phenyl amide 8 is less potent on DP and is also non-se-
lective. Interestingly, while the methyl sulfide analog 9
leads to a potent, non-selective antagonist, the corre-
sponding sulfoxide 10 is significantly more selective
versus the TP receptor (60-fold). Other sulfoxide ana-
logs (11–14) did not result in improved DP activity or
selectivity relative to the methylsulfoxide. While the sul-
fone analog 15 exhibited similar DP potency as the cor-

Table 1. DP and TP binding affinities of 7-substituted indoles


N
OH


O


R


Cl


Compound R Ki
a (nM)


DP TP


2 H 36 (±11) 2.4 (±1.2)


3 i-Pr 1.7 (±0.6) 9.1 (±1.7)


4 Br 2.6 (±0.9) 2.2 (±0.8)


5 CHO 6.3 (±4.8) 6.6 (±5.8)


6 CH2OH 16 (±5.3) 7.8 (±3.3)


7 CONMe2 28 (±2.9)b 3700 (±1000)


8 CONHPh 110 (±74) 88 (±48)


9 SMe 1.0 (±0.0) 2.6 (±1.2)


10 SOMe 2.8 (±0.4) 172 (±24)


11 SOEt 4.0 (±0.4) 340 (±170)


12 SO-i-Pr 23 (±12) 1800 (±1200)


13 SOPh 29 (±7.8) 96 (±49)


14 SOBn 3.9 (±1.5) 140 (±45)


15 SO2Me 1.9 (±0.2) 5.1 (±1.7)


a Values are means of at least three experiments unless otherwise


stated.
b n = 2.

responding methylsulfoxide analog, it was significantly
less selective versus the TP receptor.


At this point sulfoxide 10, which is a mixture of four
stereoisomers, was resolved into its individual isomers.
The DP and TP binding affinities of the two more potent
isomers (16 and 17) are presented in Figure 2. These two
isomers were found to have R configuration at the acetic
acid side chain as determined by X-ray crystallography
of sulfoxide 17 (Fig. 3). The corresponding S stereoiso-
mers were 50- to 100-fold less active on the DP receptor.
The stereochemistry at sulfur has a minimal effect on the
activity or selectivity of these antagonists as illustrated
in Figure 2.


Concurrent with the SAR studies at the 7-position of the
indole, other benzoid positions were explored. The effect
of modifying the right-hand ring was also investigated.
Figure 4 below highlights two initial analogs that were
prepared in this regard. Both of these methylsulfone
analogs were found to be modestly selective for the
DP receptor, though less potent than the corresponding
7-substituted sulfoxide analog 17. Since both 18 and 19
displayed similar binding profiles, it was decided to
focus the initial structure–activity studies on the cyclo-
pentyl series (19). Table 2 highlights some of these re-
sults. Replacement of the methylsulfone with a
sulfonamide group resulted in somewhat diminished
activity. Interestingly, introduction of a bromine atom
at the 7-position, as present in antagonist 21, resulted
in an approximate 270-fold gain in potency. Initial

OS
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O
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Cl
16 17


DP Ki = 1.7 ± 0.7 nM
TP Ki = 130 ± 48 nM


DP Ki = 1.8 ± 0.7 nM
TP Ki =  47 ± 8.4 nM


O O


: :


Figure 2. Prostanoid binding profile of sulfoxides 16 and 17.


Figure 3. ORTEP representation of 17. Non-hydrogen atoms are


represented by ellipsoids corresponding to 20% probability. Hydrogen


atoms have been drawn at arbitrary size.
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Figure 4. Prostanoid binding profile of sulfones 18 and 19.
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pharmacokinetic studies in rats with sulfonamide 21 re-
vealed that this compound was extensively demethylat-
ed. Re-introduction of the more metabolically stable
methylsulfone group, as in 22, improved both the DP
potency and TP selectivity. Compound 22 is thus a po-
tent (Ki = 1.7 nM) DP antagonist with a high level of
TP selectivity (120-fold). At this point, having achieved
desirable level of DP potency we turned our attention on
exploring additional bromine replacements with the aim
of maintaining DP activity while improving the TP
selectivity. To this end, replacement of the bromine with
a vinyl, cyclopropyl, cyano or thiophene unit provided
potent compounds though with comparable levels of
selectivity. Gratifyingly, the level of selectivity could be
further improved with the introduction of a methyl ke-
tone (27) or a secondary alcohol (28) substituent at the
7-position. These data illustrate how, within this indole
series, both the DP activity and TP selectivity can be
effectively modulated with the proper choice of
substituents.


We next examined potential replacements for the para-
chloro benzylic group. Table 3 presents some of the
analogs prepared in this series. Replacement of the chlo-
rine atom with the larger tert-butyl substituent, as in 29,
resulted in a modest loss of activity. Introduction of a
methylsulfonyl unit to generate the bis-sulfone 30 resulted

Table 2. Modification of the indole 5- and 7-positions


N


R2


R1


Compound R1 R2


19 SO2Me H


20 SO2NMe2 H


21 SO2NMe2 Br


22 SO2Me Br


23 SO2Me CH@CH2


24 SO2Me Cy


25 SO2Me CN


26 SO2Me 2-Thiophene


27 SO2Me COMe


28 SO2Me CH(OH)Me


a Values are means of at least three experiments unless otherwise stated.
b n = 2.

in an approximate 1000-fold loss of DP activity. The
meta-chloro analog 31 or the meta-trifluoromethoxy ana-
log 32 provided equipotent antagonists relative to the
chloro analog 22. Interestingly, several heterocycles were
found to be good 4-chlorobenzyl replacements leading to
antagonists such as the 2,3-dichloro-5-thieno[3,2-b]pyri-
dine 33 and the chloroquinoline 34.


While a number of benzyl replacements were identified,
none proved to further enhance the TP selectivity rela-
tive to the corresponding 4-chlorobenzyl analog 22.
Thus, from the above studies, antagonists 27 and 28
were found to display the optimal in vitro profiles. As
before, since antagonists 27 and 28 are mixtures of iso-
mers, it was deemed advantageous at this point to syn-
thesize and evaluate the prostanoid binding profile of
the individual isomers. Table 4 summarizes the prosta-
noid binding profile of the most active isomers, namely
35 and 36.11 Both 35 and 36 are potent DP receptor
antagonists with high levels of selectivity versus the
remaining seven prostanoid receptors as measured by
the receptor binding affinities. In addition, antagonists
35 and 36 display excellent potencies in a DP functional
assay where they inhibit the PGD2 induced production
of cAMP in platelet rich plasma12 (PRP) with IC50 val-
ues of 7.9 and 8.6 nM, respectively. Also, the TP selec-
tivities of 35 and 36 were maintained in a TP
functional assay13 which measures a compound’s ability
to inhibit the U46619-induced platelet aggregation in
platelet rich plasma (see Table 5).


The preparation of the tetrahydrocarbazole compounds
2–12 presented in Table 1 involved a Fischer-indole reac-
tion as the key step in their synthesis (Scheme 1).14,15


Thus, arylhydrazines (37) are treated with ethyl 2-oxocyc-
lohexanecarboxylate (38) in acetic acid to furnish the
corresponding indoles (39) in moderate to good yields.
Standard benzylation and ester hydrolysis provided the
target compounds (41).

Cl


OH


O


Ki
a (nM)


DP TP


300 (±95) 2100 (±750)


1100 (±850) 2300 (±1300)


4.1 (±0.7)b 100 (±9.1)


1.7 (±0.2) 200 (±40)


3.6 (±2.0) 520 (±210)


2.8 (±1.4) 330 (±210)


9.7 (±0.8) 1100 (±240)


4.5 (±0.7) 730 (±300)


9.5 (±3.0) 3600 (±2300)


8.5 (±2.7) 16,000 (±16,000)







Table 4. Prostanoid receptor binding profiles of 35 and 36


N


S


Cl


35


N


S


Cl


36


OH


O


OH


O
O O O O


O HO


Compound Ki
a (nM)


DP TP EPI EP2 EP3 EP4 FP IP


35 2.6 ± 0.7 1200 ± 470 >20,000 230 >20,000 >20,000 >20,000 >20,000


36 1.8 ± 0.7 7100 ± 820 >20,000 390 >20,000 >2900 >20,000 >20,000


a Values are means of at least three experiments.


Table 3. Modification of the indole benzylic substituents


N


S
O O


O


OH
N


S
O O


O


OH


N


S
O O


O


OH N


S
O O


O


OH
N


S
O O


O


OH


Br Br


BrBr
Br


N


S
O O


O


OH


Br


N


Cl


N
S


ClCl
OCF3


S
O


O
Cl


tBu


29 30 31


32 33 34


Compound Ki
a (nM)


DP TP


29 7.5 (±1.0) 820 (±120)


30 1900 (±720) 2700 (±1100)


31 3.5 (±0.6) 760 (±390)


32 4.1 (±1.1) 260 (±130)


33 4.4 (±2.3) 220 (±73)


34 1.0 (±0.4) 180 (±43)


a Values are means of at least three experiments.


Table 5. DP and TP receptor functional activity of indoles 35 and 36


Compound IC50
a (nM)


DP WPb DP PRPc TP PRPd


35 2.0 (±0.7) 7.9 (±2.8) 8400 (±4700)


36 2.0 (±1.4) 8.6 (±4.3) 43,000 (±16,000)


a Values are means of at least three experiments.
b DP WP assay, inhibition of the accumulation of cAMP in washed


platelets challenged with PGD2.
c DP PRP assay, inhibition of the accumulation of cAMP in platelet


rich plasma challenged with PGD2.
d TP PRP assay, the inhibition of U46619-induced platelet aggregation


in platelet rich plasma.
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Scheme 1. Synthesis of tetrahydrocarbazole series. Reagents and


condition: (a) AcOH; (b) NaH, DMF, 0 �C, 4-ClC6H4CH2Br; (c)


NaOH, H2O, MeOH, THF.
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In the case of the tetrahydrocyclopenta[b]indole series, a
direct Fischer-indole approach proved unsuccessful,
giving rise to low yields and mixtures of products. To

overcome this shortcoming, the indole core was con-
structed via a palladium mediated reaction16 between
an ortho-iodoaniline and a cyclopentanone as illustrated
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Scheme 2. Synthesis of tetrahydrocyclopenta[b]indole series. Reagents and conditions: (a) I2, EtOH, AgSO4; (b) ethyl 2-oxocyclopentane-
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by the synthesis of 27 shown in Scheme 2. Thus, after
iodination of aniline 42, condensation with ethyl 2-oxo-
cyclopentane-carboxylate followed by treatment with
Pd(OAc)2 in DMF yielded the desired indole 44 in good
yields. Selective bromination at the 7-position was
achieved through the actions of pyridinium tribromide
to provide 45.17 Following standard benzylation, a Stille
coupling of 46 with 1-(ethoxyvinyl) tributylstannane fol-
lowed by acidic work-up generated ketone 47.18 Ester
hydrolysis thus delivered the DP antagonist 27.


In summary, we have presented a number of potent and
selective DP receptor antagonists. In particular, indoles
35 and 36 were shown to have the optimal potency and
selectivity. These compounds demonstrate high levels of
DP activity in the DP PRP functional assay and are
amongst the most potent DP antagonist reported to
date. In addition, the structure–activity profile highlight-
ed herein illustrate how, within this indole class of com-
pounds, one can successfully modulate both the DP
potency and TP selectivity of these antagonists.
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Abstract—Integrase is one of three enzymes expressed by HIV and represents a validated target for therapy. This study reports on
the discovery of a new triketoacid-based chemotype that selectively inhibits the strand transfer reaction of HIV-integrase. SAR stud-
ies showed that the template binds to integrase in a manner similar to the diketoacid-based inhibitors. Moreover, comparison of the
new chemotype to two different diketoacid templates led us to propose two aryl-binding domains in the inhibitor binding site. This
information was used to design a new diketoacid template with improved activity against the enzyme.
� 2006 Elsevier Ltd. All rights reserved.

HIV-integrase is the viral enzyme responsible for insert-
ing a DNA-copy of the virus into the host chromosome.
Without this occurring, the virus cannot replicate, mak-
ing integrase an attractive target for the development
of novel anti-HIV agents.1 However, the discovery of
suitable drug candidates targeting HIV-integrase has
proven to be a formidable task. A number of drug dis-
covery campaigns have been launched over the last 15
years, and it is only recently that compounds suitable
for development have been described.2


HIV-integrase catalyzes two reactions. In the first, re-
ferred to as 3 0-processing, the enzyme cleaves two base
pairs from the 3 0-ends of the transcribed viral DNA
(vDNA), leaving 3 0-CA dinucleotides at each end. The
second reaction occurs in the nucleus, wherein the 3 0-
ends of the vDNA are inserted into the host DNA. This
step is referred to as strand transfer and is currently the
preferred target for the development of inhibitors. It is
believed that this reaction occurs via a Mg2+-mediated
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phosphate ester cleavage involving the 3 0-hydroxyl
group of the vDNA. According to this mechanism, the
3 0-hydroxyl group of the incoming vDNA attacks the
phosphate ester of the host DNA-strand to form a pen-
tavalent intermediate.3 Two Mg+2 ions facilitate the flow
of negative charge from the deprotonated 3 0-hydroxyl of
the viral strand to that of the leaving 3 0-hydroxyl of the
host strand. This mechanism is similar to that invoked
for structurally related enzymes such as RNAse H,
Escherichia coli exonuclease, MuA-transposase, Tn5
transposase, and the RuvC-Holliday junction resol-
vase.4 An analogous pentacovalent phosphorus interme-
diate has been observed in the X-ray structure of
b-phosphoglucomutase.5


O O O
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O
Cl


1
IC50 = 1 μM
EC50 = 120 μM


Recent efforts from our labs have uncovered an authen-
tic lead exemplified by compound 1 bearing a triketoacid
structure.6 Compound 1 is a moderately potent inhibitor
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of the isolated enzyme (1 lM)7 and of HIV-1 in cell cul-
ture. Additionally, the compound is able to inhibit inte-
grase in the context of the pre-integration complex (PIC)
(IC50 = 0.6 lM) isolated from infected cells. In counter
screens, it did not inhibit other viral or DNA-processing
enzymes (HIV-RT, HIV-protease, RNase H, BVDV-
polymerase, T3-polymerase, and Klenow fragment)
and was devoid of activity against other viruses (BVDV,
RSV, Flu, and Rhinovirus). Time-of-addition experi-
ments showed that antiviral activity coincided with the
viral integration step.


In order to confirm that integrase is the target, multiple
populations of the virus were maintained in the presence
of 1. Serial passage of virus in the presence of increasing
amounts of inhibitor yielded two isolates with reduced
susceptibility, R1 and R2, after 47 passages. As shown
in Table 1, the two resistant isolates exhibited a >3-fold
decrease in susceptibility to compound. Sequence analy-
sis indicated two unique sets of mutations for each resis-
tant strain (R1 = T66I and L172F, R2 = V151A and
V165I), located in the integrase enzyme. These residues
are found in the core domain of the enzyme and are
close to the active site catalytic DDE triad (Asp64,
Asp116, and Glu152). In subsequent experiments, the
T66I mutation was introduced into the HIV-NL4-3


(HIV-1) strain which resulted in resistance to 1 in cell
culture. Similar results have been reported for the dike-
toacid-based inhibitor, L-731,988, where the T66I,
S153Y, and M154L amino acid changes were observed
to confer resistance.8 Recombinant bacterially expressed
integrase containing the T66I and M154I substitutions

Table 1. Activity of 1 against wild-type (HIV-1) and resistant virus


strain EC50 (lM)


HIV-NL3-4 55


HIV-R1 >200


HIV-R2 >200


HIV-NL3-4 (T66I) >200


O O
O


OH


N


F


L-731,988


Cl O O O
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O O O


Mg+2 Mg+


1 model A


Cl OO O


3


IC50 = 125


IC50 = 0.3 μM


Figure 1. Binding models for L-731,988 and compound 1. In vitro inhibitor

also exhibited decreased sensitivity to 1 (not shown).
Thus, the results clearly show that the triketoacid inhib-
itor 1 targets integrase.


Published studies have concluded that the diketoacid
inhibitors bind to the two catalytic Mg2+ atoms located
in the active site, as depicted in Figure 1.9 In contrast to
L-731,988, compound 1 offers the potential for two dif-
ferent modes of binding to Mg2+, illustrated by model A
and model B in Figure 1. A brief SAR investigation was
conducted in an effort to resolve this ambiguity. L-
731,988 is very sensitive to modifications to the Mg2+-
binding elements, as shown for compound 2, where
the C-terminal carboxylic acid has been replaced by a
tetrazole. Even though the tetrazole moiety is well estab-
lished as a carboxylic acid mimic, in this setting activity
is severely compromised. The triketoacid 1 behaves in a
similar fashion, since compound 3 is essentially inactive.
However, the activity of 1 is only moderately affected by
removal of the d-carbonyl, since compound 4 is only an
order of magnitude weaker. Therefore, since the SAR
for the Mg2+-binding domain of 1 matches that of L-
731988, it is likely that the triketoacid binds to integrase
in the manner depicted by model B.


Next, the SAR related to the phenyl ring was evaluated
and the results of that survey are shown in Figure 2.
Using the unsubstituted parent 5 as a reference point,
it is clear that the introduction of an electron-withdraw-
ing group at the ortho- (e.g., 6–9) or meta- (e.g., 10) po-
sition enhances in vitro activity. The phenyl ring can be
replaced by pyridine, but its activity is sensitive to regio-
chemistry with the more exposed 3-isomer 12 weaker
than the 2-isomer 11. The improved activity observed
for 1 and 6–9, compared to 11 and 12, suggests that a
hydrophobic binding site exists in the region between
the ortho- and meta-sites. Compound 13, wherein this
region is occupied by a fused phenyl ring, was designed
to test this concept. In accordance with the hypothesis,
13 showed a noticeable improvement in inhibitory activ-
ity. In contrast, compounds 14 and 15, which also have
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Figure 2. SAR around the aryl group of the triketoacid chemotype.


Figure 4. Overlay of L-731,988 and 16 (A). Overlay of compound Z-51


and 16 (B). Overlay of E-13 and L-731,988 (C). Halogen atoms are not


shown.


2922 M. A. Walker et al. / Bioorg. Med. Chem. Lett. 16 (2006) 2920–2924

an additional phenyl ring, do not demonstrate increased
potency, indicating that the improved activity seen with
13 is not simply due to non-specific, hydrophobic bind-
ing. This suggests a specific aryl-binding domain exists
within the integrase enzyme that is capable of distin-
guishing subtle differences in structure.


The SAR survey was further expanded in order to map
the binding site occupied by the aryl portion of the
triketoacid template. It was assumed that the fully eno-
lized form of the triketoacid was more consistent with
the SAR than the keto form. As such, there are two pos-
sible configurations for the enol bond, Z and E. In order
to help delineate this issue, diketoacids L-731,988 and 16
were used as model templates. Since L-731,988 was
specifically designed to take full advantage of the inter-
action of the aryl group with integrase, it represents a
compelling template for the purpose of comparison.10


Compound 16 is also very potent and, as such, should
be useful to compare to the triketoacid template
Figure 3.


Despite the fact that L-731,988 and 16 are equipotent,
they differ in the positioning of their aryl groups, with
respect to the diketoacid template. This is illustrated in
Figure 4, where it is observed that an overlay of the
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5 5


Figure 3. Possible enol configurations for 5.

two yields a misalignment of the aryl groups.11 This
result can be interpreted as that there are two aryl-bind-
ing domains available in the active site of integrase.
When the triketoacid template is compared to com-
pound 16, the Z-enol configuration was found to over-
lay better than the E. As seen in Figure 4, although
the alignment of the aryl groups of 16 and 1 is not opti-
mal, the ortho chloro group of the phenyl ring can pro-
ject toward the fused phenyl ring of the indole, allowing
it to occupy this region. This provides an explanation
for the activity enhancing effect of the ortho-substituent.
In contrast, when L-731,988 is used as a model, the E-
enol provides a better overlay. Figure 4 shows an over-
lay of 13, the most active triketoacid, and L-731,998,
and here the aryl groups exhibit very good alignment.
In addition, it is expected that the ortho or meta substit-
uents of 1 and 6–10 would occupy this region. Although
model compounds 16 and L-731,988 predict different
binding geometries for the enol bond of the triketoacid,
both allow reasonable interpretation of the SAR pre-
sented in Figure 2. More significantly, assuming two dif-
ferent aryl-binding domains exist in the enzyme active
site, it is apparent that the triketoacid is able to access
either one with a simple change of enol configuration.







Table 2. In vitro activity of diketoacid analogues


O OH


R
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Compound R IC50 (lM)


17 30


4
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26


18 *
Br
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19
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0.01a


a Assay protocol different to that utilized for 4, 17, and 18 – see


reference 12.
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The final phase of the survey was to re-examine the effect
of removing the enol group connecting the phenyl ring
to the triketoacid moiety. Since the saturated derivative
4 is an effective inhibitor of integrase, compounds 17–19,
were synthesized and evaluated in vitro, as summarized
in Table 2. As anticipated, this modification was well
tolerated and aryl ring substitution resulted in increased
potency. While the SAR trends are similar to that seen
with the enol-containing series, there are some subtle
differences. For example, an ortho Cl substituent is less
effective than an ortho Br. The 3,4-dichloro analogue
19 is highly active, but it should be noted that the data
reported for this compound were determined using a
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1 e
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O O
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CO2Et25
26
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Figure 5. Synthesis of tri- and diketoacids.

different assay than that used to assess the potency of
compounds 4, 17, and 18, preventing a direct compari-
son.12 However, under the modified assay conditions,
compounds 1, L-731,988, and 16 had IC50s = 0.2, 0.02,
and 0.08 lM, respectively, indicating that 19 is indeed
potent when compared to other diketoacid-based
inhibitors.


In summary, we disclose the basic SAR associated with
a new class of triketoacid-based inhibitors of HIV-inte-
grase. Preliminary SAR studies indicate that this chem-
otype binds to integrase in a manner similar to the
diketoacid-based inhibitors. Preferred substitution on
the phenyl group was also studied and it was discov-
ered that an appropriately positioned naphthyl group
yielded optimal activity. Comparison of the triketoac-
ids with two different diketoacid-based inhibitors pro-
vided some insight into the SAR and helped to
establish a model for the binding conformation. The
data are consistent with dual aryl-binding domains
within the integrase protein. Using this information,
we were able to modify the diketoacid template by
removing the carbonyl group adjacent to the aryl
group, which led to the discovery of 19 as a potent
inhibitor of integrase.


Diketoacid-based inhibitors have proven to be very use-
ful as a starting point for the design of clinically verified
agents, thus the discovery of 1 represents a useful lead
toward the goal of developing compounds for the treat-
ment of HIV infection. The objective of the current
investigation was to gain a better understanding of the
tri/diketoacid inhibitor pharmacophore, in order to
develop a more ‘drug like’ template. Toward that end,
the current study provides information regarding the
binding of the aryl domain of the diketoacid-based
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inhibitors. Future publications will demonstrate how
this information can be used to introduce structural
modifications to this portion of the template.


The syntheses of the compounds described in this letter
are illustrated in Figure 5. The triketoacids were pre-
pared using a modified version of the method reported
by Stiles, which is simply a series of two Claisen conden-
sation reactions starting from the methyl-arylketone,
ethylacetate, and dimethyl oxalate.13 Compounds 4,
and 17–19, were also synthesized using Claisen method-
ology as demonstrated.
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Abstract—An array of novel analogues of the marine oxylipins, the manzamenones and plakoridines, have been prepared in
divergent fashion using an approach modelled on a biogenetic theory. Many of the target compounds show potent inhibition
of DNA polymerases a and b and human terminal deoxynucleotidyl transferase (TdT).
� 2006 Elsevier Ltd. All rights reserved.

Marine sponges of the genus Plakortis are a rich source
of structurally diverse natural products with a variety of
bioactivities including anti-cancer, anti-bacterial and
anti-fungal properties.1 Some time ago, we became
interested in a family of oxidized fatty acid derivatives
(oxylipins) isolated from Japanese Plakortis sponges
by the research group of Jun’ichi Kobayashi. Members
of this family of compounds, which include untenone
A (3),2 the manzamenones (e.g., manzamenone A
(5)),3a–c plakevulin A (6)4a,b and the plakoridines (9,
10)3c,5 are characterized by the common structural fea-
tures of at least one fully saturated C16 alkyl chain
and at least one methoxycarbonyl group. It was origi-
nally observed by Kobayashi that many members of
the family possessed structures which could be derived
biosynthetically from (E)/(Z)-methyl-3,6-dioxo-4-doco-
senoate 1/2. Prompted by this observation, we have
described a plausible biosynthetic pathway which inter-
relates 1 and/or 2 with the various oxylipins (Scheme 1)
and we have also provided synthetic chemical evidence
in support of our proposal.6a–e
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Untenone A and manzamenone A are efficient inhibitors
of DNA polymerases a and b (pol a and pol b) as well as
human terminal deoxynucleotidyl transferase (TdT)
(IC50 values ranging between 1.9 and 57 lM).7 The bio-
logical potency of 3 and 5 has provided stimulus for
investigations into the synthesis and evaluation of other
compounds belonging to this structural class. Herein, we
describe the preparation of novel analogues of the
manzamenones and the plakoridines using a divergent
synthetic approach modelled on our biogenetic theory,
together with the results of bioassays of the target
compounds against pol a, pol b and human TdT.


The ultimate aim of our research was to prepare a range
of analogues of the manzamenones (general structure
13) and the plakoridines (general structure 14) using
an approach modelled on our biogenetic theory
(Scheme 2).


Our first goal towards this end was the synthesis of
(E)- and (Z)-enediones of type 11/12, which was accom-
plished in expedient fashion from the methyl ester of
2-furan acetic acid 15 (Scheme 3). Thus, Friedel–Crafts
acylation of 15 with the appropriate acid chloride fol-
lowed by ketone reduction using the Huang-Minlon
modification of the Wolff–Kishner conditions8a,b gave
5-alkyl-furan-2-yl-acetic acids 16 in moderate yields.
Subsequent esterification under either acid-catalysed
conditions or in the presence of DCCI gave ester
derivatives 17.
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Conditions were then developed for the controlled oxi-
dation of the furan ring of 17 to give either 11 or 12.6e


Treatment of 17 with bromine in methanol,9 followed
by hydrolysis of the resulting bis-acetals under mildly
acidic conditions,10 gave (Z)-enediones 11 which exist
predominantly in solution as the cyclic hemi-ketal tauto-
mers 11 0. Alternatively, exposure of 17 dissolved in a
mixture of acetone and water (5:1) to one equivalent
of bromine at �20 �C gave (E)-enediones 12,11 which ex-
ist in solution almost exclusively as enol tautomers 12 0.6e


Mildly basic treatment of hemiketals 11 0 resulted in fac-
ile aldol cyclisation to give untenone analogues 18 from
which the target array of manzamenone analogues 13
could be prepared (Scheme 4).


Our preferred approach to the synthesis of compounds 13
involved initial preparation of manzamenone A ana-
logues 19 using previously described procedures.6a–d Sub-
sequent derivatisation of the free carboxyl group of 19
using standard coupling procedures then provided the
target compounds 13. An intrinsically more attractive

O
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16 1715


Scheme 3. Reagents and conditions; (i) RCOCl, SnCl4, CH2Cl2, �5 �C, 84–


Amberlite� IR 120 (H), D or R2OH, DCCI, CH2Cl2, 0 �C, 75–98%; (iv) B


(vi) Br2, acetone, H2O, �20 �C to �10 �C, 56–61%.

approach to compounds 13 which closely mirrors the pro-
posed biogenesis of the manzamenones involves retro-
Dieckmann reaction of tri-cyclic adducts 20 mediated
by different nucleophiles R3H. Herein, we report for the
first time that dehydrative dimerisation of cyclopente-
nones 18 to give adducts 20 can be achieved using triflu-
oroacetic anhydride (TFAA) as dehydrating agent: the
success of this reagent being a consequence of the absence
of nucleophilic entities in the reaction mixtures which
would otherwise quench the reactive species 20. Disap-
pointingly, exposure of 20 to a range of O and N centred
nucleophiles gave manzamenone analogues 13 in general-
ly poor yields with formation of alternative diastereoiso-
mers (believed to be 2-epi-13), being competitive with the
desired outcome. Formation of the latter was found
most significant following incomplete removal of trifluo-
roacetic acid (TFA) from samples of 20 prior to nucleo-
philic quenching and is believed to be a consequence of
reduced facial selectivity in protonation of the intermedi-
ate enols/enolates formed during the retro-Dieckmann
reactions.


The expediency of the synthetic route to manzamenone
analogues of type 13 has allowed investigations into the
effect of core structural changes on the enzyme inhibito-
ry activity of this class of compounds. For example,
cyclopropyl compound 23 was synthesized in three
steps, and in moderate yield, from 43-O-methylmanz-
amenone A (21) (Scheme 5):6d a more direct approach
to 23 utilising dimethylsulfoxonium methylide (Corey’s
reagent12) for incorporation of the cyclopropane ring
was, unfortunately, unsuccessful.


A selection of our target compounds of type 13 were
assayed against pol a, pol b and human TdT using the
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methods previously described by Mizushina et al.13a–c


The results of the assays are presented in Table 1.
Regarding the structural features which influence the ex-
tent of inhibition of the polymerases, a number of con-
clusions can be reached: (i) lengthy alkyl chains and the
presence of a conjugated enone system are both prereq-
uisites for potent inhibition; (ii) a free carboxylic acid
group attached to C5 is not a requirement for good
activity and ester moieties at this position are well toler-
ated; (iii) inversion of relative configuration at C2 has
little effect on the extent of enzyme inhibition. With
regard to inhibition of human TdT, all structural
alterations resulted in a reduction of potency compared
with manzamenone A and, in particular, lengthy
pendant alkyl chains as well as a free carboxylic acid

Table 1. Inhibition of pol a, pol b and human TdT by manzamenone analo


Compound R1 R2 R3


1 C16H33 CH3 OH


2 C2H5 CH3 OH


3 C12H25 CH3 OH


4 C16H33
iPr OH


5 C16H33 CH3 HN(CH


6 C16H33 CH3 OC2H5


7a C16H33 CH3 OC2H5


8b C16H33 CH3 OCH3


a Inverted stereochemistry at C2.
b Cyclopropyl compound 23.
c Poor solubility at higher concentrations did not allow accurate assessment

group at C5 seemed to be important for good levels of
enzyme inhibition.


The second phase of our research has involved the prep-
aration and bioassay of novel analogues of the plakori-
dines with general structure 14. These compounds have
been prepared from enols 12 0 in one simple synthetic
operation, using an approach modelled on the biogenet-
ic theory.6e Thus, storage of CDCl3 solutions of 12 0 and
imines 2614 at rt for prolonged periods of time gave
plakoridine analogues 14, via intermediate diketones
27, in acceptable yields (Scheme 6).


Small quantities of the diastereoisomers 3-epi-14 were
also generated in these reactions which could be separat-
ed from the major product by careful chromatography.


The results of bioassays of the novel plakoridine
analogues against DNA polymerases a/b and human
TdT are presented in Table 2. All of the pyrrolidine
derivatives are good to moderate inhibitors of the poly-
merases, although generally less active than the manz-
amenone analogues. Potency is sensitive to even a
small reduction in the length of the alkyl chain R1 and
is insensitive to inversion of the stereochemistry at C3
as well as variation of the ring substituents R3 and R4:
the only exception to the latter generalization being
the analogue derived from tryptamine (entry 6) which
showed good potency and slight selectivity for DNA
polymerase b. None of the analogues displayed
significant inhibition of human TdT.

gues


IC50 (lM)


Pol a Pol b TdT


1.9 3.2 2.5


>50c >50c >50c


1.9 2.3 8.6


3.3 4.4 20


2)2Ph 6.9 8.7 >12.5c


2.3 1.9 39.7


3.5 2.4 48.4


>12.5c >12.5c >12.5c


of IC50.







Table 3. Inhibition of pol a and pol b by enedione 1, untenone A (3)


and plakevulin A (6)


IC50(lM)


Pol a Pol b


(E)-Enedione 1 3.7 8.8


Untenone A (3) 4.3 57


Plakevulin A (6) 66 179


Table 2. Inhibition of pol a, pol b and human TdT by plakoridine analogues


Compound R1 R2 R3 R4 IC50 (lM)


Pol a Pol b TdT


1 C16H33 CH3 C2H5 Ph(CH2)2 8.9 8.7 >25b


2 C16H33 CH3 C6H5 Ph(CH2)2 7.9 8.8 >50b


3 C12H25 CH3 C2H5 Ph(CH2)2 25 22 >50b


4 C12H25 CH3 C2H5 PhCH2 19.9 30 >50b


5a C12H25 CH3 C2H5 PhCH2 19.7 27.1 >50b


6 C12H25 CH3 C6H5 3-indolyl(CH2)2 21 10 >50b


a Inverted stereochemistry at C3.
b Poor solubility at higher concentrations did not allow accurate assessment of IC50.
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Scheme 6. Reagents and conditions; (i) H2O, rt, 3 h, 90–97%; (ii) CDCl3, rt, 4–28 d, 26–40%.
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The results reported here for the array of novel
analogues of the manzamenones and plakoridines indi-
cate that the more potent inhibitors of DNA polymerases
a and b share three common structural features: at least
one long saturated alkyl chain, an a,b-unsaturated
carbonyl moiety and at least one carboxyl group. Unte-
none A (3) also possesses these three features and is a po-
tent inhibitor of pol a,7 whereas plakevulin A (6) lacks an
a,b-unsaturated carbonyl moiety and is only a moderate
inhibitor of pol a and a poor inhibitor of pol b.4b Prompt-
ed by these observations, we have assayed (E)-methyl-
3,6-dioxo-4-docosenoate (1), the putative biosynthetic
precursor of the natural plakoridines, against the poly-
merases. This compound also possesses the three key
structural features and, pleasingly, was found to be a po-
tent inhibitor of both pol a and pol b, showing a slight
selectivity for inhibition of the former (Table 3).


In conclusion, we have prepared a range of novel ana-
logues of the marine oxylipins, the manzamenones
and the plakoridines, using an approach modelled on
a biogenetic theory. We have found that many of the
analogues show strong inhibition of DNA polymerases
a and b and human TdT with the plakoridine analogues
being generally less potent than the manzamenones.
The data indicate that three structural features are key
for good inhibition of the polymerases: at least one long
saturated alkyl chain, an a,b-unsaturated carbonyl
moiety and at least one carboxyl group. The results of
previous SAR studies of untenone A analogues are in
accord with this observation.

Acknowledgments


We acknowledge, with thanks, the EPSRC for funding
(J.R.D., L.L.E., N.M.K., H.R. and A.S.) and we are
also very grateful to Professor Gareth Morris of The
University of Manchester for invaluable advice concern-
ing the NMR analysis of several of our target com-
pounds. We also thank Dr. Masaharu Takemura of
the Functional Genomics Institute at Mie University
for the generous donation of DNA polymerase a.

References and notes


1. Rahm, F.; Hayes, P. Y.; Kitching, W. Heterocycles 2004,
64, 523.


2. Ishibashi, M.; Takeuchi, S.; Kobayashi, J. Tetrahedron
Lett. 1993, 34, 3749.


3. (a) Tsukamoto, S.; Takeuchi, S.; Ishibashi, M.; Kobay-
ashi, J. J. Org. Chem. 1992, 57, 5255; (b) Kobayashi, J.;
Tsukamoto, S.; Takeuchi, S.; Ishibashi, M. Tetrahedron
1993, 49, 5955; (c) Takeuchi, S.; Kikuchi, T.; Tsukamoto,
S.; Ishibashi, M.; Kobayashi, J. Tetrahedron 1995, 51,
5979.


4. (a) Tsuda, M.; Endo, T.; Perpelescu, M.; Yoshida, S.;
Watanabe, K.; Fromont, J.; Mikami, Y.; Kobayashi, J.
Tetrahedron 2003, 59, 1137; (b) Saito, F.; Takeuchi, R.;
Kamino, T.; Kuramochi, K.; Sugawara, F.; Sakaguchi,
K.; Kobayashi, S.; Tsuda, M.; Kobayashi, J. Tetrahedron
Lett. 2004, 45, 8069.


5. Takeuchi, S.; Ishibashi, M.; Kobayashi, J. J. Org. Chem
1994, 59, 3712.


6. (a) Al-Busafi, S.; Drew, M. G. B.; Sanders, T.; Whitehead,
R. C. Tetrahedron Lett. 1998, 39, 1647; (b) Al-Busafi, S.;
Whitehead, R. C. Tetrahedron Lett. 2000, 41, 3467; (c) Al-
Busafi, S.; Doncaster, J. R.; Drew, M. G. B.; Regan, A. C.;
Whitehead, R. C. J. Chem. Soc., Perkin Trans. 1 2002,
476; (d) Doncaster, J. R.; Ryan, H.; Whitehead, R. C.
Synlett 2003, 651; (e) Etchells, L. L.; Sardarian, A.;
Whitehead, R. C. Tetrahedron Lett. 2005, 46, 2803.


7. Saito, F.; Takeuchi, R.; Kamino, T.; Kuramochi, K.;
Sugawara, F.; Sakaguchi, K.; Kobayashi, S. Bioorg. Med.
Chem. Lett. 2004, 14, 1975.







J. R. Doncaster et al. / Bioorg. Med. Chem. Lett. 16 (2006) 2877–2881 2881

8. (a) Huang-Minlon J. Am. Chem. Soc. 1946, 68, 2487; (b)
Huang-Minlon J. Am. Chem. Soc. 1949, 71, 3301.


9. Levisalles, J. Bull. Soc. Chim. Fr. 1957, 997.
10. Williams, P. D.; LeGoff, E. J. Org. Chem. 1981, 46, 4143.
11. Jurczak, J.; Pikul, S. Tetrahedron Lett. 1985, 26, 3039.
12. Golobolov, Y. G.; Nesmeyanov, A. N.; Lysenko, V. P.;


Boldeskul, I. E. Tetrahedron 1987, 43, 2609.
13. (a) Mizushina, Y.; Tanaka, N.; Yagi, H.; Kurosawa,


T.; Onoue, M.; Seto, H.; Horie, T.; Aoyagi, N.;
Yamaoka, M.; Matsukage, A.; Yoshida, S.; Sakaguchi,
K. Biochim. Biophys. Acta 1996, 1308, 256; (b)

Mizushina, Y.; Yagi, H.; Tanaka, N.; Kurosawa, T.;
Seto, H.; Katsumi, K.; Onoue, M.; Ishida, H.; Iseki,
A.; Nara, T.; Morohashi, K.; Horie, T.; Onomura, Y.;
Narusawa, M.; Aoyagi, N.; Takami, K.; Yamaoka, M.;
Inoue, Y.; Matsukage, A.; Yoshida, S.; Sakaguchi, K.
J. Antibiot. 1996, 49, 491; (c) Mizushina, Y.; Yoshida,
S.; Matsukage, A.; Sakaguchi, K. Biochim. Biophys.
Acta 1997, 1336, 509.


14. Simion, A.; Simion, C.; Kanda, T.; Nagashima, S.;
Mitoma, Y.; Yamada, T.; Mimura, K.; Tashiro, M.
J. Chem. Soc., Perkin Trans. 1 2001, 2071.





		Synthetic analogues of the manzamenones and plakoridines which inhibit DNA polymerase

		Acknowledgments

		References and notes












Bioorganic & Medicinal Chemistry Letters 16 (2006) 3030–3033

Zinc(II) and copper(II) complexes of b-substituted
hydroxylporphyrins as tumor photosensitizers


Qimao Huang,a Zhiquan Pan,a,* Ping Wang,b Zhangping Chen,b


Xiaolian Zhangc and Hansheng Xub


aHubei Key Lab of Novel Reactor & Green Chemical Technology, Wuhan 430073, PR China
bCollege of Chemistry and Molecular Sciences, Wuhan University, Hubei Wuhan 430072, PR China


cSchool of Medicine, Wuhan University, Hubei Wuhan 430072, PR China


Received 1 February 2005; revised 4 February 2006; accepted 21 February 2006


Available online 15 March 2006

Abstract—Novel photosensitizers b-(hydroquinon-2-yl)-5,10,15,20-tetra(4-hydroxylphenyl)porphyrinato zinc(II) (Zn(II)P) and b-
(hydroquinon-2-yl)-5,10,15,20-tetra(4-hydroxylphenyl)porphyrinato copper(II) (Cu(II)P) were synthesized and characterized. Their
ability of producing singlet oxygen under irradiation was detected by the measurement of decomposition of 1,3-diphenylisobenzofu-
ran (DPBF). The preliminary biological activity studies show that the Zn(II)P has photo-toxicity on human chronic myelogenous
leukemia cell (K562) and could cleave supercoiled DNA (pBR 322 DNA), while the Cu(II)P has inferior biological activity. Results
showed Zn(II)P having high anti-tumor activity, which presents a promising photosensitizer for photodynamic therapy.
� 2006 Elsevier Ltd. All rights reserved.

Photodynamic therapy (PDT) is an attractive method
for treating tumors.1 The curative activity of PDT is
based on the interaction between photosensitizers and
light.2 Porphyrins have been developed as promising
photosensitizers in recent years,3 among these photosen-
sitizers, hydroxyl-substituted porphyrins show excellent
activity.4 To our knowledge, few b-substituted porphy-
rins are synthesized as potential tumor photosensitiz-
ers,5 however the sterically encumbered structure of
b-substituted porphyrins is more close to that of natural
porphyrin than that of meso-substituted porphyrins,
and it ought to be more widely used in biological stud-
ies.6 On the basis of these advisement by this informa-
tion, we now report the synthesis and the anti-tumor
activity studies of novel b-substituted hydroxylporphy-
rins which bear four hydroxyl group on meso position
and two hydroxyl group on beta position, with the pur-
pose of improving the hydrophilicity and anti-tumor
activity. The compounds Zn(II)P and Cu(II)P were first
synthesized. The ability of producing singlet oxygen was
detected by the measurement of decomposition of 1,3-
diphenylisobenzofuran (DPBF) for compounds Zn(II)P
and Cu(II)P under irradiation. The photosensitizing
activity toward supercoiled DNA (pBR 322 DNA) and

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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K562 human chronic myelogenous leukemia cell line
of these hydroxylporphyrin photosensitizers was
investigated. The results show that Zn(II)P could cleave
supercoiled DNA (pBR 322 DNA) and induce necrosis
or apoptosis of K562 human chronic myelogenous
leukemia cells under irradiation. While Cu(II)P and
5,10,15,20-tetra(4-hydroxylphenyl)porphyrin exhibit
inferior photosensitizing activity and lower singlet
oxygen yield. The anti-tumor activity testing results
are corresponding with their ability of producing singlet
oxygen under irradiation.


The synthetic route of the b-(hydroquinon-2-yl)-
5,10,15,20-tetra(4-hydroxylphenyl)porphyrins is shown
in Scheme 1. The condensation of pyrrole with 4-meth-
oxylbenzaldehyde gives compound 1 (22% yield after
purification by silica gel column chromatography).
Metallization of 1 obtains 2 in high yield. The regiose-
lective synthesis of 3 was realized by the reaction be-
tween 2 and copper(II) nitrate in the presence of
acetic acid/acetic anhydride.7 Demethylation of 3 offers
b-NO2-5,10,15,20-tetra(4-hydroxylphenyl)porphyrinato
copper(II) 5. Cu(II)P was synthesized by the direct
reaction of 5 with neutral hydroquinone in 93% yields.8


Because the regioselective nitration of porphyrinato
zinc(II) was not efficacious as porphyrinato copper(II),
b-NO2-5,10,15,20-tetra(4-hydroxylphenyl)porphyrinato
zinc(II) 7 has to be synthesized by an indirect way:
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Scheme 1. Synthesis of b-hydroquinone-5,10,15,20-tetra(4-hydroxyl-


phenyl)porphyrin and its derivatives. (a) Propanoic acid, reflux for


2.0 h (22%); (b) Cu(OAc)2, CHCl3, methanol, reflux for 1 h (97%); (c)


(CH3CO)2O/CH3COOH, CHCl3, Cu(NO3)2, 45 �C, 5 min (97%); (d)


BBr3, CH2Cl2, �10 �C, 24 h (75%); (e) CF3COOH, CHCl3, rt, 30 min


(95%); (f) Zn(OAc)2, CHCl3, methanol, reflux for 1 h (97%); (g)


hydroquinone, reflux under argon protection for 1.0 h (93%).
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Figure 1. Cleavage of supercoiled pBR322 DNA by compound


Zn(II)P. [Lane 1, 0.1 lg pBR322 + 2 mL DMF, ht (2.5 h); lane 2,


0.1 lg pBR322 + Zn(II)P (50 lM); lane 3, 0.1 lg pBR322 + Zn(II)P


(50 lM), ht (2.5 h); lane 4, 0.1 lg pBR322 + Zn(II)P (100 lM); lane 5,


0.1 lg pBR322 + Zn(II)P (100 lM), ht (2.5 h); lane 6, 0.1 lg


pBR322 + Zn(II)P (200 lM); lane 7, 0.1 lg pBR322 + Zn(II)P


(200 lM), ht (2.5 h).]
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Figure 2. Cleavage of supercoiled pBR322 DNA by compound


Zn(II)P and 5,10,15,20-tetra(4-hydroxylphenyl)porphyrinato zinc(II)


(Zn(II)P4 [lane 1, 0.1 lg pBR322; lane 2, 0.1 lg pBR322, ht (2.5 h);


lane 3, 0.1 lg pBR322 + 1 mL DMF; lane 4, 0.1 lg pBR322 + 1 mL


DMF, ht (2.5 h); lane 5, 0.1 lg pBR322 + Zn(II)P (200 lM); lane 6,


0.1 lg pBR322 + Zn(II)P (200 lM), ht (2.5 h); lane 7, 0.1 lg


pBR322 + Zn(II)P4 (200 lM); lane 8, 0.1 lg pBR322 + Zn(II)P4


(200 lM), ht (2.5 h).]
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demetallization of 3 with CF3COOH gives porphyrin 4,
then demethylates with BBr3 in CH2Cl2 at �10 �C for
20 h to give 6, compound 6 metallized with Zn(OAc)2


in methanol gaining 7. Zn(II)P was obtained by the
reaction of 7 with hydroquinone in 93% yield.8 The
new compounds were fully characterized by 1H
NMR, FAB-MS, and UV.9

As expected from presenting the six hydroxyl group, the
b-substituted hydroxylporphyrins Cu(II)P and Zn(II)P
are well soluble in methanol or component solvent of
methanol and water, and insoluble in chloroform or
CH2Cl2, while original material porphyrins(1–4) repre-
sent reverse solubility. Porphyrins(5–7) which bear a
four hydroxyl group are weakly soluble in chloroform,
but well soluble in acetone. These results reveal that
the hydrophilic or hydrophobic property of the porphy-
rins achieves excellent changes, which surmount partly
hindrance of water insolubility for photosensitizers.


It is well known that scientific basis for photodynamic
therapy (PDT) is the photodynamic effect of certain
photosensitizers: the photodynamic reactions lead to
the production of many reactive oxygen species (ROS)
that induced the tumor necrosis or apoptosis.10 In order
to determine the photosensitive activity of the novel b-
substituted porphyrins Zn(II)P and Cu(II)P, we investi-
gated their cleaving of DNA (supercoiled pBR322) by
using agarose gel electrophoresis. All experiments were
performed in buffer solutions (pH 8.0, 10 mM
Tris–HCl, 1 mM EDTA, and 4% DMF). High-pressure
mercury lamp (50 W) was used when irradiation was
needed. The distance from the sample to the lamp was
ca. 25 cm. A control containing photosensitizers kept
in darkness was analyzed at the same time (Fig. 1, lanes
2, 4, and 6). The photo-assisted DNA-cleaving activity
of 5,10,15,20-tetra(4-hydroxylphenyl)porphyrinato zin-
c(II) was also performed as a control compound
(Fig. 2, lane 8). The results reveal that the novel hydrox-
ylporphyrin showed cleaving ability only when they irra-
diated with light (Fig. 1, lanes 3, 5, and 7; Fig. 2, lane 6),
while there was almost no observed cleavage of DNA
when Cu(II)P and 5,10,15,20-tetra(4-hydroxylphe-
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nyl)porphyrinato zinc(II) replaced Zn(II)P even with
irradiation (Fig. 2, lane 8). It means that the porphyrins
did not chemically modify the target DNA, but photo-
dynamically. As increasing the concentration of the
Zn(II)P, the cleavage efficiency to DNA increased
(Fig. 1, lanes 3, 5, and 7). In respect to that with increas-
ing the concentration of porphyrin under irradiation,
the concentration of reactive oxygen increased. Their
ability of producing singlet oxygen under irradiation
was detected by the measurement of decomposition of
1,3-diphenylisobenzofuran (DPBF) (Fig. 5). DPBF is
an excellent quencher of singlet oxygen. Relative
reduction percentage of DPBF corresponds to the abil-
ity of photosensitizers to produce singlet oxygen. The
results reveal that singlet oxygen producing ability of
b-substituted hydroxylporphyrins Zn(II)P is superior
to that of 5,10,15,20-tetra(4-hydroxylphenyl)porphyri-
nato zinc(II). Cu(II)P has inferior ability to produce
singlet oxygen, which may be owing to that Cu(II) as
a quencher could inhibit the production of singlet
oxygen.11 Antibacterial activity of Cu(II)P and Zn(II)P
exhibits similar tendency to be able to produce singlet
oxygen: the compound Zn(II)P possesses a higher
anti-microbial activity under illumination for Staphylo-
coccus aureus ATCC 25923 than that of Cu(II)P. It is
believed that major reactive oxygen species originated
from this photodynamic course is singlet oxygen.


The compounds Zn(II)P and Cu(II)P were used to test
in vitro photosensitizing activity on human chronic mye-
logenous leukemia cell (K562). Trypan blue exclusion
assay was employed to evaluate the effect of the concen-
tration on the phototoxic potential of Zn(II)P and
Cu(II)P. The cells were treated with photosensitizers
(16 nmol/L, 80 nmol/L, 160 nmol/L, and 320 nnmol/L)
for 24 h at 37 �C. Irradiation experiments (high-pressure
mercury lamp) and a control containing photosensitizers
kept in darkness were analyzed at the same time. Cell
cultures not being treated with Zn(II)P or Cu(II)P were
irradiated under similar conditions. Survival rate was
100% for cells under irradiation in the absence of photo-
sensitizers (Fig. 3a). Result reveals that cytotoxicity
which is induced by Zn(II)P with illumination is signifi-
cantly stronger than that of Cu(II)P. The cytotoxicity of
photosensitizers with irradiation is also stronger than
that of those maintained in dark. The Zn(II)P induces

Figure 3. Trypan blue staining of human chronic myelogenous leukemia cell


30 min with 50 W high-pressure mercury lamp (wavelength >400 nm); (b)


30 min with 50 W high-pressure mercury lamp (wavelength >400 nm).

more than 95% cell death even if the concentration of
Zn(II)P were 0.32 · 10�6mol/L (Fig. 3b). Figure 4 shows
the survival rate of the human chronic myelogenous leu-
kemia cell (K562) that was incubated with irradiated

(K562). (a) Control cultures, cell incubated for 16 h and illuminated for


Cell incubated with Zn(II)P 320 nmol/L for 16 h and illuminated for
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Zn(II)P in different concentrations. Further studies are
in progress using other b-substituted hydroxyporphyrins
and various metalloporphyrins, and extensive biological
studies are ongoing.
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Abstract—Sixteen 7-substituted gatifloxacin derivatives were synthesized and evaluated for antimycobacterial activity in vitro and
in vivo against Mycobacterium tuberculosis H37Rv (MTB) and multi-drug resistant M. tuberculosis (MDR-TB), and also tested for
the ability to inhibit the supercoiling activity of DNA gyrase from M. tuberculosis. Among the synthesized compounds, 1-cyclopro-
pyl-6-fluoro-8-methoxy-7-[[[N4-[1 0-(5-isatinyl-b-semicarbazo)]methyl]3-methyl]N1-piperazinyl]-4-oxo-1,4-dihydro-3-quinoline car-
boxylic acid (3d) was found to be the most active compound in vitro with an MIC of 0.0125 lg/mL against MTB and MTR-TB.
In the in vivo animal model 3d decreased the bacterial load in lung and spleen tissues with 3.62- and 3.76-log10 protections, respec-
tively. Compound 3d was also found to be equally active as gatifloxacin in the inhibition of the supercoiling activity of wild-type
M. tuberculosis DNA gyrase with an IC50 of 3.0 lg/mL. The results demonstrate the potential and importance of developing
new quinolone derivatives against mycobacterial infections.
� 2006 Elsevier Ltd. All rights reserved.

Tuberculosis (TB) remains the leading cause of mortality
due to a bacterial pathogen, Mycobacterium tuberculosis.
The interruption of centuries of decline in case rates of
TB occurred, in most cases, in the late 1980s and
involved the USA and some European countries due to
increased poverty in urban settings and the immigration
from TB high-burden countries.1 Thus, no sustainable
control of TB epidemics can be reached in any country
without properly addressing the global epidemic. It is
estimated that 8.2 million new TB cases occurred world-
wide in the year 2000, with approximately 1.8 million
deaths in the same year, and more than 95% of those
were in developing countries.2 Approximately, 2 billion
individuals are believed to harbor latent TB based on
tuberculin skin test surveys,3 which represents a consid-
erable reservoir of bacilli. Possible factors underlying
the resurgence of TB worldwide include the HIV epidem-
ic, increase in the homeless population, and decline in
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health care structures and national surveillance.4


Another contributing factor is the evolution of multi-
drug resistant strains, defined as resistant to isoniazid
and rifampicin, which are the most effective first-line
drugs.5 According to the 2004 Global TB Control
Report of the World Health Organization, there are
300,000 new cases per year of multi-drug resistant strains
worldwide, and 79% of multi-drug resistant strain cases
are now ‘super strains,’ resistant to at least three of the
four main drugs used to treat TB.6 The factors that most
influence the emergence of drug-resistant strains include
inappropriate treatment regimens, and patient non-com-
pliance in completing the prescribed courses of therapy
due to the lengthy standard ‘short-course’ treatment or
when the side effects become unbearable.7 Hence, faster
acting and effective new drugs to better combat TB,
including multi-drug resistant tuberculosis, are needed.
Several of the quinolone antibacterials such as gatifloxa-
cin, moxifloxacin, and levofloxacin have been examined
as inhibitors of M. tuberculosis, as well as other myco-
bacterial infections.8


Quinolones inhibit bacterial type II topoisomerases,
deoxyribonucleic acid (DNA) gyrase and topoisomerase
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Figure 1. Inhibitory effects of gatifloxacin and its derivatives on the supercoiling activity of wild-type Mycobacterium tuberculosis DNA gyrase.


Relaxed pBR322 DNA (0.4 lg) was incubated with gyrase activity (2U) reconstituted from WT GyrA and WT GyrB in the presence of 1 mM ATP


and in the absence or presence of the indicated amounts (in lg/ml) of quinolones. Reactions were stopped and the DNA was examined by


electrophoresis in 1% agarose. 0, 0D, N, R, and S denote control without drug, control without drug with the highest amount of DMSO used in the


assay, nicked, relaxed, and supercoiled DNA, respectively.


D. Sriram et al. / Bioorg. Med. Chem. Lett. 16 (2006) 2982–2985 2983

IV,9 which are essential enzymes that maintain the
supercoils in DNA. The incidence of mycobacterial
resistance to fluoroquinolones is relatively low at the
present time, and there are no reports of cross-resistance
or antagonism with other classes of antimycobacterial
agents.10 One major factor relevant to the design of
new antitubercular agents is the transport of compounds
through the cell wall of mycobacteria. This is difficult
since it is well known that mycolic acids and surface
associated lipids of these organisms form a transport
barrier when compared to the cell wall of other eubacte-
ria.11 As a part of the study attempting to further
optimize the quinolone antibacterials against M. tuber-
culosis,12 we have explored the effect of increasing the
lipophilic character at 7th position of gatifloxacin on
activity against MTB. In the present report, we
describe the synthesis, antimycobacterial evaluation
in vitro and in vivo against M. tuberculosis H37Rv
(MTB), and multi-drug resistant M. tuberculosis
(MDR-TB), and tested the ability to inhibit the super-
coiling activity of wild-type M. tuberculosis DNA gyrase
(see Fig. 1).

Table 1. Physical constants, in vitro antimycobacterial activity, and DNA g


N


R1


O


R


N N


H3 C H3C


Compound R R1 Yield (%) Mp (�C


3a F @NNHCONH2 64.8 233


3b CH3 @NNHCONH2 71.1 242


3c Cl @NNHCONH2 69.6 221


3d H @NNHCONH2 74.2 228


3e F @NNHCSNH2 62.6 193


3f CH3 @NNHCSNH2 78.8 217


3g Cl @NNHCSNH2 62.9 189


3h H @NNHCSNH2 70.3 205


a logP values calculated with Chem office 2004 software.
b Minimum inhibitory concentration (in lg/mL) required to inhibit 90% inh
c MIC in lg/mL against multi-drug resistant M. tuberculosis.
d IC50 of drugs in lg/mL, that inhibit M. tuberculosis DNA gyrase activity.

The general procedures for the preparation12 of target
compounds 3a-q (Tables 1 and 2) are described in
Scheme 1. Isatin and its derivatives (1) react with form-
aldehyde and secondary amino (piperazino) function of
Gatifloxacin (2) to form the required Mannich bases of
Gatifloxacin in 62–79% yield. The purity of the synthe-
sized compounds was checked by thin-layer chromatog-
raphy (TLC) and elemental analyses, and the structures
were identified by spectral data.13 In general, infrared
spectra (IR) showed C@N (azomethine) peak at
1640 cm�1 and CH2 (Mannich methylene) peak at
2860 and 2846 cm�1. In the Nuclear Magnetic resonance
spectra (1H NMR), the signals of the respective protons
of the prepared gatifloxacin derivatives were verified on
the basis of their chemical shifts, multiplicities, and cou-
pling constants. The spectra showed a singlet at d 4.2–
4.8 ppm corresponding to –NCH2N– group; multiplet
at d 2.8–3.6 ppm for piperazine proton; multiplet at d
0.28–1.32 ppm for cyclopropyl proton; singlet at 3.52
for C-8 methoxy group and singlet at d 8.1 ppm for
C2–H. The elemental analysis results were within
±0.4% of the theoretical values.

yrase inhibition of 3a–3k


N


F


O


O


OH


O


) logPa MIC MTBb MIC MDR-TBc IC50
d


2.02 0.2 0.2 4.0


2.34 0.39 0.78 4.5


2.42 0.39 0.78 4.0


1.86 0.0125 0.05 3.0


2.58 0.1 0.1 8.0


2.9 0.78 0.78 10.0


2.98 0.39 0.78 4.0


2.42 0.2 0.2 5.0


ibition against M. tuberculosis.







Scheme 1. Synthesis of gatifloxacin derivatives.


Table 2. Physical constants, in vitro antimycobacterial activity, and DNA gyrase inhibition of 3l–3s


Compound R R1 Yield (%) Mp (�C) logPa MIC MTBb MIC MDR-TBc IC50
d


3j F NNHC


O


N 62.1 242 2.9 0.78 0.78 NT


3k CH3 As above 79.0 231 3.23 0.78 0.78 5.5


3l Cl As above 68.3 209 3.3 0.39 0.78 5.0


3m H As above 72.0 216 2.75 0.2 0.78 4.0


3n Cl N SO2NH
N


N
64.8 178 4.16 0.1 0.1 6.0


3o F As above 65.7 192 3.76 0.2 0.1 6.0


3p H As above 71.9 203 3.6 0.2 0.1 8.0


3q CH3 As above 71.8 214 4.09 0.1 0.78 3.0


Gatifloxacin — — — — 1.51 0.2 3.12 4.0


For footnotes see Table 1. NT indicates not tested.
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All compounds were screened for their antimycobacteri-
al activity against MTB and MDR-TB in BACTEC 12B
medium using the microplate alamar blue assay using
serial double dilution technique14 in duplicate. The
MDR-TB clinical isolate was obtained from Tuberculo-
sis Research Center, Chennai, India, and was resistant
to isoniazide, rifampicin, ethambutol, and ofloxacin.
The minimum inhibitory concentration (MIC) is defined
as the minimum concentration of compound required to
give 90% inhibition of bacterial growth and MICs of the
compounds are reported in (Tables 1 and 2). Among the
synthesized compounds, four compounds (3d, 3e, 3n,
and 3q) (MIC < 0.2 lg/mL) were more active and five
compounds (3a, 3h, 3m, 3o, and 3p) were equipotent

(MIC: 0.2 lg/mL) to that of gatifloxacin against MTB.
Compound 1-cyclopropyl-6-fluoro-8-methoxy-7-[[[N4-
[1 0-(5-isatinyl-b-semicarbazo)]methyl]3-methyl]N1-piper-
azinyl]-4-oxo-1,4-dihydro-3-quinoline carboxylic acid
(3d) was found to be the most active compound in vitro
with an MIC of 0.0125 lg/mL against MTB and was 16
times more potent than gatifloxacin. Against MDR-TB,
when compared to gatifloxacin (MIC 3.12 lg/mL), all
the compounds were more active with an MIC of
60.78 lg/mL, Compound 3d was found to be the most
potent (MIC 0.05 lg/mL) and was 64 times more potent
against MDR-TB when compared to the parent drug
gatifloxacin.


The lipophilicity of the fluoroquinolones is well known
to play an important role in the penetration of these
compounds into bacterial cells.15 Assuming that the is-
sue of penetration is even more crucial for quinolone
activity against mycobacteria,16 our results demonstrat-
ed that simply increasing the lipophilic character at C-7
increased the activity, as shown with logP values of the
synthesized compounds (1.86–4.16, statistically signifi-
cant at p < 0.0001 using t test) (Tables 1 and 2) which
were much more than that of the parent compound
(1.51), these results were consistent with our earlier work
on ciprofloxacin derivatives.12


All the compounds were further examined for toxicity
(IC50) in a mammalian VERO cell line at concentrations
of 62.5 lg/mL. After 72 h exposure, viability was assessed
on the basis of cellular conversion of MTT into a forma-
zan product using the Promega Cell Titer 96 non-radioac-
tive cell proliferation assay.17 The compounds were found
to be non-toxic until 62.5 lg/mL. Compound 3d showed
selectivity index (IC50/MIC) of more than 1250.


Subsequently, compound 3d was tested for efficacy
against MTB at a dose of 50 mg/kg (Table 3) in six-
week-old female CD-1 mice. In this model,12 the mice
were infected intravenously through caudal vein approx-
imately 107 viable M. tuberculosis ATCC 35801. Drug
treatment began after inoculation of the animal with
microorganism for 10 days by intraperitoneal route.
After 35 days postinfection, the spleens and right lungs
were aseptically removed and ground in a tissue homog-
enizer, the number of viable organisms was determined
by serial 10-fold dilutions and subsequent inoculation







Table 3. In vivo activity data of 3d and gatifloxacin against


Mycobacterium tuberculosis in mice


Compound Lungs


(log CFU ± SEM)


Spleen


(log CFU ± SEM)


Control 7.88 ± 0.22 8.84 ± 0.21


3d (50 mg/kg) 4.26 ± 0.19 5.08 ± 0.31


Gatifloxacin (50 mg/kg) 5.82 ± 0.18 6.14 ± 0.12
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onto 7H10 agar plates. Cultures were incubated at 37 �C
in ambient air for 4 weeks prior to counting. Bacterial
counts were measured and compared with the counts
from negative (untreated) controls (Mean culture-form-
ing units (CFU) in lung: 7.88 and in spleen: 8.84). Com-
pound 3d decreased the bacterial load in lung and spleen
tissues with 3.62- and 3.76-log10 protections, respective-
ly, and was considered to be promising in reducing bac-
terial count in lung and spleen tissues. When compared
to gatifloxacin at the same dose level 3d decreases the
bacterial load with 1.56- and 1.06-log10 protections in
lung and spleen tissues, respectively.


The bacterial targets of quinolones are the type II DNA
topoisomerases, DNA gyrase and topoisomerase IV.
These ATP-dependent enzymes act by a transient dou-
ble-stranded DNA break and cooperate to facilitate
DNA replication and other key DNA transactions.17


DNA gyrase is unique in catalyzing the negative super-
coiling of DNA and is essential for efficient DNA repli-
cation, transcription, and recombination, and appears
that DNA gyrase is the sole topoisomerase target for
quinolones in MTB.18 The ability of 16 synthesized
quinolones to inhibit DNA supercoiling by M. tubercu-
losis gyrase was studied 19 and compared with gatifloxa-
cin and their IC50 data are summarized in Tables 1and 2.
Each of the new compound tested showed dose-depen-
dent inhibition. From the data it is clear that the synthe-
sized compounds inhibit the DNA gyrase activity. When
compared to gatifloxacin, four compounds (3a, 3c, 3g,
and 3m) were found to be equally active with an IC50


of 4 lg/mL and two compounds were slightly more ac-
tive with an IC50 of 3 lg/mL. The results demonstrate
that lipophilic quinolones retain their inhibitory proper-
ty on DNA gyrase from wild-type MTB.


The results revealed that the compound 3d is more ac-
tive than gatifloxacin against TB and MDR-TB. This
study also has revealed that increasing the lipophilic side
chain at C-7 had improved the antimycobacterial activ-
ity in vitro. The investigation on further structure–activ-
ity relationships on various quinolones and emergence
of other drug resistance is now in progress. The present
results highlight the importance of increasing lipophilic-
ity of the compounds to overcome transport barrier into
the cells. Appropriate modification of other quinolones
such as moxifloxacin, sparfloxacin, and sitafloxacin
which are more effective than gatifloxacin is likely to
provide more effective inhibitors of the enzyme with im-
proved efficacy.
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Abstract—A series of N-substituted 4-aryl-4,6,7,8-tetrahydroquinoline-2,5(1H,3H)-diones were synthesized through a rapid one-pot
four-component reaction under microwave irradiation. The method has the advantages of excellent yields (82–96%) and short
reaction time (4–9 min). We provide new series of potential biologically active compounds for biomedical screening.
� 2006 Elsevier Ltd. All rights reserved.

Various quinolone derivatives are known1 to display
interesting biological properties ranging from microbial
activity to cytotoxicity. As a member of the quinolone
family, 4-aryl-quinoline-2(1H)-ones are modulators of
the large-conductance, calcium-activated potassium
(Maxi-K and BK) channels and are potentially useful
in the treatment of diseases which arise from dysfunc-
tion of cellular membrane polarization and conduc-
tance.2 Extensive interest in the synthesis of new drugs
based on 4-aryl-quinoline-2(1H)-one moiety continues
to increase.


It is well known that N-substituted-2-quinolone, com-
pared with parent nucleus, possesses significant differ-
ences in pharmacological activities, for example
substituted N-phenyl-2-quinolones represent the struc-
tural basis of many biologically active compounds, such
as protein kinase inhibitors, immunomodulators,
anti-ulcer agents, hypoglycemics, farnesyl transferase
inhibitors, and antiviral agents.3 Since the synthesis of
4-aryl-1,2,3,4,5,6,7,8–octahydroquinoline-2,5-diones has
been reported by Suarez4 and us,5 a question that arose
was whether slight modification on the nitrogen of the
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octahydroquinoline-2,5-dione may bring significant
changes in pharmacological activities and may provide
new classes of biologically active compounds for bio-
medical screening.


However, the introduction of a functional group to the
nitrogen atom of the octahydroquinoline-2,5-dione has
seldom been reported and so far only the introduction
of an aromatic ring to the nitrogen of the octahydro-
quinoline-2,5-dione has been investigated.6 As a conse-
quence, the interest of further investigations is needed
in order to provide vast new compounds with peculiar
properties for biomedical screening.


The diversity generating potential of multicomponent
reactions (MCRs) has been recognized and their utility
in preparing libraries to screen for functional molecules
is well appreciated.7–9 Microwave irradiation of organic
reactions has rapidly gained popularity as it accelerates
a variety of synthetic transformations.10 The micro-
wave-enhanced procedures without the use of catalyst
are particularly eco-friendly and the protocol has the
advantages of short reaction time and high yield.11


In connection with our previous studies, we describe
here a facile MCR of aldehydes, Meldrum’s acid, dime-
done, and different amines in 95% ethanol without cata-
lyst under microwave conditions12 to afford a new series
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Scheme 1. Synthetic route of 4-aryl-2-quinolone derivatives 5.
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of heterocyclic compounds, the N-substituted 4-aryl-tet-
rahydroquinoline-2,5-dione derivatives (Scheme 1).


The results (Table 1) show that a number of different
aldehydes including electrophilic, electron-donating,
and hetero-aromatic aldehydes were allowed to partici-
pate in the reaction. It is particularly noteworthy that
the protocol can be applied for different amines (includ-
ing aliphatic and alicyclic amines) but also for aromatic
amines which highlight the wide scope of this four-com-
ponent condensation. For comparison, we performed
the reaction for synthesizing 5b under both MWI
(78 �C) and classical heating mode by ethanol refluxing.
As a result, we found that the reaction was efficiently
promoted by MWI and the reaction time was strikingly
shortened to 15 min from 3 h required in traditional
heating condition and the yields were remarkably in-
creased to 80% from 56%. When the temperature was in-
creased from 78 to 90 �C under microwave irradiation,
we found that the yield was increased and the time
was shortened. In order to search for the optimized con-
dition for its reaction, we tested various temperatures.
We found that the reaction performed at 100 �C fur-
nished the best result.


Due to Meldrum’s acid’s pKa = 9.9 and dimedone’s
pKa = 11.5, the activity of methylene of Meldrum’s acid
is stronger than that of dimedone’s.4 So this reaction
may occur via a condensation, addition, cyclization,
and elimination mechanism (Scheme 2). The condensa-
tion between aldehyde 1 and Meldrum’s acid 3 gave
intermediate 6. Michael addition between 6 and 7,

Table 1. Synthesis of 5 under microwave irradiation


Compound Ar R1 R2


5a 4-Cl–C6H4 CH3 CH3


5b 4-OCH3–C6H4 CH3 CH3


5c 4-F–C6H4 CH3 CH3


5d 4-Br–C6H4 CH3 CH3


5e 3-NO2–C6H4 CH3 CH3


5f C6H5 CH3 CH3


5g 2,4-Cl2–C6H3 CH3 CH3


5h 4-CH3–C6H4 CH3 CH3


5i 3,4-(OCH3)2–C6H3 CH3 CH3


5j 2-Thiofuran CH3 CH3


5k 4-F–C6H4 H Cyclopr


5l 4-ClC6H4 CH3 Cyclope


5m 4-BrC6H4 CH3 Cyclope


5n C6H5 CH3 Cyclope


5o 4-F–C6H4 CH3 Cyclope


5p 2-ClC6H4 CH3 Cyclope


5q 4-BrC6H4 CH3 Cyclohe


5r 2,4-Cl2C6H3 CH3 4-CH3C

obtained from dimedone 2 and amine 4, furnished 8.
The intermediate 8 isomerized to 9, which further isom-
erized to 10. Intramolecular cyclodehydration of the
intermediate 10 released acetone and carbon dioxide,
and gave compound 5. In order to confirm the proposed
mechanism, we proceeded with the reaction of 6a and 7a
in ethanol under similar condition (Scheme 3). To our
delight, we achieved identical results and obtained the
target compound 5a. Consequently, our proposed mech-
anism may be rational.


In this reaction, a small detail should bring to attention.
The boiling points of methylamine and cyclopropyl-
amine are 48 and 49 �C, respectively. They are easy to
volatilize and the yields were greatly influenced. So we
convert them into hydrochloride salt and then add NaO-
Ac to liberate the free amines.


All the products were characterized by IR, 1H NMR
analysis. Furthermore, the structures of 5a13 (Fig. 1)
and 5o14 (Fig. 2) were confirmed by an X-ray crystallo-
graphic analysis.15.


In summary, we have developed a sequential four-com-
ponent reaction of aldehydes, Meldrum’s acid, dime-
done, and amines in a small amount of 95% ethanol
by employing microwave irradiation. In addition, high
yields of the products, short reaction times, ease of
work-up, and low-cost16 make the above method advan-
tageous in comparison to the traditional heating
method. This reaction realized the introduction of
functional group on the nitrogen of octahydroquinolone

Time (min) Yield (%) Mp (�C)


4 95 175.4–176.0


8 95 127.3–128.0


5 96 166.6–167.1


6 96 207.1–207.8


7 93 126.2–127.0


6 92 152.0–153.0


7 90 125.8–127.4


6 92 196.0–197.0


9 82 198.3–199.8


7 85 128.0–129.0


opyl 4 92 154.1–155.0


ntyl 6 90 143.0–144.6


ntyl 7 89 157.9–158.5


ntyl 6 88 132.2–133.2


ntyl 8 92 131.9–132.7


ntyl 9 85 164.3–165.1


xyl 7 92 163.0–164.1


6H4 5 90 206.1–207.2
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Figure 1. The structure of 5a.


Figure 2. The structure of 5o.


S. Tu et al. / Bioorg. Med. Chem. Lett. 16 (2006) 2925–2928 2927

derivatives. The new series of N-substituted 4-aryl-
4,6,7,8-tetrahydroquinoline-2,5(1H,3H)-diones may
prove to be of biological interest and provide new clas-
ses of biologically active compounds for biomedical
screening.

Crystallographic data for the structures of 5a and 5o
reported in this letter have been deposited at the
Cambridge Crystallographic Data Center as supplemen-
tary publication with No. CCDC-290312, CCDC-
294134, respectively. Copies of available material can
be obtained, free of charge, on application to the Direc-
tor, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK
(fax: +44 (0) 1223336033 or e-mail: deposit@ccdc.
cam.ac.uk).
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9.634(2) Å, a = b = c = 90�, V = 1652.3(7) Å3, Mr = 317.80,
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Abstract—Two new fluorinated imidazo[1,2-a]pyridine derivatives, 6-(2 0-fluoroethyl)-2-(4 0-dimethylamino)phenylimidazo[1,2-a]pyr-
idine (FEPIP) and 6-(3 0-fluoropropyl)-2-(4 0-dimethylamino)phenylimidazo[1,2-a]pyridine (FPPIP), were synthesized. The binding
affinity for FEPIP and FPPIP to amyloid plaques in human AD cortical tissues was determined. Radiolabeling, in vitro film auto-
radiography, and micro-PET study were performed with [18F]FPPIP to determine its utility as a radioligand for amyloid plaque
imaging in the brain of AD patients.
� 2006 Elsevier Ltd. All rights reserved.

Alzheimer’s disease (AD) is the most prevalent neurode-
generative disorder among the elderly. Neuritic plaques
containing b-amyloid (Ab) peptides and neurofibrillary
tangles in postmortem brain are the two pathological
hallmarks characteristic of AD and provide the basis
for the definitive, albeit postmortem, diagnosis of
AD.1,2 While there are no definitive treatments available
to affect a cure of AD, much recent interest has been giv-
en to the development of anti-amyloid therapies aimed
at halting and reversing amyloid formation and deposi-
tion. Therefore, development of amyloid-specific imag-
ing agents could be potentially useful for early
diagnosis and further neuropathogenesis studies of
AD. Amyloid-imaging tracers could also facilitate the
evaluation of the efficacy of anti-amyloid therapies
currently under intense development.


Efforts to develop radiolabeled Ab imaging agents for
both positron emission tomography (PET) and single-
photon emission computed tomography (SPECT)
have generated a few lead compounds, including
[11C]PIB,3,4 [11C]SB-13,5,6 [18F]FDDNP,7,8 [123I]IBOX,9

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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and [123I]IMPY.10,11 Other structurally similar
compounds have been reported for targeting Ab pla-
ques.12–14 [123I]IMPY ([123I]6-iodo-2-(4 0-N,N 0-dimeth-
ylamino)phenylimidazo[1,2-a]pyridine) has recently
been reported as a potential SPECT agent for imaging
Ab plaques with high binding affinity for preformed syn-
thetic Ab 40 aggregates (Ki = 15 nM) and human AD
cortical homogenates (Kd = 5.3 nM) and desirable phar-
macokinetics in normal mouse brain (2.9% initial dose/
brain at 2 min and 0.2% initial dose/brain at 60 min).


As part of an effort to develop 18F-labeled tracers for
PET imaging of Ab plaques, we developed two fluori-
nated analogues of IMPY, in which its iodo group is
replaced with fluoroethyl (FEPIP) or fluoropropyl
(FPPIP). We report here the synthesis and in vitro affin-
ities of FEPIP and FPPIP, and the radiolabeling and
evaluation of [18F]FPPIP as in vivo PET imaging agent
for Ab plaques. (Fig. 1).


The syntheses of unlabeled FEPIP and FPPIP are
shown in Scheme 1. IMPY (1) was prepared from
condensation reaction between commercially available
2-amino-5-iodopyridine and 2-bromo-4 0-dimethylami-
noacetophenone15 in the presence of a mild base such
as sodium bicarbonate.11 Palladium catalyzed coupling
of 1 with tributyl(vinyl)tin produced the alkene 2 in
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Table 1. The logP and Ki values of IMPY derivatives for binding


human AD cortical tissues


Ligand LogP Ki (nM)


IMPY 3.58 10.3


PIB 1.303 7.8


FEPIP 2.42 177


FPPIP 2.84 48.3


A B


Figure 2. In vitro autoradiographic detection of Ab amyloid deposits


with [18F]FPPIP in postmortem brain tissue sections of frontal


lobe from an AD patient and an age-matched control. (A) AD


tissue + [18F]FPPIP. (B) Control tissue + [18F]FPPIP.
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Figure 1. Structures of IMPY and its two fluorinated analogues.
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90% yield. The following hydroboration–oxidation reac-
tion of 2 gave the hydroxyethyl compound 3 in 86%
yield, which was then converted to FEPIP by reaction
with DAST. FPPIP was prepared in good yield by a
similar method.


The radiolabeling of [18F]FPPIP was accomplished by
treatment of tosylate precursor with anhydrous
[18F]KF and K222 in acetonitrile for 10 min at 90 �C
(Scheme 2). The entire procedure required approximate-
ly 105 min from the end of bombardment. [18F]FPPIP
was prepared in an average 51% decay-corrected yield.
Analytical HPLC demonstrated that the radiolabeled
product was over 98% radiochemically pure, and the
specific activity of the product was 1.7–2.3 Ci/lmol at
time of injection.


In vitro binding affinities of FEPIP and FPPIP to
b-amyloid were determined via the binding competition
with [125I]IMPY using human AD cortical tissues by
quantitative autoradiography.16 The results shown in
Table 1 demonstrate that IMPY and PIB displayed high
binding affinity with Ki = 10.3 and 7.8 nM, respectively,
which is comparable to the previously reported inhibi-
tion constant (Ki = 15 and 4.7 nM) obtained in a pre-
formed Ab 40 aggregate model system. FPPIP
competed well with [125I]IMPY, showing a moderate

5
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Scheme 2. Radiosynthesis of [18F]FPPIP.
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Scheme 1. Syntheses of FEPIP and FPPIP. Reagents and conditions: (a)


1,4-dioxane, Et3N, (PPh3)4Pd, 100 �C, 20 h, 90%; (c) 9-BBN, THF, rt, 24


to 23 �C, 2 h, 32%; (e) Bu3SnCH2CH@CH2, toluene, (PPh3)4Pd, 100 �C, 20 h


(g) DAST, CH2Cl2, �78 �C to 23 �C, 2 h, 44%.

affinity (Ki = 48.3 nM). Decreasing length of the side
chain by a –CH2 group reduced the binding affinity
significantly (Ki for FEPIP was 177 nM). Distribution
coefficients of FEPIP and FPPIP were measured
between 1-octanol and phosphate buffer at pH 7.4,17


and logP values are given in Table 1. FEPIP and FPPIP
display moderate lipophilicity and the logP values are in
the optimal range (1–3) for compounds expected to
enter the brain readily.18


Upon the basis of its higher binding affinity to Ab
plaques, [18F]FPPIP plaque labeling was evaluated by
in vitro film autoradiography as shown in Figures 2
and 3. Specific binding of [18F]FPPIP to amyloid
plaques in sections from postmortem AD brains was
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Figure 4. Time–activity curves of brain regions for [18F]FPPIP in a


rhesus monkey.


Figure 3. Comparison between plaques visualized by [18F]FPPIP


autoradiography and Ab immunohistochemistry. (A) Film autoradio-


gram of [18F]FPPIP displays selective in vitro binding to Ab plaques in


AD brain sections. (B) The same labeled plaques are confirmed by


immunohistochemistry with 4G8. (C) and (D) Images of those regions


demarcated by the rectangles in (A) and (B) were magnified,


respectively, and arrows demarcate the same distribution of plaques.
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clearly observed in cortical gray matter, but not in the
white matter, and the specific binding was eliminated
in the AD specimen with the pretreatment with nonra-
dioactive FPPIP (data not shown). The control brain
sections showed no specific binding, correlating well
with the absence of amyloid plaques in these brains.
To confirm the [18F]FPPIP-labeled plaques at a micro-
scopic level and to determine the specificity of [18F]FPPIP
binding for Ab plaques, AD brain sections labeled with
[18F]FPPIP were subsequently immunostained with a
monoclonal antibody (4G8, Signet, MA) specific for
b-amyloid proteins.19 Clearly, [18F]FPPIP labeled all of
the plaques detected by 4G8 on AD brain sections and a
good correlation with Ab plaques’ labeling was demon-
strated (marked with arrowheads).


The micro-PET imaging study of [18F]FPPIP to assess
brain penetration of the radiolabeled derivatives was
performed in a rhesus monkey that presumably had no
amyloid deposits in its brain. Thus, this experiment re-
flects brain entry and clearance from normal brain tis-
sue. The time–activity curves shown in Figure 4
indicate that [18F]FPPIP easily penetrates the blood–
brain barrier after intravenous injection, with peak value
(SUV) of 1.6–2.7 at 9 min. Relatively fast nonspecific
binding clearance was observed with the radioactivity
ratios of peak—to -105 min 2.6, 1.9, and 2.0 in cerebel-
lum, frontal cortex, and subcortical white matter devoid
of specific binding sites. No bone uptake of radioactivity
was observed in the skull after the intravenous adminis-
tration of [18F]FPPIP to the monkey, indicative of low
in vivo defluorination.


In summary, two new Ab plaque ligands, FEPIP and
FPPIP, have been synthesized and biologically evaluat-
ed. [18F]FPPIP is a promising candidate as PET

imaging agent for Ab, based on its favorable pharma-
cokinetics in a rhesus monkey and its high specific
labeling of Ab plaques in vitro. However, more work
is required to refine this structure in order to increase
binding affinity.
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Abstract—1,2,4-Oxadiazolidin-3,5-dione and 1,3,5-triazin-2,4,6-trione scaffolds were employed as templates to incorporate the phar-
macophore requirements of cytosolic phospholipase A2a substrate mimetics. Inhibitors that are active in both enzyme, and cell-
based assays were identified from both classes. From the SAR work carried out and modeling efforts around these templates,
the triazinetrione scaffold with an additional substitution point was found to be more favorable.
� 2006 Elsevier Ltd. All rights reserved.

Leukotrienes and prostaglandins are important media-
tors of inflammation, generated via the 5-lipoxygenase
and cyclooxygenase pathways, respectively. Prostaglan-
dins and leukotrienes are unstable and are not stored
in cells, but are instead synthesized1 from arachidonic
acid in response to stimuli. Arachidonic acid, which is
fed into these two distinct inflammatory pathways, is
released from the sn-2 position of membrane phospho-
lipids by cytosolic phospholipase A2a2 (cPLA2a, a
group IVA phospholipase). When the phospholipid sub-
strate of PLA2 is phosphatidylcholine with an ether link-
age in the sn-1 position, the lysophospholipid produced
is the immediate precursor of platelet-activating factor
(PAF), another potent mediator of inflammation.3


Most anti-inflammatory therapies have focused on pre-
venting production of either prostaglandins or leukotri-
enes, but not both of them. It is highly desirable to
identify compounds that inhibit the actions of cPLA2a
for use in treating or preventing inflammatory condi-
tions, particularly where these classes of lipid mediators
might have an additive or synergistic pro-inflammatory
effect. Consequently, the direct inhibition of the activity
of cPLA2a has been suggested as a useful mechanism for
a therapeutic agent with application in number of dis-
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ease states including osteoarthritis, rheumatoid arthritis,
and asthma.4


Recent reports5 from our laboratory disclosed our efforts
in this area that identified indoles 2 as cPLA2a inhibitors.
A substrate-based approach was taken using zafirlukast
16 as a starting point since it was designed to be an arachi-
donic acid mimetic with a template that supports an acid-
ic and a lipophilic group. In continuation of this project,
we were evaluating alternate templates that can be
utilized to package the required pharmacophore. In this
report, we describe the identification of two alternate
scaffolds—1,2,4-oxadiazolidin-3,5-dione 3 and 1,3,5-tria-
zin-2,4,6-trione 4 (Figs. 1 and 2).


The compounds of interest could be readily prepared7 as
described in Schemes 1 and 2 . Benzophenone oxime 6
was reduced to the hydroxyl amine intermediate 7,
which was cyclized with chlorocarbonylisocyanate to
give the scaffold oxadiazolidinedione 8 with the benzhy-
dryl lipophilic group. Mitsunobu reaction with the
required alcohol bearing the appropriate acid region
precursor afforded the aldehyde 10, which was oxidized
to give the final target 11. Triazin-2,4,6-trione analogs
were synthesized starting from benzhydrylamine 12
and the isocyanate of interest to give the urea 14. Cycli-
zation of 14 to triazinetrione 15 followed by alkylation
afforded the aldehyde, which was oxidized to give the
final target acid 17.
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Scheme 2. Reagents and conditions: (a) CH2Cl2, rt, 12 h, 90%; (b)


ClCONCO, THF, 0 �C to rt, 3 h, 78%; (c) NaH, THF, 16, rt, 18 h,


67%; (d) sulfamic acid, NaClO2, THF–H2O, rt, 3 h, 81%.


Table 1. 1,2,4-Oxadiazolidin-3,5-diones


Compd R1 R2 Glu-Mic


IC50 (lM)8


2 Reference compound 3


11
Ph Ph


O


COOH
>50


18
Ph Ph


O


COOH
6.7


Figure 2. Template modification for cPLA2a substrate mimetic 2.


Figure 1. LTD4 receptor antagonist Zafirlukast (1) and cPLA2a
substrate mimetic inhibitor (2).
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To explore the feasibility of scaffold exchange in 2,
oxadiazolidin-3,5-dione analog 11 was synthesized
retaining the benzhydryl moiety for the lipophilic region
and the benzoic acid portion of the molecule. While this
direct analog was not potent, a small change in the lipo-
philic group by introducing a methylene spacer between
the ring and the benzhydryl group afforded 18 with a
significant boost in enzyme activity. However, analog
19 with a more flexible lipophilic moiety was inactive.
At this stage we decided to maintain the lipophilic
region as diphenylethyl group and systematically vary
the acid region. Moving the acid to a 3-benzoic acid
derivative as in analog 20 was unfavorable. Adding an
additional 3-hydroxyl substitution to the 4-benzoic
acid (analog 21) led to a 4-fold loss in activity. Chain
extension between the scaffold and benzoic acid by one

Scheme 1. Reagents and conditions: (a) NH2OH, pyridine, ethanol,


60 �C, 3 h, 89%; (b) BH3-Py, MeOH, 10% HCl (pH 2), rt, 18 h, 68%;


(c) ClCONCO, THF, 0 �C to rt, 3 h, 80%; (d) 9, Ph3P, DEAD, THF,


rt, 8 h, 68%; (e) sulfamic acid, NaClO2, THF–H2O, rt, 3 h, 86%.

methylene unit as in compound 22 led to a slight loss
in activity, but further extension (compounds 23) was
not desirable. Introduction of unsaturation (compounds
24–25) diminished the activity as well (see Table 1).

19
Ph Ph


O


COOH
>50
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Ph Ph


O COOH
>50
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A similar approach was undertaken to evaluate the sec-
ond scaffold of interest—triazine-2,4,6-trione. However,
this scaffold has the potential to carry three different sub-
stituents. For direct comparison to 2, analogs were pre-
pared retaining the benzhydryl group for the lipophilic
region and the ethoxy-4-benzoic acid for the acid mimetic.
The third substituent was varied from a small ethyl group
to a bulky benzyl group (compounds 26–29). It was inter-
esting to notice that the compounds were active and the
activity range was within a 2-fold variation, indicating
that while the third substituent gives a boost in activity,
it does not show any significant preference for another
bulky group. However, a rigid phenyl group directly at-
tached to the scaffold, 30 was inactive.


Unlike the oxadiazolidin-3,5-dione scaffold in the case
of triazin-2,4,6-trione, installing diphenylethyl group
(compound 31) for the lipophilic region did not improve
the enzyme potency rather rendered the molecule 10-
fold less active. Probably the rigid benzhydryl group is
well accommodated in the binding pocket since this scaf-
fold has a larger six-membered ring. Also, with triazin-

Table 2. 1,3,5-Triazin-2,4,6-triones


Compd R1 R2 R3 Glu-Mic


IC50 (lM)8


2 Reference compound 3
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O


COOH
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COOH
Allyl 1.3
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O


COOH
n-Butyl 2.4


35
Ph Ph


O


COOH
Benzyl 1.3

2,4,6-triones, chain extension was well tolerated and
the butenyloxy benzoic acid chain (compound 32) was
found to be slightly more potent than the ethoxy benzoic
acid group. As we observed before, with this acid chain,
the size of the third substituent did not play a major role
since compounds 32–35 showed similar potency (see
Table 2).


One of the most potent analogs 35 from this effort was
further characterized in secondary cell-based assays.9


The compound was found to be cell permeable and
was able to inhibit both LTB4 (IC50 = 0.5 lM) and
PGF2-a (IC50 = 0.8 lM) synthesis in a mast cell line
(MC-9 assay). In addition, the compound no longer
inhibited PGF2-a synthesis when exogenous arachidonic
acid was added to bypass cPLA2a indicating that the
compound is also selective for the target in this cell-
based assay. The compound was also active (IC50


TXB2: 5.2 lM) in the ionophore stimulated rat whole
blood assay (COX-1-dependent assay).


Modeling efforts were undertaken to validate the scaf-
fold tolerance. Towards this end, compound 35 and a
series of triazine analogs were docked into the X-ray
structure of cPLA2a10 via Monte Carlo simulation11.
Figure 3 shows a model of compound 35 bound to
cPLA2a with a partial molecular surface (colored by
element) of the active site region. The acid interacts with
the backbone amide nitrogens of Gly 197 and Gly 198,
which are in an approximate cis conformation thought
to stabilize the developing oxyanion during ester hydro-
lysis, and also makes a weak interaction with Ser 228
(4.0 Å to the hydroxyl oxygen), the nucleophile that
attacks the sn-2 ester12. The linker oxygen makes a
hydrogen bond with the backbone amide nitrogen of
Ala 578 closer to the opening of the pocket.

Figure 3. Interaction of 1,3,5-triazin-2,4,6-trione inhibitor 35 with


cPLA2a protein structure. The figure was generated using PyMOL


(DeLano Scientific, 2002, San Carlos, CA, USA).
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In conclusion, we have explored the feasibility of
pharmacophore repackaging with two different novel
scaffolds—1,2,4-oxadiazolidin-3,5-dione and 1,3,5-tria-
zin-2,4,6-trione. While 1,2,4-oxadiazolidin-3,5-dione
provided modest inhibitors, 1,3,5-triazin-2,4,6-trione
with an additional substituent to pick up further interac-
tion was more favorable. Good SAR trend for the
enzyme activity was observed for this novel scaffold
along with activity in the cell-based systems.
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Abstract—The solid phase synthesis of PNA oligomers with the internal dipeptide Gly-Phe is presented and the interaction with
complementary DNA investigated. UV absorbance melting experiments with different but complementary DNA sequences show
that stable PNA�DNA duplexes are only obtained when there is no DNA base opposite the dipeptide unit. Instead, the dipeptide
spacer forms a loop-like structure within the duplex. Further functionalization with N-heterocyclic ligands is described. p-Nitro-
phenylalanine is introduced in place of Phe during solid phase synthesis and subsequently reduced to p-amino-phenylalanine. Reac-
tion with activated acids provides the ligand conjugates in high yield and purity. This strategy opens a universal route to a large
number of internal substitutions in PNA chemistry.
� 2006 Published by Elsevier Ltd.

B


N


O
O


B


N


O
O


N
H


B


N


O
O


N
H


N
H


B
O


B
O


B


O
P


O


B


O
P


O


O


B


O
P


O


O O


O O O


O O O


DNA


PNA


Functionalized
Dipeptide PNA


1


24


5 36

Peptide nucleic acids (PNAs) are DNA analogs where
the sugar-phosphate backbone is substituted by a
pseudopeptide skeleton composed of N-(2-aminoethyl)-
glycine units (Fig. 1).1 PNA possesses a remarkable
chemical stability and is neither degraded by nucleases
nor proteases. In addition, PNA shows high specificity
in binding DNA and RNA. These properties allow
PNA to act as an antigene and antisense agent,
respectively.


In recent literature, metal derivatives of PNA have
received increased attention.2 One notable example is
the development of artificial nucleases3 and proteases,4
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Figure 1. Comparison of DNA, PNA and functionalized dipeptide


PNA (B, nucleobase; L, ligand).

where PNA serves as the recognition domain and a met-
al complex as the cleavage domain. A metal complex can
be introduced either at the N-terminal end of the oligo-
mer3–8 or at an internal site within the PNA sequence.
Maiorana and co-workers9 substituted the C2 atom of
the PNA backbone and retained all nucleobases, while



mailto:Nils. Metzler-Nolte@ruhr-uni-bochum.de

mailto:Nils. Metzler-Nolte@ruhr-uni-bochum.de





Table 1. Sequences and analytical data of PNAs 1–3 prepared in this


study


PNA Sequence Mcalcd Mfound
a


1O Ac-tacc-tgtt-Lys-NH2 2321.0 2321.7


1C Ac-tacc-c-tgtt-Lys-NH2 2572.1 2573.1


1GF Ac-tacc-GlyPhe-tgtt-Lys-NH2 2525.0 2526.7


1tpy Ac-tacc-GlyPhe(NH-5)-tgtt-Lys-NH2 2885.2 2886.2


1bpa Ac-tacc-GlyPhe(NH-6)-tgtt-Lys-NH2 2855.2 2855.1


2O Ac-ttacc-tgtta-Lys-NH2 2862.2 2863.1


2C Ac-ttacc-c-tgtta-Lys-NH2 3113.3 3115.1


2GF Ac-ttacc-GlyPhe-tgtta-Lys-NH2 3066.3 3067.6


2tpy Ac-ttacc-GlyPhe(NH-5)-tgtta-Lys-NH2 3426.4 3428.6


2bpa Ac-ttacc-GlyPhe(NH-6)-tgtta-Lys-NH2 3967.6 3968.2


3O Ac-attacc-tgttat-Lys-NH2 3404.4 3404.5


3C Ac-attacc-c-tgttat-Lys-NH2 3655.0 3654.9


3GF Ac-attacc-GlyPhe-tgttat-Lys-NH2 3608.5 3608.5


3tpy Ac-attacc-GlyPhe(NH-5)-tgttat-Lys-NH2 3396.4 3397.8


a Determined by MALDI-TOF MS.
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Balasubramanian and co-workers,10 Achim and co-
workers,11 and Williams and co-workers12 reported on
PNA oligomers where a nucleobase is exchanged with
a nitrogen ligand capable of metal coordination. From
a synthetic point of view, a major drawback of the pub-
lished internal PNA modifications is that these mono-
mers often have to be prepared in solution by a
multistep procedure.


Here, we present a novel approach to functionalize PNA
oligomers capable of metal coordination. The working
hypothesis is that six atoms are added to the oligomer
backbone using either one PNA monomer or one dipep-
tide.13,14 In addition, both PNA and peptide chemistry
are synthetically based on amide bond formation, per-
formed by solid phase peptide synthesis (SPPS). There-
fore, one PNA monomer can be substituted with one
dipeptide (Fig. 1). We chose Gly-Phe as the dipeptide se-
quence, and we are aiming to functionalize the phenyl
side chain group of Phe by substitution with a nitrogen
ligand. If this substitution is performed on the resin dur-
ing the course of SPPS, a universal strategy is obtained
that opens up an avenue for a vast variety of substitu-
ents and saves the time-consuming monomer synthesis
in solution.


Oligomers 1O–3O, 1C–3C and 1GF–3GF were composed of
two PNA chains (4, 5 or 6mer PNA each), without a cen-
tral C, with A central C or with an internal Gly-Phe
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dipeptide, respectively (see Table 1 for exact sequences).
They were synthesized on TentaGel R Fmoc-Lys(Boc)-
RAM resin using Fmoc-/Bhoc-protected PNA mono-
mers and Fmoc-protected amino acids (see Scheme 1,
for the synthesis of 1GF–3GF).5a,15 The C-terminal lysine
residue is introduced in order to enhance solubility. One
synthetic cycle was composed of deprotection of the N-
terminus (20% piperidine in DMF) and subsequent cou-
pling of the respective PNA or amino acid monomer,
using HATU/DIPEA in DMF. After each coupling step,
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a Kaiser test on free amine groups was performed. If
unreacted amine groups were present, they were acetylat-
ed with 5% acetic anhydride and 6% DIPEA in DMF.
After the last coupling step, the N-terminus was deprotec-
ted and acetylated, followed by cleavage of the final oligo-
mer from the resin (95% TFA, 2.5% H2O, 2.5% TIS) and
precipitation with cold ether. Oligomers 1–3 were purified
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Scheme 2. Synthesis of substituted dipeptide PNAs 1L–3L: internal coupling
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L-OH/HATU/DIPEA (15 min)/DMF (16 h); (e) acetylation: 5% Ac2O/6%


(3 h). Monomers: Fmoc-BBhoc-OH, Fmoc-Gly-OH or Fmoc-Phe(p-NO2)-OH

by RP-HPLC,16 lyophilized and characterized by MAL-
DI-TOF17 (Table 1).


The Fmoc-Phe(p-NO2)-OH amino acid 4 was used as a
key precursor for the internally functionalized PNA
oligomers (Fig. 2). It was prepared by nitration of phen-
ylalanine with HNO3/H2SO4, followed by Fmoc-protec-
tion of the amine group. Acid-functionalized terpyridine
(tpy) 5-OH and bis(2-picolyl) amine (bpa) 6-OH served
as ligands (Fig. 2). Ligand 5-OH was synthesized by
nucleophilic substitution of the corresponding chloride
with e-caprolactone using one equivalent of H2O and
an excess of KOH in dry DMSO.18 Ligand 6-OH
was prepared starting from commercially available,
unsubstituted bis(2-picolyl) amine and methyl
4-(bromomethyl)benzoate.15,19


For functionalization, the same PNA sequences as in
1GF–3GF were chosen, but the p-NO2-Phe derivative 4
was used instead of the unsubstituted Phe. The sequenc-
es were assembled using the procedure described above;
the nitro group was inert under these conditions
(Scheme 2). Reduction of the nitro group was performed
using 0.9 M SnCl2Æ2H2O in DMF on the resin.20 Best re-
sults were obtained if the reduction was carried out
twice after Gly had been added to the growing oligomer
chain on the resin. Then, the ligands 5-OH or 6-OH
were coupled to the p-amino function via their carboxyl-
ic group under standard conditions for amide bond
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Table 2. UV–Tm data for PNAs 1–3 with two different DNA


oligomersa


PNA Tm/�C PNA�7 (+G) Tm/�C PNA�8 (�G)


1O n.o.b 25.1 ± 0.02


1C 41.8 ± 0.5 n.o.b


1GF n.o.b 11.0 ± 0.1


2O 29.4 ± 1.6 35.3 ± 0.1


2C 47.4 ± 0.3 n.o.b


2GF n.o.b 21.5 ± 0.1


3O 35.0 ± 0.7 43.2 ± 0.2


3C 52.1 ± 0.2 n.o.b


3GF n.o.b 30.7 ± 0.2


a Melting temperatures Tm were determined by UV spectroscopy with


DNA 7 (30-TAATGGGACAATAGGGAT-5 0) or DNA 8 (30-TAAT


GGACAATAGGGAT-50) at 3 lM PNA and DNA concentration,


phosphate buffered solution at pH 7 with a NaCl concentration of


100 mM. After pre-equilibration, the A260 was recorded against


temperature (0.5 �C/min, 5–90 �C). The Tm values were determined


as the maxima of the first derivative plots of A260 versus T, and are an


average of four separate experiments ± standard deviation.
b n.o., no sigmoidal melting profile observed.
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Figure 4. Hybridization of the 3GF
�8 duplex with the Gly-Phe


dipeptide bulge. Capital and small letters denote DNA and PNA


monomers, respectively.
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formation (HATU/DIPEA). Finally, oligomer synthesis,
isolation and purification were continued as described
for 1GF–3GF. The analytical data for oligomers 1L–3L


(L = tpy, bpa) are also listed in Table 1.


UV melting experiments were performed in order to
investigate the influence of dipeptide substitution in
PNA oligomers on their DNA binding properties. To
this end, PNA oligomers 1GF–3GF were hybridized to
two different DNA oligomers. First, a DNA 18mer 7
was used. It has a sequence complementary to 1GF–
3GF (bold) with a G monomer (underlined) opposite to
the Gly-Phe dipeptide position: 3 0-TAATGGGACAAT
AGGGAT-5 0. As expected, DNA 7 binds strongly and
cleanly to the complementary PNAs 1C–3C. However,
only a linear increase of absorption rather than a sig-
moidal melting curve was obtained even for the 3�7 du-
plex with the longest PNA sequence. The same result is
observed for the Gly-Phe dipeptide PNAs (1GF–3GF)
(Fig. 3, hatched line for 3GF�7). This result indicates that
the hybridization is critically interrupted by Gly-Phe.
Therefore, melting studies with 1GF–3GF and DNA 8
were conducted. DNA 17mer 8 has the same sequence
as 7, except that the G monomer is omitted: 3 0-
TAATGGACAATAGGGAT-5 0. These experiments give
a clear sigmoidal melting profile, see full line in Figure 3.
The matching PNAs 1GF–3GF show the expected in-
crease in stability with increasing PNA length and in
all cases, insertion of the Gly-Phe dipeptide destabilizes
the duplex by about 13–14 �C. As control experiments,
the PNA oligomers were hybridized with DNA ‘halves’,
that is, truncated sequences that match only the left or
the right half of the PNA from the dipeptide unit on.
In no case, a substantial DNA�PNA binding was ever
observed. All Tm data are collected in Table 2. They sug-
gest an extended PNA�DNA hybridization with the
dipeptide forming a bulge, as known in single stranded
RNA chemistry, Figure 4.

Figure 3. UV melting curves of 3GF
�7 (hatched line) and 3GF


�8 (full


line). The melting temperature (Tm) is indicated with an arrow. The


absolute absorbance of the 3GF
�7 curve was adjusted to make the two


curves overlap at higher temperatures solely to simplify visual


comparison of the curves.

In conclusion, we describe the solid phase synthesis of
PNA oligomers, where an internal PNA monomer is
substituted by the Gly-Phe(p-NO2) dipeptide. The
dipeptide unit can be further functionalized. The key
step is the reduction of the p-nitro group to a p-amino
group on the resin by Sn(II) chloride. This strategy
opens up a large number of possible substitutions by
reaction of the amino group with activated acids,
which is exemplified by coupling of the chelating
ligands 5 and 6 in this work. Lewis and co-workers
used a lysine–DOTA conjugate within a PNA oligo-
mer for radiometal labeling.13 We have recently
reported the use of the Pd-catalyzed Sonogashira cou-
pling using p-iodo-Phe for the synthesis of organome-
tallic peptide bioconjugates.21 The use of p-NO2-Phe is
more versatile in that it is orthogonally ‘deprotected’
by reduction to an amino group, and any carboxylic
acid can subsequently be used for peptide derivatiza-
tion. On the other hand, it requires an additional step
in the reduction of the nitro group to an amino
group. As shown herein, this step can be performed
on the resin in high yield.


In order to establish whether dipeptide substitution
impairs DNA binding of the peptide-substituted
PNA, UV–Tm experiments with various complementa-
ry DNAs were performed. Interaction with comple-
mentary DNA is only possible when there is no
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DNA nucleotide opposite the dipeptide unit. This re-
sult relates well to the work by Seitz and co-workers,
who used a DNA matrix for the catalytic amplifica-
tion of a PNA–dipeptide–PNA oligomer.14 As expect-
ed, melting temperatures increase with increasing
length of the PNA strands flanking the central
dipeptide.


Unfortunately, the tpy and bpa functionalized PNA
oligomers prepared in this work were only soluble at
low pH. Therefore, no Tm experiments could be per-
formed on these compounds. Further substitution of
PNA oligomers with enhanced solubility is presently
under investigation in our laboratory.
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Abstract—NCSi-gb is a neocarzinostatin chromophore (NCS-chrom) metabolite which binds strongly to certain two-base DNA
bulges. Compared with previously reported NCSi-gb analogues, a new analogue with a different aminoglycoside position was syn-
thesized, and it showed strong fluorescence and improved binding and sequence selectivity to DNA bulges. The N-dimethylated
form of this analogue had a similar binding pattern, and it competitively inhibited bulge-specific cleavage by NCS-chrom.
� 2006 Elsevier Ltd. All rights reserved.

Bulged structures of nucleic acid are involved in many
biological processes.1 They were proposed as intermedi-
ates in RNA splicing, frame-shift mutagenesis, intercala-
tor-induced mutagenesis, and imperfect homologous
recombination.2 They were also implicated as binding
motifs for the regulatory proteins involved in viral rep-
lication including the TAR region of HIV-1.3 Therefore,
bulge-binding agents could have important therapeutic
potential. So far, NCSi-gb, a wedge-shaped spirolactone
containing molecule (Fig. 1), is the most promising bind-
ing agent for DNA containing a two-base bulge.4 It was
produced from the spontaneous cyclization of NCS-
chrom, an enediyne antitumor antibiotic, in the absence
of DNA and thiols.5 The NMR structure of the complex
containing a DNA two-base bulge and NCSi-gb has
been solved.6 Binding of NCSi-gb to the DNA two-
base bulge involves major groove recognition by the
drug aminoglycoside moiety and tight fitting of the
wedge-shaped aglycon moiety in the triangular prism
pocket formed by the two looped-out bulge bases and
the neighboring base pairs, with which the drug ring
systems stack.6


However, NCSi-gb is labile due to its lactone ring sys-
tem and possesses appendages that limit its nucleic
acid-binding properties.4 Hence, readily available DDI
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(1) was designed and synthesized as an analogue of
NCSi-gb that might evolve into a potential drug candi-
date that selectively binds two-base bulges.4 As in the
case of NCSi-gb, 1 contains a wedge-shaped aglycon
moiety consisting of two aromatic ring systems held rig-
idly by a spirocyclic ring with a right-handed twist of
35�.4 The aminoglycoside moiety of 1 is linked to the
connecting spirocyclic ring instead of to an aromatic
ring system in NCSi-gb. Similarly, an analogue of 1,
but having a leucine instead of the aminosugar attached
to the spirocyclic ring, has been reported to interact with
bulged DNA.7 The binding of 1 to the best known bulge
substrate is about 10 times weaker than that of NCSi-gb
(entry 1, Table 1 and Fig. 2).4 The binding of 1 to DNA
bulges is much less sequence specific than that of
NCSi-gb (entry 3-7 vs 1, Table 1 and Fig. 2).4


NMR structures of complexes containing a two-base
DNA bulge and 1 or a diastereomer of 1 have been
solved.8,9 Contrary to the situation with NCSi-gb,
the aminoglycoside moiety of 1 is positioned in the
minor groove, and it blocks the intercalation of the
dihydronaphthalenone moiety into the bulge site so
that it too remains mainly in the minor groove.6,8


The difference in the binding mode, likely accounting
for the lower specificity and tightness of binding of
1 for the two-base bulge site, was attributed to the
difference in the aminoglycoside positions.8 Hence,
analogue 2, in which the aminoglycoside moiety is
linked to the three-ring system, was prepared.10 Ana-
logue 2 has shown bulge binding ability comparable
with that of 1 (Table 1).10 The binding between
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Table 1. Dissociation constant (lM) of DNA binding (Fig. 2) by the drugs determined via emission spectra (kexc 313 nm; kemm 460 nm for 13a, 13b,


and 14) at 5 �C


Entry Sequence code NCSi-gb 1 2 13a 13b 14


1 HT3AGTT 0.033 0.46 0.55 0.36 (0.03)a 1.2 (0.1) 0.28 (0.05)


2 HT3AT 10 7.6 9.55 16 (2) 25 (1) 16 (2)


3 HT3AGT 20.6 1.75 7.71 14 (2) 14 (3)


4 HT3AGCTT 0.71 3.04 2.6 (0.3) 6.4 (0.4)


5 HT3AGTA 12.5 2.67 1.84 6.8 (0.6) 12 (2)


6 HT3TGTA 22.2 3.26 8.7 (0.4) 12 (2)


7 HT3GGTA 12.9 5.0 6.4 (0.5) 8.7 (1)


8 HT3GGTT 0.064 1.03 2.5 (0.8) 0.93 (0.01)


9 HT3GGTC 0.416 2.74 3.2 (0.6) 4.5 (1.5)


10 HT3CGTC 0.5 1.48 1.8 (0.2) 2.8 (0.5)


11 DA12:BA14 2.18 2.54 3.18 1.0 (0.1) 1.6 (0.1)


12 DA12:DAc12 307 32.8 100 22 (7) 36 (3)


a Values in parentheses represent standard deviation.


Figure 1. Structures of NCSi-gb, DDI (1) and 2.


Figure 2. Structures of synthetic oligonucleotides.
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DNA bulge structures and NCSi-gb or its analogues
was measured using fluorescence. The fluorescent
chromophore of 1, the naphthyl indanone, was sacri-
ficed in 2 in forming the glycoside bond. To maintain
the fluorescent properties of NCSi-gb and 1, a meth-
oxynaphthalenone system was included in 2 as the
fluorescent chromophore, via a complicated synthetic
process. However, 2 suffers from the drawback of rel-
atively weak fluorescence. Its fluorescence is more
than 100 times weaker than that of 1, and is about
40 times weaker than that of NCSi-gb, limiting its
usefulness as a general probe for DNA bulged struc-
tures. In the binding studies using fluorescence, the
concentration of the fluorescent compound has to be

comparable to or smaller than the dissociation con-
stant. If other analogues with the same aglycon struc-
ture as 2 have a much tighter binding with bulged
DNA structures, their concentrations have to be
low. As a result, the fluorescence intensity will be
low, and binding studies will be difficult.


Analogue 13a (Scheme 1) was, therefore, designed
and prepared. Hoping for a stronger bulge affinity
than 1, the aminoglycoside moiety of 13a is linked
to the two-ring aromatic system instead of the spiro-
cyclic ring. The fluorescent chromophore of 1, naph-
thyl indanone, was preserved to allow for strong
fluorescence. The methoxynaphthalenone system is
avoided, allowing a more simple synthesis than 2.
Another difference between NCSi-gb and analogues
1 and 2 is that NCSi-gb is N-methylated. Compound
14 (Scheme 1) was prepared by N-methylation of 13a
to study the effect of N-methylation on bulge
binding.


Compound 3 was prepared according to a known proce-
dure.10 Acylation of 3 gave 4. Hydroxylation of 4 with
OsO4/NMO and subsequent oxidative cleavage with
NaIO4/H2SO4 followed by aldol closure gave 5.4,10


Compound 6, obtained from reduction of 5 with
NaBH4, was selectively protected by t-butyldimethylsilyl
trifluoromethanesulfonate (TBSOTf) and Ac2O to give
7. Selective deprotection of 7 with K2CO3/methanol fol-
lowed by deprotection with TBAF gave 9. Compound
10 was obtained from oxidation of 9 and its deprotec-
tion with Et3N gave 11. Crystals of 11 were obtained
by solvent diffusion of hexanes into a CH2Cl2 solution
of 11. Structure of 11, determined by X-ray diffraction







Scheme 1. Chemical synthesis of spirocyclic analogues. Reagents and conditions: (i) Ac2O, DMAP, pyridine, 0 �C, 12 h, 96%; (ii) 1—OsO4 (cat),


NMO (1.1 equiv), 12 h, 2—HIO4, 6 h, 3—K2CO3, DMF, 0 �C, 30 min, 55%; (iii) NaBH4, 0 �C, 5 min, 75%; (iv) 1—TBSOTf (1 equiv), 2,6-lutidine,


�30 �C, 2 h, 2—Ac2O, DMAP, pyridine, 12 h, 82%; (v) K2CO3, methanol, 1 h, 93%; (vi) TBAF, 96 h, 64%; (vii) PCC, 4 h, 95%; (viii) Et3N,


methanol, 4 �C, 24 h, 41%; (ix) triflic acid (cat), 15 (3 equiv), �30 �C, 3 h, 12a, 28%, 12b, 41%; (x) 1—piperidine, 45 min, 2—K2CO3, methanol, 2 h,


13a, 75%, 13b, 73 %; (xi) MeI, K2CO3, 5 h, 87%.
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analysis, is shown in Figure 3.11 The X-ray structure
illustrates the position of the hydroxyl group in 11 as
well as the endo relationship of the two aromatic rings.
Like the aglycon moiety of NSCi-gb or 1, 11 is wedge-
shaped consisting of two aromatic ring systems held

Figure 3. ORTEP drawings of 11 showing thermal ellipsoids at 50%


probability. Hydrogen atoms have been removed for clarity in the side


view.

rigidly by a spirocyclic ring with a similar angle of
right-handed twist.4


Coupling of 11 with 154 gave two diastereomers 12a
and 12b.4 Subsequent deprotection was carried out
according to the reported procedure to obtain 13a and
13b.4 The relative stereochemistry of 13a and 13b was
determined by their CD spectra (Fig. 4). The CD spec-
trum of 13a was similar to that of DDI, indicating that
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Figure 4. CD spectra of 13a and 13b.
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Figure 5. Effect of 14 on strand scission at a two-base DNA bulge by


NCS-chrom. Twenty-nine percent of the DNA was cut by NCS-chrom


alone.
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13a is an analogue of NCSi-gb.4 Methylation of 13a
with CH3I/K2CO3 results in 14.


The fluorescence intensities of 13a, 13b or 14 (kexc


313 nm; kemm 460 nm for 13a, 13b, and 14) are strong,
with the same relative fluorescence as 1. Fluorescence
quenching was observed when certain DNA bulges
were added to a solution of 13a, 13b or 14. These fluo-
rescence changes were used to measure the binding
constants for selected oligonucleotides and 13a, 13b
or 14.4 The results are shown in Table 1. The dissoci-
ation constants of NCSi-gb, 1 and 2 with DNA bulges
are included for comparison.4,10


For 13a and 14, binding to a Watson Crick duplex
(entry 12) or to a duplex with a loop (entry 2) is
much weaker than that to a DNA duplex containing
a two-base bulge (entry 1). This indicates that the
two-base bulge, not the DNA duplex or the loop,
is the preferred binding site. With the best binding
substrate HT3AGTT (entry 1) 13a and 14 showed
slightly stronger binding than the previously reported
synthetic analogues, 1 and 2. A switch from pyrimi-
dine to purine base 3 0 to the bulge resulted in
marked reduction in affinity for NCSi-gb (entry 5,
6, 7 versus 1).4,10 Compared to 1 and 2, which have
lost much of the sequence-specificity,4,10 13a and 14
showed improved sequence-specific affinity (entry 5,
6, 7 versus 1). Similar to NCSi-gb, 13a and 14 bind
to certain two-base bulges much more strongly than
to a one-base bulge (entry 3 versus 1). These results
are consistent with NMR structural studies on DNA
bulge complexes containing NCSi-gb or 1 showing
that the position of the aminoglycoside played an
important role in DNA bulge binding.6,8 The binding
patterns of 13a and 14 are similar, suggesting that N-
methylation has a limited effect on bulge binding.


Having established the bulge-binding specificity of 14
it was also of interest to test its ability to compete
with NCS-chrom (its activated radical form) and
block bulge-specific cleavage by the latter. DNA du-
plex (Fig. 2, entry 13, 9 lM) having a single cleavage
site at the bulge was treated with NCS-chrom (12 lM)
as previously described.12,13 DNA was preincubated
with varying levels of 14 for 15 min on ice prior to
the addition of NCS-chrom. Products from a 10 min
reaction were separated on a 15% sequencing gel
and the band intensities were quantitated on a phos-
phorimager. Figure 5 shows that 14 inhibited strand
scission by NCS-chrom in a dose-dependent manner.
Fifty percent inhibition was obtained at a concentra-
tion of 14 about 10-fold in excess of NCS-chrom. This
result is compatible with the relative bulge-binding
affinities of 14 and of NCSi-gb presented in Table 1.
In control experiments, there was no inhibition by
14 of the cleavage of duplex DNA by thiol-activated
NCS-chrom.


In summary, new strongly fluorescent spirocyclic ana-
logues of NCSi-gb possessing aminoglycoside append-
age on the two-ring system were synthesized. These
compounds resemble the natural product in binding

affinity and sequence selectivity for two-base DNA bulg-
es and offer a template to explore additional bulge-bind-
ing compounds.
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Abstract—A screening methodology called ‘genomic screening’ was established to identify natural products that can regulate cellular
gene expression. Application of genomic screening to Keishi-bukuryo-gan (KBG), a Japanese herbal medicine formulation,
identified a previously unnoticed transcriptional effect by linoleic acid, a known KBG component. The approach opens up a
possibility to develop cell-permeable molecular tools for functional genomics research and sets a stage to evaluate the potential
of natural products for transcription therapies.
� 2006 Elsevier Ltd. All rights reserved.

Transcription therapy, or regulation of cellular mRNA
expression for therapeutic purposes, is becoming a via-
ble approach for the treatment of various pathological
conditions, including cancer.1 Common approaches for
transcription therapy include oligonucleotide therapeu-
tics, such as short interfering RNA (siRNA).2 However,
they have to overcome some technical challenges, such
as serum stability and cellular uptake. It is, therefore,
important to explore alternative approaches for safe
and effective regulation of cellular transcription.


In an effort to discover new classes of compounds for
gene regulation, we recently initiated a research program
focusing on the identification of natural products that
can regulate cellular transcription. Some natural prod-
ucts, such as retinoic acid, have been used for transcrip-
tion therapy of leukemia.3 It is likely that many other
natural products are potentially useful molecular tools
for gene regulation in biomedical research as well as
for transcription therapy. Although natural products
may not specifically regulate a single gene, they can still
serve as useful tools as long as their transcriptional
effects are well characterized; speaking of selectivity,
however, even oligonucleotide therapeutics are also
known to cause non-specific cellular responses.4

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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Currently, our knowledge of transcriptional activities
by natural products is limited and fragmental because
of the lack of appropriate screening methods.


Here, we present a screening methodology based on
DNA microarray, which we call ‘genomic screening.’
Genomic screening identifies compounds that can regu-
late cellular mRNA transcription. Identification of such
compounds is important because they can serve as
cell-permeable molecular tools for functional genomics
research and transcription therapy. In this proof-of-
principle study, we used Keishi-bukuryo-gan (KBG), a
Japanese herbal medicine formulation,5 as the first trial
sample to establish the experimental protocol for
genomic screening. This report will describe our estab-
lished scheme for genomic screening together with an
unexpected discovery of gene regulatory effects by lino-
leic acid, one of the KBG components. Although DNA
microarray has been employed for biological character-
izations of natural products, what sets this work apart
from others is that it employs DNA microarray for
the purpose of purification of biologically active
compounds from complex mixture.


Genomic screening consists of two parts: (1) DNA
microarray profiling of cells treated with the compound
mixture of interest and (2) identification of active com-
pounds guided by quantitative real-time polymerase
chain reaction (qRT-PCR) and LC/MS. The first part,
DNA microarray profiling, is important because, at
the onset of each study, we do not know which genes
are modulated by the compound mixture of interest.
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DNA microarray generates mRNA expression profiles
of cells treated by the compound mixture of interest,
and by the vehicle control, from which differentially
expressed genes are identified.6 Once we know which
genes are affected by the compound mixture of interest,
the subsequent screening can be guided by qRT-PCR,
which is more focused and less expensive tool for
mRNA quantitation than DNA microarray.


As the first part of genomic screening, the DNA micro-
array profiling of KBG was carried out using human
umbilical vein endothelial cells (HUVEC). Endothelial
cells were used in this study because many of the bene-
ficial effects of KBG can be linked to its actions on
blood vessels.5 HUVEC was treated with 100 lg/ml of
KBG, which roughly corresponds to the daily dosage
of this formulation for adults (�0.15 g/kg). It is noted
that KBG does not affect the proliferation of HUVEC
at this concentration (see Supplementary data). The
expression profiling was carried out using Genisphere
3DNA 900 MPX kit and MWG Human 40 k A array,
which detects the expression of approximately 20,000
different transcripts. Hybridized arrays were scanned
with Axon GenePix 4000B microarray scanner. The
raw data were processed using the TIGR TM4 pack-
age.7 In order to remove false positives and dye bias,
two independent experiments with dye-flip procedure
were carried out.8 Table 1 summarizes the list of
HUVEC genes differentially regulated by KBG.


Once we found which genes to focus on, we moved onto
the second part of genomic screening: identification of
compounds responsible for the observed changes in gene
expression. To this end, we first prepared a panel of 21
KBG extract fractions as described in Supplementary
data. We then screened these fractions with qRT-PCR
analysis of heme oxygenase 1 (HMOX1). HMOX1 was
selected for this study because its basal expression in
HUVEC was the highest among the differentially
regulated genes, which allowed the most reproducible
analysis of this gene by qRT-PCR. The qRT-PCR
experiments were carried out using Applied Biosystems
TaqMan� Gene Expression Assays on 7500 Real-Time
PCR System.

Table 1. HUVEC genes differentially expressed by KBG (100 lg/ml,


4 h)


GenBank ID Gene Average


ratio


1040871 Aromatic hydrocarbon receptor 3.4


2833652 Gonadotropin-releasing hormone


precursor second form


2.3


4504436 Heme oxygenase 1 2.3


12620187 Unknown (c1orf17) 2.0


2921682 Olfactory receptor; or 19–18 0.5


12653010 NADH dehydrogenase 1 a
subcomplex, 1


0.5


4176442 Unknown (dj1042k10.2) 0.5


14042185 cDNA clone moderately similar to


zinc finger protein 184


0.4


3152822 p120 catenin isoform 2ab; ctnnd1 0.4


Fold change cutoff: 2-fold. The full list of differentially regulated genes


and experimental procedure are described in Supplementary data.

Figure 1 summarizes the results of the qRT-PCR screen-
ing of the 21 fractions. The qRT-PCR analysis identified
8 fractions that significantly (p < 0.01) affected the
expression of HMOX1 when compared to the DMSO
control. Fractions 3N, 3A, 3B, 4N, 4A, 4B, and 7N
up-regulated HMOX1, whereas 1N down-regulated it.
At the concentration used for the qRT-PCR screening,
none of the fractions significantly affected the growth
of HUVEC (data not shown).


In order to identify the KBG component(s) responsible
for the differential expression of HMOX1, we then
examined the LC/MS profiles of individual fractions.
This analysis allowed us to identify molecular ions
uniquely correlated to the observed HMOX1 regulatory
activity. It turned out that compounds with the molecu-
lar weights of 280 and 528 consistently appeared in the
LC/MS chromatograms of the active fractions that reg-
ulated HMOX1. Figure 2 shows the positive and nega-
tive ion profiles of an LC/MS peak (retention time
�27 min), which indicated the presence of a compound
with MW 280. Likewise, the compound with MW 528
was indicated by an analogous LC/MS analysis.


Analysis of known KBG components suggested that
the molecular weights of 280 and 528 could be those
of linoleic acid and pachymic acid, respectively
(Fig. 3a). The qRT-PCR analyses of these compounds
(commercial samples, both at 1 lg/ml) revealed that
linoleic acid indeed induced HMOX1 in HUVEC,
whereas pachymic acid did not affect its expression
(Fig. 3b). The LC/MS retention time of commercial
linoleic acid also matched that of corresponding ions
previously observed in KBG fraction analysis (data
not shown).


Taken together our data demonstrate the utility and
potential of genomic screening. The current study

Figure 1. Screening of KBG fractions with HMOX1 qRT-PCR.


Minimum triplicate experiments were carried out for each condition.


The RQ (Relative quantitation) values, expressed in the log scale here,


correspond to the fold change ratios between drug-treated and control


(DMSO) samples. The qRT-PCR data were normalized by GAPDH


(endogenous control), as well as by the DMSO vehicle control.


Detailed experimental procedure for qRT-PCR is described in


Supplementary data.







Figure 2. Positive and negative ion profiles of an LC/MS peak at �27 min, which were commonly seen in the active fractions. The shown data were


obtained from 7N. LC/MS conditions are described in Supplementary data.


Figure 3. (a) Structures of linoleic acid (MW 280) and pachymic acid


(MW 528). (b) Quantitative RT-PCR (HMOX1) of each compound


(1 lg/ml). D (DMSO vehicle control), P (pachymic acid), and L


(linoleic acid).
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identified linoleic acid as an inducer of the HMOX1
gene. It is known that linoleic acid can modulate cellular
transcription through PPAR, SREBP, etc.9 HMOX1,
however, is not one of the genes known to be regulated
by linoleic acid. HMOX1 is generally considered as a
stress-responsive protein induced by various oxidative
agents,10 although recent studies indicate that it is also
regulated by interleukin-10,11 a potent anti-inflammatory
cytokine. Linoleic acid can serve as a useful molecular
probe to gain novel insights into the signaling cascades
leading to HMOX1 induction.


The importance of the current study, however, goes
beyond the finding of linoleic acid as a regulator of
HMOX1 expression. The current study tells us that
there is still a lot to learn from natural products, even
from those compounds that are generally considered
‘well-known.’ Genomic screening can now be applied
to a wide variety of natural resources to re-evaluate their
biological properties. The methodology can be used
to examine many natural resources that did not yield
‘active compounds’ with traditional screening methods,
such as cytotoxicity assays. For example, genomic
screening is particularly useful for the study of herbal
formulations that do not exhibit toxicity at their thera-
peutic concentrations. It is our expectation that genomic
screening will uncover previously unnoticed transcrip-
tional effects by many natural products. Once active
compounds are identified, the exact nature of transcrip-
tional effects, that is, whether compounds affect mRNA
synthesis or stability, can be further defined by the
examination of nuclear run-on RNA.12 The resulting

compounds can serve as powerful molecular tools for
functional genomics research and will set a stage for
the examination of their potential for transcription
therapies.
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Abstract—A series of highly potent and selective PPARd agonists is described using the known non-selective ligand GW2433 as a
structural template. Compound 1 is bioavailable, potent (10 nM), and shows no cross-activity with other PPAR subtypes up to
10 lM, making it a useful tool in studying the biological effects of selective PPARd activation.
� 2006 Elsevier Ltd. All rights reserved.

The peroxisome proliferator-activated receptors
(PPARs) are lipid-activated transcription factors
belonging to the nuclear receptor superfamily. PPARs
are generally considered as sensors for natural fatty
acids and other diet-derived lipid metabolites, and have
been shown to be key regulators of genes involved in
energy homeostasis and inflammation. To date, three
major subtypes have been identified, namely PPARa,
PPARc, and PPARd. Two successful classes of market-
ed drugs, the hypolipidemic fibrates and the insulin
sensitizing TZDs, are believed to be acting through
activation of the PPARa1–3 and PPARc4–6 subtypes,
respectively.


Several studies have suggested important roles of
PPARd in regulating lipid metabolism and energy
homeostasis in muscle and fat (Fig. 1).7–11 Notably,
the potent PPARd agonist GW501516 increased HDL-
C (80%) and decreased elevated triglyceride and insulin
levels (50%) in obese rhesus monkeys.12 These results
suggest that PPARd agonists might be useful in the
treatment of diseases associated with the metabolic
syndrome, such as dyslipidemia and insulin resistance.
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To date, reports on synthetic selective PPARd agonists
remain limited.13–18 To further elucidate molecular
mechanisms and pharmacological responses following
PPARd activation, we initiated medicinal chemistry
efforts to identify PPARd-selective agonists.


We report the identification of 1,3,5-substituted aryl sys-
tems, such as compound 1 (Fig. 2) as potent and selec-
tive PPARd activators based on structure-based drug
design.


A co-crystal structure of the PPARd ligand-binding
domain (LBD) and the synthetic pan-agonist GW2433
revealed that the affinity of this ligand to the PPARd
subtype most likely arose from its ability to adopt a
Y-shaped fitting into the similarly shaped receptor bind-
ing pocket.19 The shape complementarity may be espe-
cially important for subtype selectivity given the rather
large binding pockets (>1000 Å3) of all three PPAR
subtypes, enabling the receptors to bind a wide range
of fatty acids and their metabolites in several conforma-
tions. The function of these ligands may be seen as skel-
etons that enable the dynamic receptor to wrap around
them and adopt an active conformation. Figure 3 shows
that the virtually docked 1,3,5-substituted aromatic sys-
tem 1 nicely overlays with GW2433, yet it is conforma-
tionally restrained enough to pick up subtle differences
in the extensive hydrophobic side-pockets between sub-
types possibly leading to enhanced ligand specificity.
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Figure 1. PPARd agonists used in efficacy studies reported to date.
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Figure 2. Pan-agonist GW2433 and novel PPARd-selective agonist 1.


Figure 3. Overlay of compound 1 (gray) docked into the PPARd
binding pocket cocrystallized with GW2433 (yellow).


Figure 4. Residues of interest involved in predicting PPARd selectivity


of compound 1. Brown, PPARa; pink, PPARc; blue, PPARd.
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Any other substitution pattern on the core aromatic ring
leads to a significant change in angles between the side-
arms of the ligand and inevitable clashes with the sur-
face of the receptor binding pocket.


It is well established that the side-arm bearing the car-
boxylate head group is crucial for activation of the
receptor via formation of a network of hydrogen bonds
with the triad H323, H449, and Y473. Based on compar-
isons of structural features between the subtypes,13,20 we
omitted any large substitution a to the carboxylate, but
added a key ortho-methyl substituent in the phenyl ring
to interact with a small hydrophobic pocket composed
of F282, C285, and I363.


The large and extremely dynamic binding pockets of the
three PPAR receptors21 make predictions on selectivity
based on certain receptor side chain residues difficult.
Nevertheless, to name a few obvious differences
(Fig. 4), M453 [V444 (PPARa) or L453 (PPARc)] seems

to hinder the PPARd pocket to accommodate bulkier
substituents close to the carboxylate. Likewise, the
bulkier F363 in PPARc [I354 (PPARa) or I363
(PPARd)] may prevent ortho-substituted headgroup
phenyls to bind with high efficiency.


Interestingly, V334 [M325 (PPARa) or M334 (PPARc)]
does not directly flank the ligand-binding pocket, but
allows rotation of L330 to accommodate a trifluoro-
methyl-substituted phenyl-arm of the designed ligand
specifically in the PPARd subtype. Replacing the core
phenyl group with a double bond significantly alters
the position of the two side arms in the pocket, leading
to lower potency and lack of PPAR subtype
selectivity.22


The general synthesis of target molecules 1–18, 25–30 is
depicted in Scheme 1. For the 1,3,5-substituted phenyl
analogs 1–18, we started with a Williamson-
type displacement of the commercially available 3,5-
dibromobenzyl bromide with the head group phenol
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dioxane, MW (170 �C, 6 min) (70% over two steps); (d) LiOH, H2O/


dioxane, rt, 5 h (>95%).
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(or thiophenol) of choice. The synthesis of head groups
used in this study has been described.13,14,23 The phenyl
dibromide intermediates were then coupled with an
excess of the appropriate aryl boronic acid under Suzuki
conditions, followed by saponification of the intermedi-
ate esters to the corresponding carboxylic acids to give
symmetrical analogs 1–13.


Alternatively, by using one equivalent of aryl boronic
acid, the mono-arylated intermediate could be isolated.
This intermediate was then reacted with a different aryl
boronic acid to yield non-symmetrical analogs 14–18
after the final saponification step. Notably, the reaction
times of the Suzuki couplings used in the above reaction
sequences were kept under 10 min by subjecting the
reaction mixtures to microwave irradiation. 1,3,4-
Substituted phenyl analogs 25–37 were prepared using
a similar route, starting with 3,4-dibromobenzyl
bromide.


Scheme 2 shows the synthetic route to pyrimidine ana-
logs 19–24. 4,6-Dihydroxy-2-methylpyrimidine was
treated with POCl3 to give the bis-chlorinated species.24
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Scheme 2. Reagents and conditions: (a) POCl3, 95 �C, 18 h (90%); (b)


ArB(OH)2, K2CO3, Pd(PPh3)4, H2O/EtOH/dioxane, MW (170 �C,


6 min) (80%); (c) NBS, AIBN, CCl4, 75 �C, 24 h (65%); (d) Cs2CO3,


CH3CN, rt, 18 h (95%); (e) LiOH, H2O/dioxane, rt, 5 h (>95%).

Suzuki coupling with excess aryl boronic acids gave a
bisarylated intermediate, which was selectively bromi-
nated at the methyl position using NBS. Nucleophilic
substitution of the bromide with the appropriate head
group phenol and subsequent hydrolysis of the ester
intermediate yields 4,6-arylated pyrimidines 19–21. 2,4-
Arylated pyrimidines 22–24 were prepared in a similar
fashion, starting from 2,4-dichloro-6-methylpyrimidine.


The EC50 values for compounds 1–24 were derived from
in vitro transactivation assays against the human PPAR
subtypes and are listed in Table 1.25 Percent efficacies for
PPARd activation are reported relative to GW501516
(100%). Compound 2 displays micromolar activities
with moderate activities for both PPARc and PPARd.
Extending the side arms of compound 2 further into
the pocket by para-substitution led to an up to 10-fold
improvement in PPARd activity together with a margin-
al ability to activate PPARa. We found that hydropho-
bic substituents with electron-withdrawing properties
such as trifluoromethyl groups (e.g., compound 3) were
optimal (CF3, OCF3 > halo, alkyl, and phenyl; cf. com-
pounds 1, 12, 15, 17, and 18). Notably, meta- or ortho-
substitutions on both phenyl rings resulted in a dramatic
decrease of activity (data not shown). Alternatively, the
addition of a methyl substituent in the head group phen-
yl ring ortho to the substituent bearing the carboxylate
(5) led to a substantial increase of efficacy for PPARd
activation, but was still able to bind to PPARc with
low efficacy (30%). After combining both features in a
single molecule (compound 1), the effects of the substit-
uents in compounds 3 and 5 proved to be synergistic.
Compound 1 showed excellent potency (10 nM) and
selectivity (>1000·) for PPARd, as predicted in our in
silico modeling studies above. The selectivity was also
maintained on the murine receptors (data not shown).


It is evident that incorporation of a ‘fibrate-type’ gemi-
nal dimethyl substitution a to the carboxylate (com-
pound 4) is rather beneficial for PPARd activation;
but analogs showing this type of substitution consistent-
ly seem to dial in activation of the PPARa subtype as
well. Methyl substitution of the head group phenyl ring
meta (compound 6) instead of ortho (compound 1) to
the carboxylate substituent does not allow favorable
interaction of the ligand with the small hydrophobic
side-pocket composed of F282, C285, and I363, and
shows a significant decrease in activity. Early analogs
2–6 are the only exception in displaying subtype cross-
activity to the otherwise completely PPAR-d selective
compound series. When the head group was switched
to a literature known phenylacetic acid16,17,26 such as
in compounds 8 and 9, the now shortened distance be-
tween carboxylate and phenyl ring forces the chloride
substituent to be preferably in meta-position to fit into
this side-pocket. Phenylacetic acid analogs in general
displayed lower efficacies compared to the phenoxyace-
tic acid analogs. An oxomethylene linker proved to be
optimal in the phenoxyacetic acid series. A slightly long-
er thiomethylene linker (compound 7) is tolerated,
which is in accordance with previous studies that the
connection of head to tail in PPAR ligands is usually
flexible and can vary in its length.







Table 1. In vitro activities for compounds 1–19 in cell-based transactivation assays of PPARa, PPARc, and PPARd


UHO2C


V


R2


R3


Y Z


XR1R1


R4


R5


Compound U V R1 R2 R3 X Y Z R4 R5 a (lM) c (lM) d (lM) d % eff


2 O O H H H CH CH CH H H >10 1.2 0.97 45


3 O O H H H CH CH CH CF3 CF3 1.64 >10 0.11 100


4 O O Me H H CH CH CH CF3 CF3 0.73 0.37 0.05 94


5 O O H Me H CH CH CH H H >10 0.74a 0.56 70


1 O O H Me H CH CH CH CF3 CF3 >10 >10 0.01 90


6 O O H H Me CH CH CH CF3 CF3 3.33 >10 0.07 79


7 O S H Me H CH CH CH CF3 CF3 >10 >10 0.03 83


8 Bond O H H Cl CH CH CH CF3 CF3 >10 >10 0.54 39


9 Bond S H H Cl CH CH CH CF3 CF3 >10 >10 0.16 54


10 O O H Me H CH CH CH OMe OMe >10 >10 0.35 94


11 O O H Me H CH CH CH NMe2 NMe2 >10 >10 0.49 74


12 O O H Me H CH CH CH Cl Cl >10 >10 0.11 80


13 O O H Me H CH CH CH OCF3 OCF3 >10 >10 0.03 81


14 O O H Me H CH CH CH CF3 m-CF3 >10 >10 0.56 56


15 O O H Me H CH CH CH CF3 OCF3 >10 >10 0.06 87


16 O O H Me H CH CH CH CF3 OMe >10 >10 0.07 93


17 O O H Me H CH CH CH CF3 Me >10 >10 0.07 78


18 O O H Me H CH CH CH CF3 Ph >10 >10 0.06 75


19 O O H Me H N N CH OMe OMe >10 >10 0.11 72


20 O O H Me H N N CH OCF3 OCF3 >10 >10 0.09 89


21 O O H Me H N N CH CF3 CF3 >10 >10 0.04 78


22 O O H Me H CH N N OMe OMe >10 >10 0.21 80


23 O O H Me H CH N N OCF3 OCF3 >10 >10 0.04 83


24 O O H Me H CH N N CF3 CF3 >10 >10 0.03 90


L-165041b 10 5.5 0.53 —


GW2433b 0.17 2.5 0.19 —


GW501516 1.23 >10 0.004 100


a 30% efficacy (standard: rosiglitazone).
b Reported values.27


Table 2. In vitro activities for compounds 25–27


OHO2C


O


R


R


Compound X R a (lM) c (lM) d (lM)


25 CH OMe >10 >10 >10


26 CH OCF3 >10 >10 >10


27 N CF3 >10 >10 >10
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The SAR results on analogs 10–13 underline the pre-
dominantly hydrophobic character of the receptor bind-
ing pocket. Attempts to desymmetrize the ligand
(compounds 14–18) did not result in significantly im-
proved activity profile. The 50-fold drop in potency
together with a substantial decrease in efficacy seen for
compound 14 emphasizes that para-substitution of the
tail phenyls is required for efficient receptor activation.
Upon substituting the core phenyl ring with pyrimidines
as in compounds 19–24 a similar SAR was observed,
which opens the door to explore other heterocyclic
replacements.


To verify our postulation that a 1,3,5-substitution pat-
tern around the center six-membered aryl ring is re-
quired, we synthesized a series of 1,3,4-substituted
analogs 25–27. All compounds displaying this substitu-
tion pattern were inactive in the in vitro transactivation
assays for all three PPAR subtypes (Table 2).


In summary, despite the extremely dynamic nature of
the side-chain residues surrounding the PPAR ligand-
binding pocket, subtype selectivity was achieved by
designing a conformationally restrained ligand. Based

on our docking results, the PPARd subtype in its acti-
vated state is able to accommodate a rigid Y-shaped
aromatic system displaying roughly 120 degree side-
arm angles (e.g., 1) without having to undergo a series
of non-productive conformational changes.


The experimental data were in excellent correlation with
our in silico predictions. We were able to identify a series
of highly potent and efficacious PPARd agonists (com-
pound 1 with EC50 = 10 nM) that are structurally
distinct from GW501516 with an improved selectivity
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profile. At concentrations up to 10 lM most analogs
reported did not show any activation of other PPAR
subtypes or other nuclear receptors. An in vitro meta-
bolic stability assessment of compounds 1 and 23 gave
no metabolic liabilities after incubation with mouse,
rat or human liver microsomes. Additionally, com-
pounds 1 and 23 had favorable pharmacokinetic proper-
ties (F > 50%, Cmax > 4 lM, t1/2 � 3–6 h) when dosed
orally at 10 mpk as a 0.5% CMC suspension in mice.
We believe that the compounds described will be highly
valuable tools to dissect pharmacological effects of selec-
tive PPARd activation in animal models.
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Abstract—Recently, we reported a useful assay for the determination of yeast Hsp90 ATPase activity. Using this assay, high-through-
put screening of�10,000 compounds was performed to determine the feasibility of this assay on large scale. Results from high-through-
put screening indicated that the assay was reproducible (av Z-factor = 0.80) and identified 0.57% of the compounds as Hsp90 inhibitors
that exhibited IC50s less than 20 lM. The structures of several of these inhibitory scaffolds are reported along with their IC50 values.
� 2006 Elsevier Ltd. All rights reserved.
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The Hsp90 molecular chaperone is responsible for fold-
ing nascent polypeptides into biologically active struc-
tures and refolding denatured proteins back into their
native conformation.1–5 The Hsp90 protein folding
process is driven by its inherent ATPase activity, which
provides the requisite energy for the protein folding
machinery to conformationally transform protein
substrates.6 Inhibitors of ATP binding/hydrolysis
prevent Hsp90 from acquiring the energy necessary for
this transformational process and produce unstable
complexes that are ultimately degraded via the ubiqui-
tin-proteasome pathway.7 Therefore, small molecule
inhibitors transform the normal protein folding machin-
ery into a catalyst for protein degradation.


In contrast to traditional cancer chemotherapeutics,
Hsp90 inhibitors have the potential to inhibit numerous
signaling nodes that are mediated by the Hsp90 protein
folding machinery. In fact, 48 oncogenic proteins have
been shown to be dependent upon Hsp90 for conforma-
tional activation including telomerase, Her2 (erbB2),
Raf-1, focal adhesion kinase, and the steroid hormone
receptors.8–13


In 1994, geldanamycin (Fig. 1) was identified as the
first natural product inhibitor of Hsp90.14–17 The elec-

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


doi:10.1016/j.bmcl.2006.02.063


Keywords: Hsp90; High-throughput screening; Inhibitors.
* Corresponding author. Tel.: +1 785 864 2288; fax: +1 785 864


5326; e-mail: bblagg@ku.edu

trophilic nature of the quinone moiety and the redox-
active behavior of this ring manifest toxicity unrelated
to Hsp90 inhibition.18 Radicicol, the most potent natu-
ral product inhibitor in vitro, is inactive in vivo.19–21 In
2003, researchers reported that the geldanamycin deriv-
ative, 17-AAG, exhibits differential selectivity for can-
cer cells because Hsp90 in malignant cells forms a
heteroprotein complex comprised of both client and
partner proteins, which has a higher affinity for ATP
than the homodimeric species found in nontransformed
cells.22 17-AAG’s poor solubility led to the develop-
ment of 17-DMAG, which has been reported to be sig-
nificantly more soluble than 17-AAG.23–26 Both
compounds have entered clinical trials for the treat-
ment of cancer, however, there is a need to identify
new inhibitory scaffolds that lack these detrimental

RDC
O


GDA, R = OMe
17-AAG, R = NHallyl


17-DMAG, R = NH(CH2)2NMe2


Figure 1. Hsp90 inhibitors.
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properties for the development of new cancer
chemotherapeutics.


High-throughput screening is a useful method for the
identification of novel inhibitory scaffolds.27,28 Recent-
ly, we reported a coupled enzyme assay that was opti-
mized for determination of yeast Hsp90’s inherent
ATPase activity, which still exists in the absence of
protein substrates.29 This assay utilizes maltose and
amplex red as substrates for commercially available
enzymes; maltose phosphorylase, glucose oxidase,
and horseradish peroxidase. For every molecule of
ATP that is hydrolyzed by yeast Hsp90, one molecule
of amplex red is ultimately oxidized to resorufin,
which has a unique absorption spectra at 563 nm
(Fig. 2).


In an effort to determine whether this assay was suitable
for high-throughput screening, we attempted to use it as
previously described.29 However, minor modifications
were required before a reproducible Z-factor was
obtained in a high-throughput setting utilizing 384-well
plates.30,31 These optimized conditions were used to
screen approximately 10,000 compounds at The Univer-
sity of Kansas, High-Throughput Screening Laboratory.
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Figure 3. Scatter plot showing activities of the 10,000 screened compounds.

Of the �10,000 compounds screened in this assay, 81
molecules were shown to possess more than 75% inhibi-
tion at �20 lM. The vast majority of compounds tested
(>99%) produced little or no inhibition as demonstrated
by the large number of squares (molecules) on the base-
line of Figure 3. However, numerous compounds did
show promising ATPase inhibition as illustrated by the
squares found in the region corresponding to 100%
inhibition.


Upon identification of molecules that diminished res-
orufin production, it was necessary to determine
whether these molecules were selectively inhibiting
Hsp90 or other components of the coupled assay
system. Therefore, the compounds were evaluated in a
subsequent assay in the presence of 100 lM inorganic
phosphate, but in the absence of Hsp90.32 Molecules
that inhibited the formation of resorufin in the presence
of inorganic phosphate were not selective for Hsp90. Of
the 81 original hits, 54 compounds produced no effect in
the control assay, indicating that these molecules
selectively inhibit Hsp90.


Ten of the compounds identified from high-throughput
screening were randomly chosen for further screening,
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as seen in Figure 4. Not surprisingly, several of these
structures resemble previously identified Hsp90 inhibi-
tors including compounds 7, 9, and 10.33–35 IC50 values
for each of these compounds were determined in the
purified recombinant ATPase assay and are provided
in Table 1. In this assay, all 10 of these compounds
exhibited low micromolar activity (IC50 < 7 lM) and
are comparable to geldanamycin, which produced an
IC50 value of 2.5 lM.29


Seven of these scaffolds (1–5, 8, and 9) were selected for
further evaluation. SKBr3 breast cancer cells were incu-
bated with varying concentrations of each compound
for 24 h, before Her2 levels were determined by

Table 1. IC50s for compounds 1–10


Compound IC50
a(lM) Antiproliferation


IC50 (lM)


Hsp90 ATPase


inhibition


Her2 ELISA


1 2.7 61 ± 15 66 ± 24


2 1.9 na na


3 3.2 na na


4 2.3 na na


5 2.0 31 ± 17 75 ± 13


6 2.5 na na


7 3.0 na na


8 4.1 na na


9 5.4 18 ± 5 48 ± 20


10 7.0 na na


a Values are means of two experiments ± SD performed in triplicate,


(na, not active).

ELISA.36 Compounds 1, 5, and 9 were found to induce
50% degradation of the Hsp90-dependent client protein
Her2, at concentrations of 61 ± 15, 31 ± 17, and
18 ± 5 lM, respectively.


The same compounds were subsequently screened for
their ability to inhibit cell growth. Analogous to the
Her2 results, only compounds 1, 5, and 9 exhibited
anti-proliferative activity to produce IC50 values of
66 ± 24, 75 ± 13, and 48 ± 20 lM, respectively, which
are similar to the IC50 values obtained from Her2
analysis.


In addition to Her2 ELISA studies, it was necessary to
verify Her2 degradation along with another well-docu-
mented client, AKT, by Western blot analysis. There-
fore, SKBr3 breast cancer cells were incubated with
increasing concentrations of 1, 5, and 9 for 24 h, before
the cells were lysed and equal concentrations of protein
probed for Her2, AKT, and actin. As can be seen in
Figure 5, both proteins were degraded at concentra-
tions that mirror the concentration needed to exhibit
anti-proliferative activity. Since actin is not an Hsp90
substrate, it was used as a negative control to verify
that all protein levels were not affected by these
inhibitors.


From the Her2 ELISA studies, three compounds (1, 5,
and 9) emerged as the only compounds that induced
significant Her2 degradation. IC50 values obtained
from cell growth assays were similar to those obtained
from Western blot analysis of Hsp90 clients Her2 and
AKT, thereby linking Hsp90 inhibition directly to
anti-proliferative activity. Previous studies have shown
that the concentration of Hsp90 inhibitors needed to
induce Her2 degradation mirrors that needed to
impair cell proliferation.37 Compounds that did not
induce Her2 degradation (via Her2 ELISA) or affect
proliferation are potentially unable to diffuse through
the lipid bilayer or may bind other proteins/enzymes,
thus lowering the amount of available compound to
bind Hsp90.

Figure 5. Western blot analyses for 1, 5, and 9. GDA = 0.5 lM,


V = vehicle control (1% DMSO).
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Although the original ATPase assay required modifi-
cation before implementation in a high-throughput
setting, the optimized assay proved to be reliable for
identification of new Hsp90 inhibitors. The Z-factor
obtained from these assays averaged 0.80, which indi-
cates the assay is highly reproducible. Of the �10,000
compounds screened, 81 compounds (0.81%) were
identified as inhibitors that produced >75% inhibition
at 20 lM. Approximately 1/3 of these compounds
were not selective for Hsp90, leaving 54 compounds
(0.54%) as novel small molecules selective for Hsp90
inhibition. Some of the molecules identified by
high-throughput screening with this assay had similar
structures to those previously reported, however, new
scaffolds such as 1–6 and 8 have been identified as
new motifs that inhibit Hsp90 ATPase activity and
may serve as lead compounds for further drug discov-
ery efforts. Furthermore, results from this screening
experiment validate the potential for this assay in a
much larger high-throughput screening effort.
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Abstract—Using an a-ketothiazole arginine moiety as a key recognition element, a series of small peptidomimetic molecules was
designed and synthesized, and their co-crystal structures with factor XIa were studied in an effort to develop smaller, less peptidic
inhibitors as antithrombotic agents.
� 2006 Elsevier Ltd. All rights reserved.

Thromboembolic diseases are the leading causes of mor-
bidity and mortality in the developed countries.1 Con-
ventional antithrombotic therapy includes intravenous
administration of heparin followed by oral treatment
with warfarin.2 Since both agents are indirect and non-
specific inhibitors of the coagulation serine proteases,
this treatment carries high risk of excessive bleeding
and requires routine monitoring. To overcome these
limitations, new antithrombotic agents have been de-
signed to target specific enzymes in the coagulation
pathway, such as thrombin and factor Xa (FXa).
Although these newer anticoagulants offer some advan-
tages over heparin therapy, some undesirable features
such as bleeding and a narrow therapeutic window have
been demonstrated and their safety profiles have yet to
be established in clinical trials.3

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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Coagulation factor XIa (FXIa) is a trypsin-like serine
protease that plays a major role in amplification of the
thrombotic response and in maintaining clot integrity.4


The inhibition of FXIa in vivo may result in the forma-
tion of smaller thrombi without affecting the initiation
of clot formation. The lack of an effect upon initiation
may result in a lesser bleeding liability for FXIa inhibi-
tors than anticoagulants that do suppress clot initiation.
Supporting evidence for this hypothesis includes the
observation that administration of an anti-human FXIa
antibody significantly reduces intraluminal thrombus
growth in a baboon thrombosis model without prevent-
ing thrombus initiation.5 The anti-FXIa antibody
prolongs the partial thromboplastin time (a measure
of the coagulation function involving FXIa) without
affecting prothrombin time (a measure of the coagula-
tion function involving FVIIa and tissue factor). Most
significantly, the anti-FXIa antibody does not prolong
bleeding time. Also supporting the FXIa lowered bleed-
ing risk hypothesis is the finding that individuals with a
natural FXIa deficiency do not show severe bleeding
problems.6
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Table 1. SAR of ketothiazole arginine analogs with one amide bond


N
H


R


HN


NH2HN


O


N


S


Compound R MH+


(m/z)


IC50
a (lM)


FXIa


3a
O


326.3 123


3b O 410.2 >250


3c
O


Cl


Cl
428.3 37.9


3d


O


396.3 2.25


3e


O


396.2 >200


3f S
O O


432.2 86.0


3g S
O O


432.2 250


3h


OOO


F


422.2 5.90


a IC50s were derived from triplicate measurements whose standard


errors were normally <5% in a given assay. Assay-to-assay variability


was within ±2-fold based on the results of a standard compound,


benzamidine.
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We recently reported a series of specific tripeptidomi-
metic FXIa inhibitors.7 In vivo pharmacological studies
revealed that these inhibitors effectively reduce the size
of clot without altering bleeding times and other obser-
vable side effects. In this paper, we report the design and
synthesis of smaller, less peptidic FXIa inhibitors, repre-
sented by the generic structures I, II, and III (Fig. 1).


The synthesis of type I compounds is shown in Scheme 1.
The Mtr-protected a-ketothiazole arginine (2) was pre-
pared from Weinreb amide (1) using a modified proce-
dure in which lithium thiazole, generated in situ, was
added by cannula to pre-cooled Weinreb amide at
�78 �C.8 After workup, the isolated product was careful-
ly treated with 25% TFA-DCM to afford the desired
amine 2. Direct coupling of 2 with selected acids, acid
chlorides, or sulfonyl chlorides, followed by Mtr-depro-
tection provided compounds 3 (a–h).


A combination of solid-phase and solution-phase syn-
thesis was used to prepare urea type II compounds
(X = NH) (Scheme 2). Pre-loaded Fmoc Wang resin
was treated with 20% piperidine in DMF followed by
para-nitrophenyl chloroformate to form the carbamate
intermediate, which was then treated with various select-
ed amines to form the N-terminal ureas (4). Cleavage
from the resin followed by standard EDC-HOBt
coupling with the aminoketone (2) yielded compounds
6 (a–h) after Mtr-deprotection.


The synthesis of a reverse amide type II compound
(X = CH2) is shown in Scheme 3. 3-Methyl butyric acid
benzyl ester was treated with LDA followed by tert-
butyl a-bromoacetate to give the 2-isopropyl succinic
acid derivative 7. After removal of the tert-butyl ester,
the acid was coupled with 3,4-dichlorobenzylamine
and then hydrogenolysis afforded the acid 8. Coupling
of 8 with aminoketone 2 provided compound 9 after
standard Mtr-deprotection.


The synthesis of type III compounds is shown in
Scheme 4. Standard EDC–HOBt coupling of 2 with
CBz-Val-OH followed by hydrogenolysis yielded 10.
EDC–HOBt coupling with various carboxylic acids
and standard Mtr-deprotection provided the N-acylat-
ed Val-Arg-ketothiazoles 11 (a–h).


Peptidolytic activities for FXIa were measured using a
fluorogenic reporter group, 7-methyl-4-aminocoumarin
(AMC), attached via an amide linkage to the tripeptide

N
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HN


HN NH
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H2N
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2
a, b


Scheme 4. Reagents and conditions: (a) CBz-Val-OH, EDC, HOBt, DIEA,


HOBt, DIEA, DMF, 60–80%; ii—95% TFA, 2.5% H2O, 2.5% thioanisole, D

pyroglutamyl-prolyl-arginyl (Glu-Pro-Arg). The assay
was carried out in a buffer containing 20 mM Tris–
HCl, pH 7.4, 150 mM NaCl, and 0.02% Tween 20.
Enzyme and substrate concentrations were 0.25 nM
and 50 lM, respectively. The assay was incubated at
30 �C for 15–30 min and then released AMC was mea-
sured (emission 460 nm, excitation 355 nm) on a Wallac
1420 Multilabel Counter. The data were fit to a one-site
dose–response curve using non-linear least squares to
determine the IC50 value.
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DMF, 85%; (b) H2, Pd–C (10%), EtOAc, 95%; (c) i—RCO2H, EDC,


CM, 3 h, 55–70%.







Table 2. SAR of ketothiazole arginine analogs with two amide bonds


and a urea moiety at the N-terminus


N
H


X
O


H
N


O


HN


NH2HN


O


N


S


R


Compound X R MH+


(m/z)


IC50
a (lM)


FXIa


6a NH H 384.3 0.502


6b NH
Cl


Cl
542.1 0.480


544.1


6c NH 488.3 1.72


6d NH


Br


566.6 1.20


568.2


6e NH


Br


566.6 12.5


568.2


6f NH


F


506.4 2.32


6g NH 520.4 0.713


6h NH 520.4 3.31


9 CH2


Cl


Cl
541.5 6.22


543.3


a IC50s were derived from triplicate measurements whose standard


errors were normally <5% in a given assay. Assay-to-assay variability


was within ±2-fold based on the results of a standard compound,


benzamidine.


Table 3. SAR of ketothiazole arginine analogs with two amide bonds


and an acyl moiety at the N-terminus


N
H


H
N


O


O


HN


NH2HN


O


N


S
R


Compound R MH+ (m/z) IC50
a (lM) FXIa


11a 439.3 0.850


11b Cl
O


507.2 0.254


11c Cl
OH


509.2 0.116


11d


OHCl


509.2 0.790


11e F


OH


493.2 0.956


11f


OH


475.2 0.425


11g


OH


475.2 0.431


11h


NH2


474.2 1.75


a IC50s were derived from triplicate measurements whose standard


errors were normally <5% in a given assay. Assay-to-assay variability


was within ±2-fold based on the results of a standard compound,


benzamidine.
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Table 1 shows selected SAR of type I compounds with
the ketothiazole arginine moiety directly coupled to a
variety of different non-amino acid fragments through
either an amide or a sulfonamide bond. In general,
such compounds have very weak to moderate potency.
The most potent analog in the series has R = naphtha-
lene-1-carbonyl (3d), with an IC50 (FXIa) of 2.25 lM.
When R = naphthalene-2-carbonyl (3e), the potency is
100-fold less. The same diminished affinity is seen for
sulfonamide analog 3g. It seems that the 6-fluoro-ben-
zo[1,3]-dioxane ring (3h) is a good bioisostere of a
1-naphthyl ring since 3d has about the same potency as
3h. Due to the overall low affinity for FXIa, no further
optimization effort was pursued for type I compounds.


Table 2 shows the SAR of type II compounds having the
ketothiazole arginine linked to a urea derivative through
a Val residue.9 The addition of the Val residue as the P2
recognition element and the urea unit as an N-terminal
cap further increased FXIa inhibition, as demonstrated

by inhibitor 6a. 3,4-Dichlorobenzyl substitution of the
urea maintained the FXIa potency (6b). While the
chirality of R groups attached to the urea appears to
significantly affect potency of these analogs (e.g., 6d vs
6e and 6g vs 6h), different substituents on the para-posi-
tion of the phenyl ring, such as, hydrogen (6c), bromo
(6d), or fluoro (6f), cause little change in affinity. Nota-
bly, replacement of the urea NH of 6b with a methylene
moiety (9) significantly decreases potency, suggesting
that this NH is important for FXIa inhibition.


We then explored whether the external urea NH group is
necessary for inhibition. The results of this study are
summarized in Table 3. Compound 11a, with an isopentyl
group replacing the external urea NH2 of 6a, has similar
potency, an indication that this NH is dispensable. When
R is 3-chlorobenzoyl (11b), the potency increases�3-fold.
Changing the carbonyl to a hydroxyl group further
improves potency (11c). The stereochemistry of this
hydroxyl group seems to be not important, since both R







Figure 2. X-ray crystal structures of 11a, 6a, and 11c with FXIac.


FXIac is in stick representation and the ligands are in ball-and-stick


representation. H-bond distances are labeled in angstrom. Substrate-


binding sites are labeled in gray letters. The crystallization and ligand-


soaking conditions have been published.11
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and S are equally potent (11f and 11g). Replacing this
hydroxyl with an amino group is detrimental for affinity
(11h). The chloro group and its position on the phenyl ring
of 11c are important for the activity. Compounds where it
is switched from meta-position (11c) to the ortho-position
(11d), replaced with a fluoro group (11e), or completely re-
moved (11f) all have decreased potency.


Figure 2 shows the X-ray crystal structures of 11a (PDB
code: 1ZPB), 6a (PDB code: 1ZPC), and 11c (PDB code:
2FDA) in co-complex with FXIa catalytic domain
(FXIac). All three structures show salt bridge interac-
tion between the P1 arginine and D189 in the S1 pocket,
while the keto group is covalently attached to S195 in
the enzyme active site.10 The P2 Val side chain occupies
the S2 pocket. The N-terminal carbonyl groups in 11a,
6a, and 11c form an H-bond interaction with the back-
bone NH of G216. The differences among these struc-
tures include: (1) the isopentyl group in 11a forms a
hydrophobic interaction with residues that form the S4
pocket; (2) the NH2 of the urea in 6a forms an addition-
al H-bond interaction with the backbone carbonyl
group of G216; and (3) in 11c, the above two interac-
tions, a hydrophobic S4 interaction and a hydrogen
bond with the hydroxyl group, are combined together.
Since the hydrogen bonds between the hydroxyl group
of 11c and G216 are weak, the enhanced hydrophobic
interactions of the chlorophenyl moiety in the S4 pocket
might contribute to the higher affinity of 11c.


In conclusion, three types of FXIa inhibitors contain-
ing fewer peptide bonds than those previously report-
ed are disclosed. Several compounds from these series
were found to have submicromolar potency. The
SAR for these compound series and the analysis of
their co-crystal structures provide guidance for the
design of future FXIa inhibitors as antithrombotic
agents.
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Abstract—Indole- and indoline-type basic COX-1-selective competitive inhibitors, 5-amino-1-(3,5-dimethylbenzoyl)-1H-indole (1)
and 5-amino-1-(3,5-dimethylphenyl)-2,3-dihydro-1H-indole (2), were found to possess anti-angiogenic activity estimated as a tube
formation-inhibition using human umbilical vein endothelial cells (HUVECs).
� 2006 Elsevier Ltd. All rights reserved.

Thalidomide is a sedative and/or hypnotic drug, which
was used from the late 1950s to the early 1960s, but
was withdrawn from the market because of severe tera-
togenicity.1 In spite of this, thalidomide research was
continued, due to the serendipitous finding of the drug’s
effectiveness against various intractable diseases, such as
leprosy, AIDS, and certain kinds of cancers.2 Finally,
the United States Food and Drug Administration
(FDA) gave marketing approval to thalidomide for the
treatment of Hansen’s disease in 1998, with special pre-
cautions for usage. At present, several clinical studies of
thalidomide for the treatment of multiple myeloma, co-
lon cancer, prostate cancer, and other conditions are on-
going in the US.3


The effectiveness of thalidomide for the treatment of cer-
tain kinds of cancers was suggested to be mediated
through inhibition of tumor necrosis factor (TNF)-a pro-
duction- and anti-angiogenic activity.4 However, we sus-
pected that cyclooxygenase (COX) might be another
anticancer-related molecular target of thalidomide.


Prostaglandin and thromboxane biosynthesis involves
the conversion of arachidonic acid to prostaglandin H2


(PGH2), a reaction catalyzed by the sequential actions
of COX and prostaglandin endoperoxidase synthase
(PGHS).5 Three isozymes of COX (COX-1, COX-2,
and COX-3) are known to date, of which COX-1 and

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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COX-2 have been well defined. COX-1 is reported to
be constitutively expressed in many organs or tissues,
while COX-2 is inducible with various stimuli. However,
recent molecular-biological studies have indicated that
this simple paradigm has many exceptions. For example,
COX-1 can be regulated during development,6 while
COX-2 is constitutively expressed in the brain7 and in
reproductive tissues.8 Often, both isozymes are involved
in physiological and pathophysiological conditions,
while in some cases, each isozyme plays a distinct role.


COX-2 has been detected in various tumors and its roles
in carcinogenesis and angiogenesis have been well docu-
mented.9 Therefore, COX-2 is thought to be a promising
therapeutic target for cancer.10 Attempts have been
made to apply COX-2 inhibitors, such as celecoxib,
rofecoxib, and sulindac, for chemoprevention of various
cancers, including colon and prostate cancers.11 Howev-
er, current clinical studies of a COX-2-selective inhibi-
tor, rofecoxib (Vioxx), for preventing recurrence of
colorectal polyps in patients with a history of colorectal
adenomas were discontinued and the drug was with-
drawn from the market because its use was associated
with an increased incidence of cardiovascular events,
such as heart attack and stroke.12


Very recently, experimental results have also indicated a
possible involvement of the other isoform of COX,
COX-1, in angiogenesis, thereby providing the rationale
for the development of selective COX-1 inhibitors.13


However, the effectiveness of COX-1 inhibitors as angi-
ogenesis inhibitors has not yet been well established.
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We have recently demonstrated that thalidomide direct-
ly inhibits COX-1/COX-2 with efficacy comparable to
that of the representative drug, aspirin.14 Our earlier
work on the COX-inhibiting activity of thalidomide
afforded a new structural type of COX-1-selective inhib-
itors, such as compounds 1 and 2; the IC50s of 1 for
COX-1 and COX-2 are 1.9 lM and undetermined
(13.8 % inhibition at 30 lM), respectively, and those
of 2 are 1.8 and 55 lM, respectively.15 These compounds
are structurally unique, because most of the previously
reported COX-1-selective and non-selective COX inhib-
itors are acidic or neutral compounds.


We have also reported the anti-angiogenic activity of
thalidomide and its metabolites, using a human umbili-
cal vein endothelial cell (HUVEC) assay.16 The study
clearly indicated that thalidomide, as well as its main
metabolites 5-hydroxythalidomide and N-hydroxytha-
lidomide, exhibits moderate anti-angiogenic activity.
Although the exact mechanism(s) of anti-angiogenic
activity elicited by thalidomide and its metabolites is un-
known, we hypothesized that a COX-1-mediated path-
way might be involved in angiogenesis, and these
compounds might act by inhibiting this pathway. There-
fore, we expected that compounds, 1 and 2, possess
more potent anti-angiogenic activity than thalidomide.
In this paper, we would like to report the anti-angiogen-
ic activity of compounds 1 and 2.


The preparation of 1, 2, 10, 14, 18 (2,3-dihydro-1-(3,5-
dimethylphenyl)-1H-indole), and 19 (2,3-dihydro-5-
methoxy-1-(3,5-dimethylphenyl)-1H-indole) was described
previously.15 The N-benzoyl-substituted indoles and
the N-benzoyl-substituted indolines were prepared
according to the preparation of 1. Briefly, 5-nitroindole
sodium (or 5-nitroindoline sodium) was prepared from
5-nitroindole (or 5-nitroindoline) and NaH, with 3,5-di-
substituted-benzoyl chloride in N,N-dimethylformamide
to afford 4–6 and 11–13. These nitro-derivatives were re-
duced with 10% Pd–C to afford amino derivatives 7–9
and 15–17. The structures of the synthesized compounds
were confirmed by 1H NMR, mass spectroscopy, and
elemental analysis. SC-560 (SC), DUP-697 (DUP), and
Ibuprofen (IBU) were purchased from Funakoshi. Co.
Ltd (Japan).


A kinetic study of the inhibition of COX-1-mediated
oxidation of arachidonic acid was performed with an en-
zyme immunoassay-based COX inhibitor screening
assay kit purchased from Cayman Chemical (Ann Ar-
bor, MI, Catalog No. 560101) according to the suppli-
er’s protocol.


HUVEC tube formation assay16 was performed as fol-
lows: human umbilical vein endothelial cells (HUVECs)
were plated on Matrigel and treated with the test com-
pounds for 6 h, then tube formation was measured as
previously reported.16 Briefly, 6-well plates were coated
with 1.5 mL of the Matrigel basement membrane matrix
(Becton Dickinson) and allowed to gel at 37 �C under an
atmosphere of 5% CO2 in air for 30 min. Then, HU-
VECs were plated at 5 · 105 cells/well in DMEM con-
taining the vehicle (0.5% DMSO) and growth factors

(hEGF, VEGF, hFGF-b, and R3-IGF-1, as well as
FBS) in the presence or absence of various concentra-
tions of the test compounds and incubated at 37 �C un-
der 5% CO2 for 6 h. After incubation, each well was
photographed using a · 5 objective to analyze tube for-
mation. The corresponding area was measured as the
number of pixels using Meta Morph software (Universal
Imaging, Downingtown, PA). Experiments were repeat-
ed at least three times.


To assess the cytotoxicity of the test compounds, HU-
VECs were treated with various concentrations of these
compounds at 37 �C for 6 h. After the incubation, the
viability of the treated cells was measured by direct
counting under a microscope. The LD50 values of these
compounds were more than 100 lM.


We have previously demonstrated that the N-substituted
phenylindoline and N-substituted phenylindole skele-
tons are useful scaffolds for the development of COX
inhibitors other than the clinically used diaryl heterocy-
clic COX inhibitors, such as celecoxib.15 We have also
demonstrated that strongly electron-donating groups,
such as an unsubstituted amino group at the 5- or 4-po-
sition of the indoline and/or indole skeleton, favor po-
tent and COX-1-selective inhibitory activity.15 In the
previous study, the substituent on the N-phenyl, and/
or N-benzoyl group, was fixed to 3,5-dimethyl group,
considering the early SAR of the series of compounds,
but the substituent was not optimized. Therefore, we
synthesized 3,5-disubstituted-benzoyl derivatives and as-
sayed their COX-inhibiting activity. Results are summa-
rized in Table 1. Roughly speaking, in the case of the
5-nitroindole and 5-nitroindoline series, all compounds
which have CF3, C(CH3)3, and Cl as a 3,5-substituent
did not show apparent COX-1-inhibiting activity (4, 5,
6, 11, and 12), or weak inhibitory activity (13). As for
COX-2, these compounds also show no activity at the
concentration of 100 lM (11–13), or showed very weak
inhibitory activity (4–6). In the case of 5-aminoindole
and 5-aminoindoline series, all the compounds show
moderate to high COX-1 inhibitory activity, except 8.
As for COX-2, all these compounds show weak inhibito-
ry activity at the concentration of 100 lM. As a whole,
none of the compounds show superior activity and selec-
tivity than 3,5-dimethyl derivative (1). Therefore, we
selected compounds 1 and 2 for further study (Fig. 1).


First, we analyzed the inhibitory mode of COX-1 inhib-
itors 1 and 2, because the screening method that we
previously used17 could not completely exclude false-po-
sitive results from simple anti-oxidant compounds. The
Lineweaver–Burk plot depicted in Figure 2 clearly indi-
cated that compounds 1 and 2 are true competitive
inhibitors of COX-1. Thus, we confirmed that these
compounds inhibit COX-1 by competing directly with
the natural substrate, arachidonic acid, at the ligand
binding site.


We then investigated the anti-angiogenic activity of
representative COX inhibitors ((SC (COX-1-selective
inhibitor), DUP (COX-2-selective inhibitor), IBU (non-
selective COX inhibitor)), and our COX-1-selective
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Figure 3. Anti-angiogenic effects of representative COX inhibitors


(SC, DUP, and IBU) and our derivatives.


Figure 2. Lineweaver–Burk plots for compounds 1 and 2. AA means


arachidonic acid.
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inhibitors 1 and 2 at the concentration of 100 lM (Fig. 3).
Compounds 18 and 19, both of which structurally resem-
ble 1 and 2, but which lack COX-inhibitory activity, were
also assayed.


As can be seen from Figure 3, the reference compounds
SC, DUP, and IBU exhibited anti-angiogenic activity.
SC, a COX-1-selective inhibitor, exhibited moderate
anti-angiogenic activity (ca. 50% inhibition at
100 lM). IBU, which is a well-known non-selective
COX inhibitor, also exhibited moderate anti-angiogenic
activity, comparable to that of SC (ca. 35% inhibition at
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100 lM). DUP, a COX-2-selective inhibitor, also
showed anti-angiogenic activity. However, the potency
of DUP (ca. 25% inhibition at 100 lM) is weaker than
that of SC. It is reported that HUVEC apparently does
not express COX-2 in the absence of endogenous stimu-
li, such as IL-1b,18 so DUP might not show potent activ-
ity in these cells. In the case of our compounds, both 1
and 2 exhibited moderate anti-angiogenic activity, com-
parable or superior to that of SC (ca. 50% and 75% inhi-
bition at 100 lM, respectively), whereas 18 and 19,
which have similar structures to 1 and 2, but do not
show apparent COX-inhibitory activity, lacked anti-an-
giogenic activity. These results indicate that the anti-an-
giogenic activity of 1 and 2 is mediated through the
COX-1 pathway, at least in part, but not via an un-
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Figure 4. Dose–response relationship of representative COX inhibitors


(SC, DUP, and IBU) and our derivatives (1, 2).


Figure 5. Photographic representation of the dose-dependent inhibition of 2


2; (D) 300 lM 2.

known indole and/or indoline structure-dependent
pathway.


Figures 4 and 5 show the dose-dependency of the anti-
angiogenic effects of COX inhibitors. All the compounds
tested showed dose-dependent anti-angiogenic activity,
and the rank order of inhibitory activity is as follows;
2 > SC > 1 > IBU > DUP (none of these compounds
showed cytotoxicity at the concentration of 300 lM).
Compound 2 was found to possess highly potent anti-
angiogenic activity, comparable with that of the well-
known COX-1-selective antagonist, SC.


In conclusion, we have discovered that the novel basic-
type selective COX-1 inhibitors, 1 and 2, exhibit apparent
anti-angiogenic activity in a HUVEC tube formation as-
say. Compound 2 was the most potent among the pre-
pared compounds. Angiogenesis has recently become a
primary target of anticancer therapy. A recent report
has indicated that COX-1 is over-expressed in a signifi-
cant number of ovarian cancers.19 Further, ovarian can-
cer is known to be highly vascular and is a primary
cancer in which current anti-angiogenic therapies are
being tested.19 Therefore, our present results may yield
new candidate drugs for the treatment of ovarian cancer.
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Abstract—A series of rhodanine derivatives was synthesized and evaluated for their ability to inhibit PRL-3. Benzylidene rhodanine
derivative showed good biological activity, while compound 5e was the most active in this series exhibiting IC50 value of 0.9 lM
in vitro and showed a reduced invasion in cell-based assay.
� 2006 Elsevier Ltd. All rights reserved.

The protein tyrosine phosphatases (PTPs) constitute a
family of closely related key regulatory enzymes that
dephosphorylate phosphotyrosine residues in their pro-
tein substrates. Malfunctions in PTP activity are linked
to various diseases, ranging from cancer to neurological
disorders and diabetes. Consequently, PTPs have
emerged as promising targets for therapeutic interven-
tion in recent years.1


Among the PTPs, the phosphatase of regenerating liver
(PRL) family tyrosine phosphatases (PRL-1, PRL-2,
and PRL-3) are closely related intracellular enzymes
that possess the PTP active-site signature sequence
CX5R.2,3 All are proteins of about 20 kDa with at least
75% amino acid sequence homology.


PRL-3 gene codes a 22 kDa nonclassical protein tyro-
sine phosphatase with a C-terminal prenylation motif.

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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It is recently identified as a metastasis-related enzyme.
It is located at the cytoplasmic membrane when preny-
lated and in the nucleus when nonprenylated. Overex-
pression of PRL-3 has been found to transform
human embryonic kidney cell HEK293 and increase
HEK293 cell growth.4 Saha et al. reported that PRL-
3 mRNA expression was consistently increased in the
liver metastasis of colorectal cancers, suggesting that
PRL-3 was associated with colorectal cancer metasta-
sis.5 Furthermore, Zeng et al. showed that PRL pro-
teins promote cell motility, invasion activity and
metastasis, which were directly dependent on their cat-
alytic activity.6 These suggest that PRL-3 is not only a
putative prognostic marker but also a therapeutic tar-
get for metastastic tumors.


Thus far, only pentamidine7 was reported as a PRL fam-
ily inhibitor with anti-cancer potential via inactivation
of PRL-1, -2, and -3. This prompted us to attempt
systematic discovery of potent PRL-3 inhibitors. In the
course of the search for PRL-3 inhibitors through high
throughput screening (HTS) using chemical library of
Korea Chemical Bank, rhodanine skeleton was discov-
ered as a hit. We now report the synthesis and their
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structure–activity relationship (SAR) study of rhoda-
nine derivatives as PRL-3 inhibitors.


A series of rhodanine derivatives was synthesized
according to the Schemes 1 and 2. 5-Bromosalicylalde-
hyde (1a, X = Br) was reacted with rhodanine in the
presence of ammonium acetate to produce the corre-
sponding rhodanine derivative (2). Also salicylaldehydes
(1, X = H or Br) was benzylated and then coupled with
rhodanine, N-methylrhodanine, or thiazolidinedione to
afford 3a–d. Reduction of 3a by lithium borohydride
in pyridine gave compound 4. Next, 5-bromosalicylalde-
hyde (1a, X = Br) was treated with methanesulfonyl
chloride in pyridine or the appropriate benzyl halide
equivalents to provide the corresponding aldehydes,
which was converted to 5a–e by treatment with rhoda-
nine. Also, 1 was coupled with benzyl bromide to
produce 6, which adopted diverse aryl groups at 5-posi-
tion by Suzuki type coupling, followed by attaching rho-
danine moiety to afford the desired compounds 7a–d.
Rhodanine derivatives with naphthalene skeleton were
prepared as outlined in Scheme 2. 3-Hydroxynaphtha-
lene-2-carbaldehyde (8) was benzylated by several ben-
zyl bromides, and condensed with rhodanine to give
the corresponding naphthalydene rhodanine derivatives
(9a–d).


All compounds prepared were evaluated for their in vitro
inhibitory activity against recombinant human PRL-3.
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Scheme 2. Reagents and conditions: (a) RX, K2CO3, KI, acetone,


reflux; (b) rhodanine, NH4OAc, AcOH, benzene, reflux.

PRL-3 protein was overexpressed as His-tag fusion pro-
tein in Escherichia coli and purified. Assays were
performed using 6,8-difluoro-4-methylumbelliferyl
phosphate (DIFMUP) as a substrate at 25 �C for
5 min in 20 mM Tris–HCl (pH 8.0), 5 mM DTT, in
the presence or absence of the inhibitor. After the addi-
tion of purified PRL-3 (0.3 lM) and DIFMUP (5 lM),
the reaction mixture was incubated for 5 min. The reac-
tion was stopped by the addition of sodium orthovana-
date (20 mM). The phosphatase activities were
measured by the absorbance changes caused by hydroly-
sis of the substrate at 460 nm. IC50 values were an aver-
age of triplicate experiments as determined from direct
regression curve analysis. Pentamidine was used as a
reference.


The result for the rhodanine derivatives is shown in
Table 1. While 5-bromosalicylaldehyde (1b, X = Br)
was not active, introduction of a rhodanine group pro-
vided an active PRL-3 inhibitor with an IC50 of
9.5 lM (2). Benzyl substitution of OH at 2-position
exhibited enhanced potency (3.0 lM, 3a), and was al-
most 20-fold more potent than reference pentamidine.
Either elimination of Br at 5-position (3b) or introduc-
tion of thiazolidinedione instead of rhodanine abolished
the activity (3c). N-Methylation was also detrimental to
the in vitro activity (3d). Compound 4 produced by
reduction of double bond of compound 3a showed sim-
ilar activity (4.0 lM).


These data suggest that substituents at 2- and 5-position
of benzene ring influence the in vitro inhibitory activity.
Introduction of sulfonyl group or pyridinylmethyl group
at R2 position showed no inhibitory activities (5a and
5b). Introduction of 2-chlorobenzyl group as R1 demon-
strated comparable potency with 3a (5c, 2.4 lM). Intro-
duction of 2-bromobenzyl substituent (5e) exhibited
enhanced potency, and is the first of our compounds
to break the micromolar barrier with an IC50 value of
0.9 lM. Various substitution at R2 position resulted in
IC50 values in the range of 1.2–3.7 lM. Compound 7d
was another submicromolar inhibitor toward PRL-3
with an IC50 value of 0.9 lM.


Naphthalene based rhodanine derivatives were another
possibility to show PRL-3 inhibition comparable to that
of the benzene as shown in Table 2. The effect of R lipo-
philicity showed similar trend as benzylidene series.
Among them, compound 9d showed an IC50 of 1.7 lM.


Recently, we reported the crystal structure of PRL-1
protein for the first time.8 Our crystal structure revealed
a well-ordered active-site structure with catalytically
important residues in active conformations, providing
the insight into the mode of interaction between rhoda-
nine compounds and PRL proteins. NH-Group in
rhodanine ring may be deprotonated, mimicing nega-
tively charged substrates. This moiety would be directed
toward the active-site P-loop that are surrounded by
positively charged guanidine group from Arg110 and
several amide groups from main-chain atoms. As stated
previously, N-methylation in rhodanine resulted in no
inhibitory activity, supporting this notion. Further, the







Table 1. Inhibitory activity of compounds derived from salicylaldehydes against PRL-3


Compound R1 X or R2 Y Z IC50
a (lM)


1a — Br — — nab


29 H Br S H 9.5


3a10 Benzyl Br S H 3.0


3b10 Benzyl H S H na


3c10 Benzyl Br O H na


3d Benzyl Br S CH3 na


4 — — — — 4.0


5a CH3SO2 Br — — na


5b Pyridin-3-yl-methyl Br — — na


5c 2-Chlorobenzyl Br — — 2.4


5d 4-Bromobenzyl H — — 1.6


5e 2-Bromobenzyl Br — — 0.9


7a10 Benzyl Phenyl — — 1.7


7b Benzyl 4-N,N-Dimethylaminophenyl — — 3.7


7c Benzyl Benzofuran-3-yl — — 1.2


7d Benzyl Benzo[b]thiophen-3-yl — — 0.9


Pentamidine 53.6


a IC50 values were determined from direct regression curve analysis.
b Not active up to 50 lM.


Table 2. Inhibitory activity of naphthalydene rhodanine derivatives


against PRL-3


Compound R IC50
a (lM)


9a Benzyl 2.0


9b 3,5-Dimethoxybenzyl 3.1


9c 4-Phenylbenzyl 1.9


9d 2-Chloro-6-fluorobenzyl 1.7


Pentamidine 53.6


a IC50 values were determined from direct regression curve analysis.
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surroundings from the active-site pocket of PRL reveals
highly hydrophobic character with large entrance com-
paring to other PTPs. The inhibitory activities of rhoda-
nine compounds against PRL-3 are enhanced by the
introduction of hydrophobic substituents, which well
agrees with the structural information.


The compounds 5e and 9d were evaluated for their
ability to reduce the invasiveness of tumor as shown

vehicle


5e 1 μg/mL 5e 10 μg


Figure 1. Effect of compound 5e on invasion of B16F10 cells.

in Figure 1. B16F10 cells (1 · 105) in routine medi-
um were seeded on the upper chamber of 24-well
BD Biocoat Matrigel invasion chambers with 8 lm
polycarbonate filters (BD Bioscience, San Jose,
CA). The bottom chamber contained conditioned
medium from HT1080 cells as a chemoattractant.
Cells were incubated in the presence and absence
of the compounds for 22 h at 37 �C in a humidified
incubator with 5% CO2. Nonmigratory cells on the
upper surface of the filter were removed by wiping
with a cotton swab. Migrated cells to the underside
of the membrane were stained with 0.5% crystal vio-
let after fixation with methanol and observed under
the microscope.


Compound 5e, with an IC50 value of 0.9 lM, showed the
reduced invasion comparable to 30 lg/ml of fumagil-
lin.11 Naphthalene based compound 9d also exhibited
similar result to 5e, both showing higher potency
compared to pentamidine.

fumagillin 30 μg/mL 


/mL  5e 30 μg/mL  
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In conclusion, we have discovered a new series of rhoda-
nine derivatives as inhibitors of PRL-3. Benzylidene
rhodanine derivatives showed good biological activity,
compound 5e was the most active in this series, exhibited
an IC50 value of 0.9 lM and showed a reduction of
invasion in cell. Further studies aimed at improving effi-
cacy using structure-based design are in progress and
will be reported in due course.
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Abstract—We synthesized, separated into enantiomers, and tested for the HIV-1 reverse transcriptase inhibitory activity a group of
analogs of dimethyl-1-(1-piperidynyl)cyclobuta[b][1]benzothiophene-2,2a(7bH)-dicarboxylate (NSC-380292). Absolute configura-
tions of the enantiomers were determined based on absolute X-ray structures and analysis of CD spectra. Within pairs of enanti-
omers the (R,R)-enantiomer was always much more potent HIV-1 reverse transcriptase inhibitor.
� 2006 Elsevier Ltd. All rights reserved.
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The HIV-1 reverse transcriptase (RT) is one of the
enzymes crucial for the HIV virus replication cycle.
Upon entering a host cell, RT converts the single-
stranded viral RNA into double-stranded DNA, which
is then inserted into the genome of the host cell. RT
has a DNA polymerase domain that can copy either
RNA or DNA, and an RNase H domain that cleaves
RNA. RNase H is required for the degradation of the
RNA template after it has been copied into DNA, which
then permits the synthesis of the second DNA strand by
DNA polymerase. These enzymatic activities are essen-
tial for viral replication, therefore RT is an important
target for anti-HIV drug development and its inhibitors
are widely used as anti-HIV drugs.1 Two major classes
of HIV-1 RT inhibitors are currently used as anti-viral
drugs. Nucleoside RT inhibitors (NRTIs) terminate
DNA synthesis after their incorporation into the grow-
ing DNA chain. Non-nucleoside RT inhibitors (NNR-
TIs) bind to RT and inhibit its enzymatic activity.2–4


Despite the presence of many RT inhibitors, a search
for more suitable ones is still very important, because
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of the appearance of a large number of drug-resistant
mutants of HIV virus.5


During the screening of compounds from the NCI
chemical repository for anti-HIV activity, we (Y. Zhang
and V. Pathak) found that compound NSC-380292
(dimethyl-1-(1-pyrrolidinyl)cyclobuta[b][1]benzothioph-
ene-2,2a(7bH)-dicarboxylate, Fig. 1) is a potent inhibi-
tor of HIV-1 RT with an IC50 = 1.24 lM and
therapeutic index of over 800 (CC50 > 1 mM).


To explore the relationship between the lead compound
structure and the inhibitory activity, we synthesized

S
O


O


O
2a


Figure 1. NSC-380292 (1) is a mixture of 2aS,7bS- and 2aR,7bR-


enantiomers of dimethyl-1-(1-pyrrolidinyl)cyclobuta[b][1]benzothioph-


ene-2,2a(7bH)-dicarboxylate.
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Scheme 1. The synthesis of NSC-380292 analogs (compound 7 as an
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several, closely related structural analogs of this com-
pound (see Fig. 2).


There are two chiral centers in this molecule, but be-
cause of the compound structure, only one pair of enan-
tiomers can exist. The tested repository sample was a
mixture of both enantiomers, so we separated them
using a chiral HPLC column and tested for HIV-1 RT
inhibitory activity.


Most synthesized analogs were also separated into enan-
tiomers and tested in homochiral forms. The absolute
configurations of all compounds were determined using
X-ray crystallography and CD spectroscopy.


Synthesis and chiral separation. The synthesis of com-
pound NSC-380292 and analogs is presented in
Scheme 1 (except compound 10, see Scheme 2). The
commercially available thionaphthene (benzo[b]thio-
phene) was used as a starting material. The selective
bromination at the position 2 was performed by treat-
ment of thionaphthene with n-BuLi followed by
addition of Br2.6,7

S
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O
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2,5-dihydro-1-pyrrolyl-


N


Compounds 
No  R1


 R2  
1 1-pyrrolidinyl-  Me
2 1-pyrrolidinyl-  Et
3 1-pyrrolidinyl-  tBu
4 R-2-methyl-1-pyrrolidinyl-  Me
5 S-2-methyl-1-pyrrolidinyl-  Me


 Me


 Me
 Me
 Me
 Me


6 S-2-methoxymethyl-1-pyrrolidinyl-
7 1-piperidinyl-
8 1-azetidinyl-
9 2,5-dihydro-1-pyrrolyl-


10 dimethylamino-* 


*  5-methoxy-, see Scheme 2  


Figure 2. Modifications of R1 and R2 groups in the synthesized


analogs of NSC-380292.


example). Reagents and conditions: (i) 1—n-BuLi in hexane/Et2O,


2—Br2, (66%); (ii) piperidine, Pd2(dba)3, (±)BINAP, t-BuONa in


toluene, under argon (26 h, 80 �C, 41%); (iii) dimethyl acetylenedi-


carboxylate in acetonitrile (22 h, rt).
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Scheme 2. The synthesis of compound 10. Reagents and conditions: (i)


i-Pr2NH, n-BuLi in THF/hexane (�78 �C! 0 �C, 2.5 h, 30%); (ii)


MsOH in DCM (2.5 h, rt 65%); (iii) dimethyl acetylenedicarboxylate in


acetonitrile (22 h, rt).

2-Bromobenzo[b]thiophene was used in the next step,
palladium-catalyzed substitution of bromine by cyclic
secondary amines.8


The last step of synthesis was the addition reaction be-
tween the benzo[b]-thiophene derivative and dimethyl
acetylenedicarboxylate, and a subsequent rearrange-
ment.9 This reaction was carried out in acetonitrile, at
room temperature, for 22 h.


Compound 10 was synthesized starting from commer-
cially available anisaldehyde and N,N-dimethylthiofor-
mamide.10 The product of condensation of these
compounds was converted into thionaphthene deriva-
tive by treatment with methanesulfonic acid in
DCM.10 The final step was the same as for the other
compounds. The products were purified by a flash







Figure 3. X-ray structures of (a) 7i-R,R enantiomer of 7; (b) 6i-R,R-


stereoisomer of 6; (c) 4i-R,R-stereoisomer of 4.
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chromatography. The products of the rearrangement
were mixtures of two stereoisomers (with S,S and R,R
absolute configurations at the chiral bridgehead carbon
atoms). We used preparative HPLC on a chiral col-
umn11 to obtain homochiral compounds. Fractions with
shorter retention times were denoted i (e.g., 1i), fractions
with longer retention times ii (e.g., 1ii). We were unable
to separate mixture of 3. The purity of final products
was confirmed by 1H NMR and MALDI-TOF-MS
(Kratos Axima-CFR instrument, matrix: a-cyano-4-hy-
droxycinnamic acid). The observed monoisotopic mass-
es, measured for the mixtures of stereoisomers and for
the homochiral compounds after chiral HPLC, were in
good agreement with theoretical masses.


Determination of absolute configuration. For three of the
homochiral products, the structures and the absolute
configurations were determined by X-ray crystallo-
graphy (see Fig. 3). All three compounds were found in
the early eluting fractions (4i, 6i, and 7i) obtained after
preparative HPLC of 4, 6, and 7, on Chiralcel OD col-
umn. Monocrystals for the X-ray structure determina-
tion were obtained by a slow isothermal crystallization
from cyclopentane/toluene (4i), toluene (7i), or Et2O/
hexane (6i). The absolute configurations of 4i and 7i were
determined using an anomalous dispersion, based on the
presence of sulfur atom in these molecules. The absolute
configurations on bridgehead carbon atoms in 6i were as-
signed based on a known configuration of the third chiral
center (from S-2-methoxymethylpyrrolidine). For all X-
ray structures, the determined absolute configurations
were R on both bridgehead carbons. Full crystallograph-
ic details have been deposited with Cambridge Crystallo-
graphic Data Center (deposition numbers: 286459 for 4i,
286458 for 6i, and 286457 for 7i). A comparison of CD
spectra (see Fig. 4) of 1i, 6i, and 7i with spectra of 1ii,
6ii, and 7ii showed that signs of four strong Cotton ef-
fects around 295, 260, 230, and 205 nm are determined
by the configurations on the chiral bridgehead carbon
atoms (7ii omitted for clarity). For the R,R configura-
tions (1i, 6i, and 7i) the Cotton effect around 230 nm is
positive and the other Cotton effects are negative. For
the S,S configurations (1ii, 6ii, and 7ii) the signs of all
these Cotton effects are opposite. The comparison of
these data with CD spectra of other homochiral products
allowed us to assign the absolute configuration for all
isomers (for clarity we show only a superposition of five
CD spectra). For all compounds, the first fractions from
the chiral HPLC (1i, 4i, 5i, 6i, 7i, 8i, 9i, and 10i) have R,R
configurations on the chiral bridgehead carbon atoms.
The third center of chirality present in 4 and 6 is respon-
sible for the modulation of intensity of the Cotton effect
around 260 nm and an additional Cotton effect at
220 nm.


Inhibition of HIV-1 replication. The ability of these
compounds to inhibit HIV-1 replication was determined
(Table 1) as previously described.12 Briefly, an HIV-1
vector that expresses the firefly luciferase reporter gene
and all HIV-1 proteins except for the Env and Nef
was used. The vector was cotransfected into 293 T-cells
with pHCMV-G, which expresses the G-glycoprotein of
vesicular stomatitis virus. Virus harvested from the

transfected cells was used to infect target cells in the
presence or absence of the compounds tested. The com-
pounds were added to target cell cultures for 4 h prior to
infection and were present for the next 48–72 h, at which
point the ability of the compounds to inhibit viral repli-
cation was determined by measuring the amount of
luciferase activity in the infected cells.







Table 2. Ex vivo sensitivity of wild-type and NNRTI-resistant HIV-1


RTs to nevirapine, efavirenz, and NSC-380292


No. HIV-RT IC50 (lM)


Nevirapine Efavirenz NSC-380292


1 Wild-type 0.060 0.0008 1.2


2 K103N 5.750 0.0540 >30


3 Y181C 6.650 0.0060 >30


4 Y188C 0.860 0.0095 >30
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Figure 4. The CD spectra of compounds 1i (solid gray line), 1ii (solid


black line), 6i (dashed gray line), 6ii (dashed black line) and 7i (dotted


gray line). The CD spectra first fractions from chiral HPLC (1i, 6i, and


7i) (gray lines) or S,S (black lines) reflect the absolute configurations at


the bridgehead carbon atoms of the stereoisomers. Spectra were


collected at 23 �C (0.2 mM in MeOH).


Table 1. Results of ex vivo HIV-1 RT inhibitory assay for compounds


1–10, the R,R or S,S represent absolute configurations of chiral centers


at 2a and 7b carbon atoms


Compounds IC50 (lM)


No. R1 R2 R,R/S,S R,R S,S


1 1-Pyrrolidinyl- Me 1.2 0.8 >20


2 1-Pyrrolidinyl- Et >20 >20 >20


3 1-Pyrrolidinyl- t-Bu >20 — —


4 R-2-Methyl-1-pyrrolidinyl- Me — 0.5 11


5 S-2-Methyl-1-pyrrolidinyl- Me — 2.3 >25


6 S-2-Methoxymethyl-1-


pyrrolidinyl-


Me 48 38 >50


7 1-Piperidinyl- Me 8.9 7.7 >40


8 1-Azetidinyl- Me >10 — —


9 2,5-Dihydro-1-pyrrolyl- Me 5.1 — —


10 Dimethylamino-a Me 50 — —


a 5-Methoxy-, see Scheme 2.
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HIV-1 RT mutations that confer resistance to NNRTIs
also confer resistance to NSC-380292. The sensitivity
of NSC-380292 to HIV-1 RT variants containing
mutations associated with clinical resistance to NNR-
TIs was determined. Mutations K103N, Y181C, and
Y188C are associated with high-level resistance in
treated patients to NNRTIs nevirapine and efavi-
renz.13 HIV-1 vectors that expressed the firefly lucifer-
ase gene and contained wild-type RT or mutant RTs
containing the K103N, Y181C, and Y188C substitu-
tions were cotransfected into 293 T-cells with
pHCMV-G; viruses harvested from the transfected
cells were used to infect target cells in the presence
of increasing concentrations of nevirapine, efavirenz,
or NSC-380292 and the IC50 concentrations were
determined 48–72 h after infection (Table 2).


It is clear from the study of the X-ray structures of the
active reverse transcriptase inhibitors (4, 6, and 7), that

these inhibitors take up a butterfly-like overall shape in
their structure. 14 In this respect, this family of reverse
transcriptase inhibitors resembles the other NNRTIs.15


Our observations that mutations in HIV-1 RT associat-
ed with resistance to other clinically available NNRTIs
strongly support the view that the NSC-380292 com-
pound is an HIV-1 RT inhibitor and that it binds to
the enzyme in a manner that is similar to other NNRTIs
used to treat HIV-1 infected patients. The results of
HIV-1 reverse transcriptase inhibitory assays for NSC-
380292 (1) demonstrated that only one enantiomer
(R,R; 1i) is responsible for the sample inhibitory activity.
This is also true for all analogues we tested in the homo-
chiral form. The lack of activity of the analogs with R2


other than Me (2 and 3) and a low tolerance for the
changes of R1 suggest that the lead compound (1) is a
unique reverse transcriptase inhibitor. In this regard, it
is found that a number of NNRTIs have been reported
to directly inhibit the reverse transcriptase enzyme in an
allosteric fashion by binding to a pocket near the poly-
merase active site.


The current structure/activity study provides an opti-
mized structure, in compounds 1i and 4i, with R config-
urations at the chiral centers 2a and 7b.
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Abstract—We synthesized a series of novel small molecules, 2,3-dihydro-3-hydroxymethyl-1,4-benzoxazine derivatives, by tandem
reduction-oxirane opening of 2-nitroaroxymethyloxiranes in moderate or excellent yields. We investigated the effects of all of the
compounds on HUVEC apoptosis and A549 cell growth. The results showed that 6,8-dichloro-2,3-dihydro-3-hydroxymethyl-1,4-
benzoxazine was the most effective small molecule in promoting HUVEC apoptosis and inhibiting A549 cell proliferation, but
6-amino-2,3-dihydro-3-hydroxymethyl-1,4-benzoxazine could remarkably inhibit HUVEC apoptosis and might induce the
formation of microvessel.
� 2006 Elsevier Ltd. All rights reserved.

The use of small molecules to affect biological phenom-
ena, also known as chemical genetics, has made a signif-
icant impact in diverse areas of biology.1–3 The design of
the library is the first and a very crucial step in the for-
ward chemical genetics process, and this step determines
the success of the library.4 In addition to natural prod-
ucts library and known drug-like library, the design
and synthesis of novel small molecules library with
valuable chemical diversity has been shown to be
challenging.5


Vascular endothelial cells (VECs) play important roles
in angiogenesis that is critical for normal physiological
processes such as embryonic development and wound
repair. Angiogenesis also promotes tumor growth. The
regulation of endothelial cell apoptosis was as a poten-
tial therapeutic target to blood vessel disease.6 There-
fore, the current research focuses on the utilization of
chemical genetics to discover novel endothelial cell
apoptosis promoters or inhibitors. The new candidate

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


doi:10.1016/j.bmcl.2006.03.013


Keywords: 2,3-Dihydro-3-hydroxymethyl-1,4-benzoxazines; Vascular


endothelial cells; A549 cells; Apoptosis.
* Corresponding authors. Tel.: +86 531 88366425; fax: +86 531


88564464; e-mail addresses: bxzhao@sdu.edu.cn; miaojy@sdu.


edu.cn

promoters and inhibitors will be very useful for us to
provide new insights into the mechanisms of angiogenesis,
and to advance the development of new antiangiogenic
and anti-cancer agents.7 Cancer is the second leading
cause of mortality in developed countries. The discovery
and development of new treatments is urgently needed
due to problems with currently available treatments,
such as toxicities and drug-resistance. It has been report-
ed that the antitumor efficacy of chemotherapeutic
agents correlated with their growth-inhibiting, differenti-
ation-inducing or apoptosis-inducing abilities.8


In our effort to discover and develop apoptosis
inducers as potential new anti-cancer agents, we have
identified several classes of molecules as novel
apoptosis inducers, including safrole oxide, 1-alkoxy-
3-(3 0,4 0-methylenedioxy)phenyl-2-propanol, c-lactone,
and morpholinone derivatives.9–20 In an ongoing study
in our laboratory on the design and synthesis of the
small molecule, we are interested in extending our
small molecules library to meet the requirement of
our research.


The 2,3-dihydro-1,4-benzodioxine system has been
widely used as a substructure of several biologically
interesting agents and hence, a variety of reports have
been presented for their synthesis and biological
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evaluation of compounds including this ring.21–25 The
2,3-dihydro-1,4-benzoxazine derivatives, replacement
of the one oxygen atom by nitrogen in 2,3-dihydro-
1,4-benzodioxine, have been synthesized so far and var-
ious pharmacological activities have been reported with
this class of molecules.26–28 However, to the best of our
knowledge, only few of 2,3-dihydro-3-substituted-1,4-
benzoxazine derivatives, especially 2,3-dihydro-3-
hydroxymethyl-1,4-benzoxazine derivatives, have been
described in the literature.29–34


Herein, we report the discovery of 2,3-dihydro-3-hy-
droxymethyl-1,4-benzoxazine derivatives and the find-
ings of their biological activities in controlling
HUVEC apoptosis and A549 cell growth.


Chemistry. The method used to synthesize the 2,3-dihy-
dro-3-hydroxymethyl-1,4-benzoxazine derivatives (3) is
shown in Scheme 1. Substituted 2-nitrophenoxymethyl-
oxiranes (1) were prepared according to the known
method.35 The tandem reduction-oxirane opening of
substituted 2-nitrophenoxymethyloxiranes (1) in the
presence of iron powder and acid gave substituted
2,3-dihydro-3-hydroxymethyl-1,4-benzoxazines (3) in
moderate or excellent yields. All the seven synthesized
compounds gave satisfactory spectral data. Representa-
tively, the structure of 3a was confirmed by 1H NMR
and 13C NMR data,36 which showed the presence of
two CH2–O signals at 75.2 and 68.4 ppm, and a
CH–N signal at 52.2 ppm (assigned to C-3), confirming
the formation of only one regioisomer.37 The one-pot
synthesis provides a novel and facile method of prepar-
ing the 2,3-dihydro-3-hydroxymethyl-1,4-benzoxazine
derivatives.


Effects of the compounds 3a–g on HUVEC apoptosis. In
order to evaluate the effects of the compounds on
HUVEC38 apoptosis, we used the given model of
HUVEC apoptosis induced by deprivation of growth
factors.39,40 The results showed that compounds 3a–f
promoted HUVEC apoptosis at the concentrations of
25–200 lM to a certain extent. Among the six
compounds, the most effective one was compound 3f
(Figs. 1A–F). Contrarily, compound 3g inhibited the
apoptosis of HUVECs from 50 to 200 lM (Fig. 1G).
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Scheme 1. Synthesis of 2,3-dihydro-3-hydroxymethyl-1,4-benzoxazine deriva

Effects of the compounds 3a–g on the morphology41 of
HUVEC. Morphological changes are associated with
the physiological and pathological processes in
HUVECs. When the cells detach from the culture dish
bottom and become round, they will enter into apopto-
sis processes.39 If HUVECs elongate and bend into
rings, they will form microvessels.42 In our experiments,
we found that compounds 3a–f first promoted the
detachment of HUVECs from the dish bottom and then
triggered them becoming round and forming apoptotic
bodies (Figs. 2D and E). Compound 3g induced
HUVEC to elongate and form into loop-like structures
(Fig. 2F). The data suggested that compound 3g might
be capable of promoting the formation of microvessel.


Effects of compounds 3a–g on the viability of A549 cells.
The data obtained by MTT assay showed that exposure
of A549 cells to compound 3c 400 lM for 24 h resulted
in cell viability decrease from 100% to 77.8% (p < 0.05)
(Fig. 3A). When the exposure continued on to 48 h,
compared with the vehicle group, cell viability reduced
more significantly from 100% to 59.5% (p < 0.01)
(Fig. 3A). If the cells were treated with compound 3c
200 lM for 48 h, cell viability could be also decreased
to 72.6% (p < 0.01) (Fig. 3A). The data suggested that
compound 3c inhibited cell growth in a dose dependent
manner from 200 to 400 lM. Compound 3d also obvi-
ously inhibited the cell growth at 200 lM after 48 h of
the treatment and its growth inhibitory effect was more
obvious (p < 0.05) at 400 lM (Fig. 3B). When A549 cells
were exposed to compound 3f at 50 lM for 48 h or
200 lM for 24 and 48 h, the viability of the cells was
decreased obviously (p < 0.05) (Fig. 3C). When the cells
were treated with compound 3f 400 lM for 24 or 48 h,
the cell growth was remarkably suppressed (p < 0.01).
Surprisingly, the apoptosis-promoting activity of
compound 3f at a concentration of 50 lM was higher
than that at 100 lM (Fig. 3C). The results showed that
the apoptosis-promoting activity of a compound was
not always linear to concentration. Compounds 3a, 3b,
3e and 3g had no effect on A549 cell growth
(p > 0.05). Taken together, the results showed that
compounds 3c, 3d, and 3f had obviously inhibitory
effects on A549 cell growth at 200 and 400 lM, but
the compounds 3a, 3b, 3e, and 3g had no effects on
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Figure 1. Effects of compounds 3a–g on apoptosis of HUVECs. Data are means ± SE from three independent experiments. (*P < 0.05 vs the control


group; **P < 0.01 vs the control group).


2864 P.-F. Jiao et al. / Bioorg. Med. Chem. Lett. 16 (2006) 2862–2867







Figure 4. Morphology image of A549 treated with compounds 3c, 3d,


and 3f (200 lM) for 48 h. (A) DMSO; (B) 3c; (C) 3d; and (D) 3f.


Figure 2. Morphology image of HUVEC treated with compounds 3d,


3f, and 3g (200 lM) for 24 h. (A) normal; (B) control; (C) DMSO; (D)


3d; (E) 3f; and (F) 3g.
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the cell growth. Among compounds 3c, 3d and 3f,
compound 3f was the most effective one.


Effects of the compounds 3a–g on the morphology of A549
cells. Concomitant with cell growth inhibition, com-
pounds 3c, 3d, and 3f induced the changes of A549 cell
morphology. Compounds 3a, 3b, 3e, and 3g had no
effects on the cell morphology. As shown in Figures
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Figure 3. Inhibition of compounds 3c, 3d, and 3f on A549 cell growth. Data
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4B and D, when exposed to compound 3c and 3f
200 lM for 48 h, A549 cells became slender and longer,
the effect of compound 3f was much stronger than that
of 3c. The data suggested that compounds 3c and 3f not
only could inhibit A549 cell growth, but also might
induce the cell differentiation to type I lung epithelial
cells in morphology. When A549 cells were treated with
compound 3d, the cells vacuolated gradually as the
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concentration increased and the time elongated
(Fig. 4C). The results told us that compound 3d might
induce A549 cell death, because vacuolation is a com-
mon event in many cell death processes including both
apoptosis and necrosis.43


In summary, we have described a facile approach to
prepare 2,3-dihydro-3-hydroxymethyl-1,4-benzoxazine
derivatives by tandem reduction-oxirane opening of
2-nitroaroxymethyloxiranes, and we found two very
interesting compounds. 6,8-Dichloro-2,3-dihydro-3-hy-
droxymethyl-1,4-benzoxazine 3f was the most effective
small molecule in promoting HUVEC apoptosis
and inhibiting A549 cell proliferation. 6-Amino-2,3-
dihydro-3-hydroxymethyl-1,4-benzoxazine 3g could
remarkably inhibit HUVEC apoptosis and might induce
the formation of microvessel. The findings lead us
to find their targets and to investigate the mechanisms
of the small molecules acting in controlling cell
proliferation, differentiation and apoptosis in our next
researches.
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Abstract—Syntheses are described of fatty acid analogs 5 and 6, and cholesterol (2) analogs 7 and 8 containing fluorenone groups,
which are both photoactivable and fluorescent. The potential of the analogs of 2 as biochemical research tools has been demonstrat-
ed by the findings that 7 and 8 can replace 2 in apolipoprotein A-I-induced cellular efflux of 2 and that fluorescence is easily visible at
the surface of smooth muscle cells equilibrated with 8.
� 2006 Elsevier Ltd. All rights reserved.
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For use as photoaffinity labels in a collaborative study
of cellular lipid efflux and high density lipoprotein
(HDL) formation, we have recently prepared a number
of benzophenone-containing analogs of phosphatidyl-
choline (1)1 and cholesterol (2).2 The analogs of 1 are
exemplified by 3, with a benzophenone group incorpo-
rated at the end of the C1 fatty acid chain. The choles-
terol analogs include 4, known as FCBP, which can
replace at least 47% of cellular 2 without perturbing nor-
mal cellular function,3 and which has proved to be a
valuable research tool for elucidating the mechanisms
of cholesterol efflux.3,4

HO
O


The widely used benzophenone group offers several dis-
tinct advantages as a photophore,5–7 including its hydro-
phobicity, which makes it especially attractive for
covalent attachment to lipids. On the other hand, the
potential of the structurally closely similar fluorenone
moiety has barely been explored. Two examples of the
use of substituted fluorenones as protein photoaffinity
labeling agents have appeared, citing the conformational
rigidity of the fluorenone group as important.7–9 How-
ever, the fact that fluorenones are fluorescent as well
as photoactivable appears not to have been investigated

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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for its possible value in biochemical research. We decid-
ed to incorporate fluorenone groups into analogs of 1
and 2 to determine if such compounds could be used
as fluorescent molecular probes. In this letter, the syn-
theses of fluorenone-containing fatty acid analogs 5
and 6, and cholesterol analogs 7 and 8 are described,
along with preliminary assessment of the potential
biochemical utility of 7 and 8.


Syntheses of 5 and 6 were readily accomplished, as in the
case of their benzophenone-containing counterparts,1 by
use of Suzuki coupling reactions (Scheme 1). In the case
of 5, commercially available 2-bromofluorenone (9) was
coupled10,11 with methyl 10-undecenoate (10), which
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Scheme 2. Reagents and conditions: (a) NaH, THF, 16 (for 18) or 12 (for 19), DMSO, THF, reflux, 17 h; (b) TsOH, dioxane, H2O, 80 �C, 5 h.


Figure 1. The dilution of [3H]cholesterol ([3H]-2) radioactivity in


fibroblast monolayers by 2 or FC analogs 7 and 8. The dilution ratio is


the reduction in [3H]-2 efflux to the cellular medium when fibroblast


monolayers were equilibrated (48 h, 37 �C) with 10 lCi [3H]-2 plus


unlabeled 2 or analog equal to the total sterol content of cells and


medium (10% plasma v/v) compared with cells labeled with the same


level of tracer [3H]-2 only. Complete equilibration between sterol pools


is indicated by a dilution ratio comparable to that produced by the


added unlabeled 2, designed to be approximately 50%. Values shown


represent means ± 1 SD of three independent experiments, each


including triplicate dishes of fibroblasts incubated as described in


Ref. 2.
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Scheme 1. Reagents and conditions: (a) Tf2O, 2,6,di-tert-butyl-4-methylpyridine, CH2Cl2, �78 �C, 1 h, 0 �C, 1.5 h; (b) 9-BBN, THF, 0 �C, 2 h, rt,


3 h; (c) 9, Cs2CO3, AsPh3, Pd(dppf)Cl2, THF, DMF, H2O, 85 �C, overnight; (d) 13, K3PO4, Pd(dppf)Cl2, THF, overnight at reflux; (e) KOH, 95%


EtOH, rt, 4 h, 10% HCl.
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had been subjected to hydroboration with 9-BBN, to af-
ford ester 11 in 54% yield.12 Saponification of 11 then
gave 80% of pure 5.13 For reasons that remain unclear,
we had difficulty reproducing a literature synthesis14 of
3-bromofluorenone, so it was decided instead to prepare
3-hydroxyfluorenone (12) and use its triflate derivative
13 for the Suzuki coupling.15 3-Methoxyfluorenone
was prepared by the procedure of Kym et al.16 in an im-
proved 70% overall yield. Ether cleavage of 12 was then
effected with HBr/CH3COOH17 in 95% yield, as com-
pared to the 37% yield obtained with BF3ÆSMe2.16 After
conversion of 12 to triflate 13 in 90% yield,18 Suzuki
coupling with the 9-BBN15 adduct from 10 gave 42%
of ester 14,19 which was quantitatively saponified to
6.13 Synthesis of isomeric ester 11 was also performed
in 47% yield by this route from triflate 15, formed in
98% yield from commercially available 2-hydroxyfluore-
none (16).18


The fluorenone-containing cholesterol analogs 7 and 8
were readily prepared from the i-steroid C22 iodide
1720 which we had used previously for the synthesis of
several cholesterol derivatives with modified side chains
(Scheme 2).21,22 Alkylation of the anions of hydroxyflu-
orenones 16 and 12 with 17 by the procedure of Heath-
cock et al.23 gave fluorenylated i-steroids 18 and 19 in
69% and 53% yield, respectively.24 Acidic hydrolysis then
converted 18 to 7 (74% yield) and 19 to 8 (77% yield).25


The yellow fluorenone-containing analogs 7 and 8 were
evaluated as cholesterol (2) surrogates first by examining
their ability to replace 2 in the efflux of 2 induced by
apolipoprotein A-I, the major protein of HDL. An as-
say to measure such efflux was recently developed in hu-
man skin fibroblasts and vascular smooth muscle cells
(SMC)2,3 for use with several benzophenone-containing
analogs of 2 that were found successfully to replace 2 in

this complex pathway of multiple cell-surface and intra-
cellular steps.2 When this assay, described briefly in the
legend for Figure 1, was applied to 7 and 8, these com-
pounds also decreased efflux of [3H]-2 to an extent com-
parable to that of 2 itself, establishing that 7 and 8 may
be useful research tools in biochemical experiments.







Figure 2. Human aortic smooth muscle cells (SMC) were cultured in 10% bovine fetal serum (BFS) as previously described in Ref. 3. A solution of 8


in DMSO (1 mg/mL) was incorporated into BFS to a concentration (30 lg/mL) equivalent to 50% of BFS-cholesterol. After incubation with the cells


for 24 h at 37 �C, the medium was removed. The cells were washed and visualized with a Nikon Eclipse TS/100-F microscope, with Fifc filter. The


images shown (magnification 60·) are: top, SMC by phase contrast microscopy; and, bottom, fluorescence emission microscopy of the same cells.
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The potential utility of the fluorescence of these ana-
logs was also demonstrated. Compounds 5–8 all
exhibit intense green fluorescence in the 500–550 nm
range.26 Preliminary assessment of these compounds
as biochemical fluorophores was conducted by incu-
bation of 8 with SMC.3 As shown in Figure 2, after
8 was equilibrated into SMC, highly visible fluores-
cence was concentrated at the cell surface, particu-
larly at the leading edge of pseudopodia, in a
pattern similar to that observed by immunofluores-
cence for caveolin,3 a key protein involved in choles-
terol efflux.
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added 4.1 mL of 0.5 M 9-BBN in THF at 0 �C. The
mixture was stirred at 0 �C for 2 h, and at rt for 3 h, and
then was introduced into a mixture of 550 mg (2.12 mmol)
of 2-bromofluorenone (9), 2.07 mg (6.37 mmol) Cs2CO3,
130 mg (0.424 mmol) AsPh3, and 346 mg (0.424 mmol)
Pd(dppf)Cl2 in a mixture of 8 mL of THF, 8 mL DMF,
and 2 mL H2O. The resulting mixture was heated at 85 �C
overnight, cooled, and passed through a short pad of silica
gel with 4:1 hexane/EtOAc. The solvent was evaporated
and the residue was dissolved in 150 mL EtOAc, washed
with brine, dried, filtered, and evaporated to give 1.30 g of
residue, which was chromatographed on silica gel (25:1–
20:1 hexane/EtOAc) to give 348 mg (54%) of yellow 11,
mp 59.7–61.3 �C, which was recrystallized from hexane/
EtOAc to give 11: mp 60.9–62.3 �C; 1H NMR (500 MHz)
d 7.64 (m, 1H), 7.48 (m, 3H), 7.42 (m, 1H), 7.26 (m, 2H),
3.68 (s, 3H), 2.64 (t, J = 7.5 Hz, 2H), 2.31 (t, J = 7.5 Hz,
2H), 1.63 (m, 4H), 1.29 (m, 12H); 13C NMR (125 MHz) d
194.6, 174.6, 144.9, 144.7, 142.3, 134.9, 134.9, 134.7, 134.6,
128.8, 124.6, 124.5, 120.4, 120.2, 51.7, 36.0, 34.3, 31.4,
29.7, 29.7, 29.7, 29.5, 29.4, 29.4, 25.2. Anal. Calcd for
C25H30O3: C, 79.33; H, 7.99. Found: C, 79.23; H. 7.98.
From 15: exactly as in the preparation of 14 described
below, 400 mg (2.02 mmol) of 10 was treated with 9-BBN
and then coupled with 15 to afford, after chromatography,
299 mg (47%) of yellow solid 11, contaminated with a
trace of 15.


13. Preparation of 5 and 6. For 5, to a solution of 235 mg
(0.62 mmol) of 11 in 8 mL of 95% ethanol was added
208 mg (1.86 mmol) of KOH. The mixture was stirred at rt
for 4 h and 5 mL of 10% HCl was added to adjust the pH
to 2. The solvent was evaporated and the residue was
extracted with EtOAc, washed with brine, dried, filtered,
and evaporated to give 340 mg of residue, which was
chromatographed on silica gel (9:1–2:1 hexane/EtOAc) to
give 180 mg (80%) of yellow 5, mp 91.2–93.0 �C, which
was recrystallized from hexane/EtOAc to give 5: mp 93.6–
94.3 �C; kmax (CH2Cl2) 263 nm (e 6.0 · 104), 255 nm
(e 5.4 · 104); 1H NMR d 7.64 (m, 1 H), 7.48 (m, 3H),
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7.42 (m, 1H), 7.28 (m, 2H), 2.64 (t, J = 7.5 Hz, 2H), 2.38
(t, J = 7.5 Hz, 2H), 1.64 (m, 4H), 1.31 (m, 12H); 13C NMR
d 194.6, 180.4, 144.9, 144.7, 142.3, 134.94, 134.92, 134.6,
134.5, 128.8, 124.6, 124.5, 120.4, 120.3, 36.0, 34.4, 31.4,
29.7, 29.65, 29.62, 29.5, 29.4, 29.3, 24.9. Anal. Calcd for
C24H28O3: C, 79.09; H, 7.74. Found: C, 79.08; H, 7.79.
For 6, as in the preparation of 5, 143 mg (0.38 mmol) of 14
was saponified to give, after silica gel chromatography,
137 mg (100%) of yellow 6, mp 112–114 �C, which was
recrystallized from hexane/EtOAc to give 6: mp 114.1–
115.5 �C; kmax (CH2Cl2) 265 nm (e 5.6 · 104), 260 nm (e
5.7 · 104); 1H NMR (500 MHz) d 7.65 (m, 1H), 7.58 (m,
1H), 7.50 (m, 2H), 7.28 (m, 2H), 7.10 (m, 1H), 2.70 (t,
J = 7.5 Hz, 2H), 2.36 (t, J = 7.5 Hz, 2H), 1.66 (br, 4H),
1.32 (br, 12H); 13C NMR (125 MHz) d 194.0, 180.1, 151.2,
145.1, 144.7, 135.0, 134.7, 132.3, 129.3, 129.2, 124.6, 124.4,
120.8, 120.4, 36.8, 34.2, 31.4, 29.7, 29.7, 29.6, 29.5, 29.5,
29.3, 24.9. Anal. Calcd for C24H28O3: C, 79.09; H, 7.74.
Found: C, 78.79; H. 7.79.


14. Dickinson, J. D.; Eaborn, C. J. Chem. Soc. 1959, 2337.
15. Ohe, T.; Miyaura, N.; Suzuki, A. J. Org. Chem. 1993, 58,


2201.
16. Kym, P. R.; Hummert, K. L.; Nilsson, A. G.; Lubin, M.;


Katzenellenbogen, J. A. J. Med. Chem. 1996, 39, 4897.
17. Coelho, P. J.; Carvalho, L. M.; Rodrigues, S.; Oliveira-


Campos, A. M. F.; Dubest, R.; Aubard, J.; Samat, A.;
Guglielmetti, R. Tetrahedron 2002, 58, 925.


18. Preparation of 13 and 15. For 13, to a solution of 630 mg
(3.21 mmol) of 3-hydroxyfluorenone (12), mp 232–234 �C
(lit.16 mp 215–220 �C), and 1.65 g (8.04 mmol) of 2,6-di-
tert-butyl-4-methylpyridine in 20 mL of dry CH2Cl2 was
added 0.65 mL (3.85 mmol) Tf2O dropwise at �78 �C. The
mixture was stirred at �78 �C for 1 h and at 0 �C for 1.5 h,
and then was evaporated to give 2.79 g of residue, which
was chromatographed on silica gel (20:1 hexane/EtOAc)
to give 952 mg (90%) of yellow 13: mp 114.0–115.8 �C; 1H
NMR d 7.70 (m, 2H), 7.51 (m, 2H), 7.37 (m, 2H), 7.18 (m,
1H); 13C NMR d 191.6, 154.0, 147.3, 142.6, 135.4, 134.4,
133.8, 130.6, 126.2, 124.9, 121.8, 121.2, 121.1, 116.8, 114.2.
For 15, exactly as in the preparation of 13, 350 mg
(1.78 mmol) of 2-hydroxyfluorenone (16) was converted to
577 mg (98%) of yellow 15: mp 99.3–100.4 �C; 1H NMR
(500 MHz) d 7.73 (m, 1H), 7.62 (m, 1H), 7.58 (m, 3H),
7.40 (m, 2H); 13C NMR d 191.0, 150.2, 144.3, 143.2,
136.4, 135.6, 134.5, 130.1, 127.4, 125.1, 122.0, 121.1, 117.9,
116.8.


19. Preparation of 14. According to the procedure of Ohe,
Miyaura, and Suzuki,15 to a solution of 198 mg
(1.00 mmol) of 10 in 5 mL of dry THF was added
2.4 mL of 0.5 M 9-BBN in THF at 0 �C. The mixture
was stirred at 0 �C for 2 h, and at rt for 2 h, and then was
introduced into a mixture of 300 mg (0.91 mmol) of 13,
291 mg (1.37 mmol) of K3PO4, and 56 mg (0.069 mmol) of
Pd (dppf) Cl2 in 4 mL THF. The resulting mixture was
heated at reflux overnight, cooled, and passed through a
short pad of silica gel with 4:1 hexane/EtOAc. The solvent
was evaporated and the residue was chromatographed on
silica gel (20:1 hexane/EtOAc) to afford 144 mg (42%) of
yellow 14, mp 58.1–59.8 �C, which was recrystallized from
hexane/EtOAc to give 14: mp 60.0–61.3 �C; 1H NMR d
7.65–7.44 (m, 4H), 7.33–7.25 (m, 2H), 7.10 (m, 1H), 3.68
(s, 3H), 2.67 (t, J = 7.5 Hz, 2H), 2.32 (t, J = 7.5 Hz, 2H),
1.64 (br, 4H), 1.30 (br, 12H); 13C NMR d 193.9, 174.5,
151.1, 145.0, 144.6, 135.0, 134.6, 132.3, 129.3, 129.2, 124.6,
124.4, 120.8, 120.4, 51.7, 36.8, 34.4, 31.4, 29.7, 29.7, 29.7,
29.5, 29.5, 29.4, 25.2. Anal. Calcd for C25H30O3: C, 79.33;
H, 7.99. Found: C, 79.41; H, 8.09.


20. Partridge, J. T.; Faber, J. S.; Uskokovic, M. R. Helv.
Chim. Acta 1974, 57, 764.

21. Tomkinson, N. C. O.; Willson, T. M.; Russel, J. S.;
Spencer, T. A. J. Org. Chem. 1998, 63, 9919.


22. Spencer, T. A.; Li, D.; Russel, J. S.; Tomkinson, N. C. O.;
Willson, T. M. J. Org. Chem. 2000, 65, 1919.


23. Heathcock, C. H.; White, C. T.; Morrison, J. J.; VanDer-
veer, D. J. Org. Chem. 1981, 46, 1296.


24. Preparation of 18 and 19. For 18, according to a
procedure by Heathcock et al.23 to a suspension of
69 mg (2.66 mmol) of NaH in 5 mL of THF was added
a solution 196 mg (1.0 mmol) of 16 in 5 mL of dry THF,
followed by 1 mL DMSO and 460 mg (1.0 mmol) of 17
dissolved in 5 mL THF. The resulting mixture was heated
at reflux for 17 h, cooled, and poured into 15 mL water.
The water layer was saturated with NaCl and extracted
with ether. The combined ether layers were washed with
water and brine, dried, filtered, and evaporated to give
0.8 g of residue, which was chromatographed on silica gel
(9:1–4:1 hexane/EtOAc) to give 330 mg (69%) of yellow
18: mp 108–110 �C; 1H NMR d 7.60 (m, 1H), 7.40 (m,
3H), 7.18 (m, 2H), 6.96 (m, 1H), 3.95 (dd, J = 9.0, 3.0 Hz,
1H), 3.72 (dd, J = 9.0, 7.0 Hz, 1H), 3.33 (s, 3H), 2.78 (m,
1H), 2.06–0.80 (m, 20H), 1.14 (d, J = 6.6 Hz, 3H), 1.04 (s,
3H), 0.78 (s, 3H), 0.68 (m, 1H), 0.44 (m, 1H); 13C NMR d
194.2, 161.0, 145.2, 136.9, 136.0, 135.0, 134.5, 128.0, 124.5,
121.5, 121.0, 119.7, 110.2, 82.6, 73.9, 56.8, 56.4, 53.0, 48.2,
43.6, 43.2, 40.3, 36.7, 35.5, 35.2, 33.6, 30.7, 28.1, 25.2, 24.5,
22.9, 21.7, 19.5, 17.6, 13.3, 12.5. For 19, as in the
preparation of 18, 98 mg (0.5 mmol) of 12 was treated
with 30 mg (1.25 mmol) of NaH and then 228 mg
(0.5 mmol) of 17 to afford, after silica gel chromatography,
139 mg (53%) of yellow 19: mp 96.4–98.4 �C; 1H NMR d
7.62 (m, 2H), 7.48 (m, 2H), 7.30 (m, 1H), 7.02 (m, 1H),
6.72 (m, 1H), 4.01 (dd, J = 9.0, 3.0 Hz, 1H), 3.80 (dd,
J = 9.0, 7.0 Hz, 1H), 3.33 (s, 3H), 2.78 (m, 1H), 2.02–0.82
(m, 20H), 1.16 (d, J = 6.6 Hz, 3H), 1.04 (s, 3H), 0.79 (s,
3H), 0.66 (m, 1H), 0.45 (m, 1H); 13C NMR d 192.8, 165.6,
147.2, 143.7, 135.7, 134.3, 129.5, 127.1, 126.6, 124.1, 120.3,
113.6, 107.8, 82.6, 73.9, 56.8, 56.5, 53.0, 48.2, 43.6, 43.2,
40.3, 36.7, 35.5, 35.3, 33.6, 30.8, 28.1, 25.2, 24.5, 23.0, 21.7,
19.5, 17.6, 13.3, 12.6.


25. Preparation of 7 and 8. For 7, a solution of 120 mg
(0.229 mmol) of 18 and 11 mg (0.058 mmol) of p-TsOH
in a mixture of 3 mL dioxane and 1 mL water was heated
at 80 �C for 5 h. The mixture was cooled to rt, quenched
with 10 mL of saturated NaHCO3 solution, and extract-
ed with CH2Cl2. The CH2Cl2 layers were dried, filtered,
and evaporated to afford 103 mg of residue, which was
chromatographed on silica gel (4:1 hexane/EtOAc) to
give 87 mg (74%) of yellow 7: mp 222–225 �C; after
recrystallization from EtOAc: mp 230–231 �C; kmax


(CH2Cl2) 269 nm (e 7.0 · 104); 1H NMR (500 MHz) d
7.61 (m, 1H), 7.42 (m, 3H), 7.21 (m, 2H), 6.98 (m, 1H),
5.37 (br, 1H), 3.98 (dd, J = 9.0, 3.0 Hz, 1H), 3.74 (dd,
J = 9.0, 7.0 Hz, 1H), 3.56 (m, 1H), 2.32 (m, 2H), 2.05 (m,
2H), 1.88 (m, 4H), 1.68–0.98 (m, 14H), 1.16 (d,
J = 6.6 Hz, 3H), 1.04 (s, 3H), 0.76 (s, 3H); 13C NMR
(125 MHz) d 194.3, 161.0, 145.2, 141.0, 137.0, 136.1,
135.1, 134.6, 128.0, 124.6, 121.9, 121.6, 121.1, 119.8,
110.2, 73.8, 72.0, 56.7, 52.9, 50.3, 42.8, 42.5, 39.8, 37.5,
36.7, 36.7, 32.2, 32.1, 31.9, 28.1, 24.6, 21.3, 19.7, 17.6,
12.2. Anal. Calcd for C35H42O3: C, 82.31; H, 8.29.
Found: C, 82.07; H, 8.30. For 8, as in the preparation of
7, acidic hydrolysis of 70 mg (0.13 mmol) of 19 afforded,
after silica gel chromatography, 52 mg (77%) of yellow 8:
mp, after recrystallization from CH2Cl2, 221–222 �C;
kmax (CH2Cl2) 278 nm (e 4.0 · 104), 254 nm (e 4.0 · 104);
1H NMR (500 MHz) d 7.64 (m, 2H), 7.48 (m, 2H), 7.30
(m, 1H), 7.04 (m, 1H), 6.74 (m, 1H), 5.37 (br, 1H), 4.04
(dd, J = 9.0, 3.0 Hz, 1H), 3.82 (dd, J = 9.0, 7.0 Hz, 1H),
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3.56 (m, 1H), 2.30 (m, 2H), 2.08–1.87 (m, 6H), 1.67–0.96
(m, 14 H), 1.18 (d, J = 6.6 Hz, 3H), 1.04 (s, 3H), 0.77 (s,
3H); 13C NMR (125 MHz) d 192.0, 165.6, 147.2, 143.7,
141.0, 135.7, 134.4, 129.5, 127.1, 126.6, 124.1, 121.8,
120.3, 113.6, 107.9, 73.9, 72.0, 56.7, 52.8, 50.3, 42.8, 42.5,
39.8, 37.5, 36.75, 36.7, 32.2, 32.1, 31.9, 28.1, 24.6, 21.3,
19.7, 17.7, 12.2. Anal. Calcd for C35H42O3: C, 82.31; H,
8.29. Found: C, 82.17; H, 8.36.

26. Emission maxima k (nm) in CH2Cl2: 5, 538; 6,
540; 7, 555; 8, 515. This long wavelength fluores-
cence of fluorenones has been ascribed to emission
from an excimer: Heidt, J. R.; Heidt, J.; Jose-
fowicz, M.; Kaminski, J. J. Fluoresc. 2001, 11, 65;
Murphy, R. S.; Moorlag, C. P.; Green, W. H.;
Bohne, C. J. Photochem. Photobiol., A 1997, 110,
123.
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Bilobetin (1), sciadopitysin (5), and 7,40,700,4-O-methyl-amentoflavone (6), biflavonoids


isolated from Cephalotaxus koreana increased osteoblast differentiation.


Quantitative structure–activity relationship studies on HEPTs by supervised stochastic resonance pp 2855–2859


Weimin Guo,* Xiaofang Hu, Ningping Chu and Chunsheng Yin


N


N S


O


R1


R2


X


R3


H


Quantitative structure–activity relationship studies (QSAR) on HEPTs by using a new


approach—supervised stochastic resonance (SSR) were reported.


Chemo-enzymatic synthesis of tetra-N-acetyl-chitotetraosyl allosamizoline pp 2860–2861


Gang-Liang Huang, Xin-Ya Mei, Hou-Cheng Zhang and Peng-George Wang*


O
OH


HO
AcHN


HO O
OH


HO
AcHN


O O
OH


HO
AcHN


OO


2


OH


HO N
O


NMe2


Design, synthesis, and preliminary biological evaluation of
2,3-dihydro-3-hydroxymethyl-1,4-benzoxazine derivatives


pp 2862–2867


Pei-Fu Jiao, Bao-Xiang Zhao,* Wei-Wei Wang, Qiu-Xia He, Mao-Sheng Wan,
Dong-Soo Shin and Jun-Ying Miao*


O
O


NO2R2


O
O


NH2R2 N
H


O


OH
R2


R1 R1 R1


1 2 3


Fe/AcOH
EtOH/H2O


reflux
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dazole (3) and indazolone derivatives (4) retained good potency in vitro
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Development and applications of a series of diphenylphosphonate-based probes for the trypsin-like serine proteases are reported.
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The synthesis and biochemical evaluation of selective and potent diaryl esters of phosphonic-type inhibitors for


urokinase and trypsin are reported.


The identification of pyrimidine-diazabicyclo[3.3.0]octane derivatives as 5-HT2C receptor agonists pp 2891–2894


Bayard R. Huck,* Luis Llamas, Michael J. Robarge, Thomas C. Dent, Jianping Song,
William F. Hodnick, Chris Crumrine, Alain Stricker-Krongrad, John Harrington,
Kurt R. Brunden and Youssef L. Bennani


We describe the identification, SAR, and pharmacokinetic profile of a series of nanomolar agonists for 5-HT2C, a GPCR that has


been implicated as an obesity target.


Development of new simple molecular probes of DNA bulged structures pp 2895–2899


Ziwei Xiao, Lizzy S. Kappen and Irving H. Goldberg*


NCSi-gb is a neocarzinostatin chromophore metabolite which binds strongly to certain two-base DNA bulges. New


strongly fluorescent analogues of NCSi-gb possessing aminoglycoside appendage on the two-ring system were


synthesized and they resemble NSCi-gb in binding affinity and sequence selectivity for two-base DNA bulges.


A series of 5-aminosubstituted 4-fluorobenzyl-8-hydroxy-[1,6]naphthyridine-7-carboxamide
HIV-1 integrase inhibitors


pp 2900–2904


James P. Guare,* John S. Wai, Robert P. Gomez, Neville J. Anthony, Samson M. Jolly, Amanda R. Cortes,
Joseph P. Vacca, Peter J. Felock, Kara A. Stillmock, William A. Schleif, Gregory Moyer, Lori J. Gabryelski,
Lixia Jin, I-Wu Chen, Daria J. Hazuda and Steven D. Young
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The synthesis and activity of novel 5-aminosubstituted 4-fluorobenzyl-8-hydroxy-[1,6]naphthyridine-7-carboxamide as HIV-1


integrase inhibitors is discussed. A selected derivative was efficacious against replication of simian-human immunodeficiency virus


(SHIV) 89.6P in infected rhesus macaques.


2826 Contents / Bioorg. Med. Chem. Lett. 16 (2006) 2823–2836







2,5-Disubstituted pyrrolidine carboxylates as potent, orally active sphingosine-1-phosphate (S1P)
receptor agonists


pp 2905–2908


Vincent J. Colandrea,* Irene E. Legiec, Pei Huo, Lin Yan, Jeffrey J. Hale, Sander G. Mills, James Bergstrom,
Deborah Card, Gary Chebret, Richard Hajdu, Carol Ann Keohane, James A. Milligan, Mark J. Rosenbach,
Gan-Ju Shei and Suzanne M. Mandala
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A series of 2-aryl(pyrrolidine-5-yl)acetic acids (e.g., 21) were synthesized and evaluated as S1P receptor agonists. Compounds 15–21


were identified with good selectivity over S1P3 and found to lower peripheral lymphocytes after oral administration in mice.


Keto-1,3,4-oxadiazoles as cathepsin K inhibitors pp 2909–2914


James T. Palmer,* Bernard L. Hirschbein, Harry Cheung, John McCarter,
James W. Janc, Z. Walter Yu and Gregg Wesolowski


Pentacyclic triterpenes. Part 3: Synthesis and biological evaluation
of oleanolic acid derivatives as novel inhibitors of glycogen phosphorylase


pp 2915–2919


Jun Chen, Jun Liu, Luyong Zhang, Guanzhong Wu, Weiyi Hua, Xiaoming Wu and Hongbin Sun*
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Oleanolic acid and its synthetic derivatives have been identified as novel inhibitors of glycogen phosphorylase. Within this series of


compounds, 4 (IC50 = 3.3 lM) is the most potent GPa inhibitor.


Triketoacid inhibitors of HIV-integrase: A new chemotype useful for probing the integrase pharmacophore pp 2920–2924


Michael A. Walker,* Timothy Johnson, Zhuping Ma, Jacques Banville, Roger Remillard,
Oak Kim, Yunhui Zhang, Andrew Staab, Henry Wong, Albert Torri, Himadri Samanta,
Zeyu Lin, Carol Deminie, Brian Terry, Mark Krystal and Nicholas Meanwell
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19


This study reports on the discovery of a new triketoacid-based chemotype that selectively inhibits the strand transfer reaction of


HIV-integrase. SAR studies showed that the template binds to integrase in a manner similar to the diketoacid-based inhibitors.


Moreover, comparison of the new chemotype to two different diketoacid templates led us to propose two aryl-binding domains in


the inhibitor binding site. This information was used to design a new diketoacid template with improved activity against the enzyme.
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New potential biologically active compounds: Design and an efficient synthesis of N-substituted
4-aryl-4,6,7,8-tetrahydroquinoline-2,5(1H,3H)-diones under microwave irradiation


pp 2925–2928


Shujiang Tu,* Xiaotong Zhu, Jinpeng Zhang, Jianing Xu, Yan Zhang, Qian Wang,
Runhong Jia, Bo Jiang, Junyong Zhang and Changsheng Yao
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A series of N-substituted 4-aryl-4,6,7,8-tetrahydroquinoline-2,5(1H,3H)-dione derivatives for biomedical screening were synthesized


under microwave irradiation.


NK1 antagonists based on seven membered lactam scaffolds pp 2929–2932


Jason M. Elliott,* Emma J. Carlson, Gary G. Chicchi, Olivier Dirat, Maria Dominguez,
Ute Gerhard, Richard Jelley, A. Brian Jones, Marc M. Kurtz, Kwei lan Tsao and Alan Wheeldon
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9c hNK1R IC50 0.09 nM


Synthesis of a novel ester analog of nucleic acids bearing a serine backbone pp 2933–2936


Asako Murata and Takeshi Wada*
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SNEB = nucleobase


A novel analog of nucleic acids bearing an optically active serine ester backbone: serine-based nucleobase-linked polyester (SNE)


was synthesized.


Novel cisplatin-type platinum complexes and their cytotoxic activity pp 2937–2942


Kai Cui, Lianhong Wang, Haibin Zhu, Shaohua Gou* and Yun Liu
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Twelve new cisplatin-type platinum complexes, characteristic of alkoxyacetate as carboxylato ligands, have been synthesized,


structurally characterized, and evaluated for their in vitro cytotoxicity against a panel of cultured cell lines. Most of them showed


better cytotoxic activity than carboplatin against those selected cell lines.
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Novel fluorescent probe for detecting hydroperoxides with
strong emission in the visible range


pp 2943–2946


Nobuaki Soh,* Tomoyuki Ariyoshi, Tuyoshi Fukaminato, Koji Nakano,
Masahiro Irie and Toshihiko Imato*


A novel fluorescent probe, a swallow-tailed perylene derivative for detecting


hydroperoxides (Spy-HP), containing perylene 3,4,9,10-tetracarboxyl bisimide as the


main skeleton in the structure, was developed. Spy-HP quantitatively reacted with


hydroperoxides to form its oxidized derivative, Spy-HPOx, and emitted an extremely


strong fluorescence (U ~ 1) in visible range (kex = 524 nm and kem = 535 nm), as the


result of cancelling the photoinduced electron transfer (PET) effect.


Two novel aromatic valerenane-type sesquiterpenes from the Chinese green alga Caulerpa taxifolia pp 2947–2950


Shui-Chun Mao, Yue-Wei Guo* and Xu Shen
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Caulerpals A (2) and B (3), two novel sesquiterpenes possessing an


uncommon aromatic valerenane-type carbon skeleton, along with one


known metabolite, caulerpin (4), have been isolated from the Chinese


green alga Caulerpa taxifolia (Vahl) C. Agardh. Their structures and


relative stereochemistry were elucidated on the basis of extensive


spectroscopic analysis. Compounds 2–4 were evaluated for their


inhibitory activity against hPTP1B and the result showed that only


compound 4 had a strong PTP1B inhibitory activity with an IC50 value


of 3.77 lM.


Synthesis and evaluation of a mechanism-based inhibitor of a 3-deoxy-DD-arabino
heptulosonate 7-phosphate synthase


pp 2951–2954


Scott R. Walker and Emily J. Parker*
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The first mechanism-based inhibitor of a 3-deoxy-DD-arabino heptulosonate 7-phosphate (DAH7P) synthase has been synthesised in


12 steps from DD-arabinose, and has been found to be a very slow binding inhibitor of Escherichia coli DAH7P synthase.


Synthesis and biological investigations of dopaminergic
partial agonists preferentially recognizing the D4 receptor subtype


pp 2955–2959


Stefan Löber, Harald Hübner and Peter Gmeiner*
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Functional organisation and gain of activity: The case of
the antibacterial tetra-para-guanidinoethyl-calix[4]arene


pp 2960–2963


Maxime Mourer, Raphaël E. Duval, Chantal Finance and Jean-Bernard Regnouf-de-Vains*
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Insertion of an internal dipeptide into PNA oligomers:
Thermal melting studies and further functionalization


pp 2964–2968


Tim Kersebohm, Srećko I. Kirin and Nils Metzler-Nolte*


1,3,5-Trisubstituted aryls as highly selective PPARd agonists pp 2969–2973


Robert Epple,* Mihai Azimioara, Ross Russo, Badry Bursulaya, Shin-Shay Tian,
Andrea Gerken and Maya Iskandar
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A series of highly potent and selective PPAR agonists is reported.


Synthesis and preliminary antitumor activity evaluation of a DHA and doxorubicin conjugate pp 2974–2977


Yuqiang Wang,* Lianfa Li, Wei Jiang, Zhaoqi Yang and Zaijun Zhang
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Synthesis of a DHA and doxorubicin conjugate is reported.
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1,2,4-Oxadiazolidin-3,5-diones and 1,3,5-triazin-2,4,6-triones
as cytosolic phospholipase A2a inhibitors


pp 2978–2981


Ariamala Gopalsamy,* Hui Yang, John W. Ellingboe, John C. McKew, Steve Tam,
Diane Joseph-McCarthy, Wen Zhang, Marina Shen and James D. Clark
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Novel scaffolds based on 1,2,4-oxadiazolidin-3,5-dione and 1,3,5-triazin-2,4,6-trione are described as cytosolic phospholipase A2a
substrate mimetics.


Gatifloxacin derivatives: Synthesis, antimycobacterial activities, and inhibition
of Mycobacterium tuberculosis DNA gyrase


pp 2982–2985


Dharmarajan Sriram,* Alexandra Aubry, Perumal Yogeeswari and L. M. Fisher
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Among the synthesized compounds, 1-cyclopropyl-6-fluoro-8-methoxy-7-[[[N4-[10-(5-isatinyl-


b-semicarbazo)]methyl]3-methyl]N1-piperazinyl]-4-oxo-1,4-dihydro-3-quinoline carboxylic


acid (3d) was found to be the most active compound in vitro with an MIC of 0.0125 lg/mL


against MTB and MTR-TB. In the in vivo animal model 3d decreased the bacterial load in


lung and spleen tissues with 3.62- and 3.76-log10 protections, respectively. Compound 3d was


also found to be equally active as gatifloxacin in the inhibition of the supercoiling activity of


wild-type Mycobacterium tuberculosis DNA gyrase with an IC50 of 3.0 lg/mL.


Synthesis and evaluation of 4-substituted benzylamine derivatives as b-tryptase inhibitors pp 2986–2990


Yutaka Miyazaki,* Yutaka Kato, Tadashi Manabe, Hiroyasu Shimada,
Masashi Mizuno, Takayuki Egusa, Munetaka Ohkouchi, Ikuya Shiromizu,
Tomokazu Matsusue and Ichiro Yamamoto


Synthesis and structure–activity relationships of b-tryptase inhibitors are described.


Diels–Alder/thiol–olefin co-oxygenation approach to antimalarials incorporating the
2,3-dioxabicyclo[3.3.1]nonane pharmacophore


pp 2991–2995


Paul M. O�Neill,* Edite Verissimo, Stephen A. Ward, Jill Davies, Edward E. Korshin,
Nuna Araujo, Matthew D. Pugh, M. Lurdes S. Cristiano, Paul A. Stocks and Mario D. Bachi*
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A Diels–Alder/thiol–olefin co-oxygenation approach to the synthesis of novel bicyclic endoperoxides 17a–22b is reported. Some of


these bicyclic endoperoxides (e.g., 17b, 19b, 22a and 22b) have potent nanomolar antimalarial activity equivalent to that of the


synthetic antimalarial agent arteflene.
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Synthesis and biological evaluation of rhodanine derivatives as PRL-3 inhibitors pp 2996–2999


Jin Hee Ahn, Seung Jun Kim, Woul Seong Park, Sung Yun Cho, Jae Du Ha, Sung Soo Kim,
Seung Kyu Kang, Dae Gwin Jeong, Suk-Kyeong Jung, Sang-Hyeup Lee, Hwan Mook Kim,
Song Kyu Park, Ki Ho Lee, Chang Woo Lee, Seong Eon Ryu* and Joong-Kwon Choi*
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Preparation and biochemical evaluation of fluorenone-containing lipid analogs pp 3000–3004


Thomas A. Spencer,* Pingzhen Wang, Janeta V. Popovici-Müller,
Ithan D. Peltan, Phoebe E. Fielding and Christopher J. Fielding
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Syntheses are described of analogs of fatty acids and cholesterol containing the fluorenone moiety, which is both photoactivable and


fluorescent. Evidence is presented that the sterol analogs can substitute successfully for cholesterol in living cells.


High-throughput screening for Hsp90 ATPase inhibitors pp 3005–3008


Christopher Avila, M. Kyle Hadden, Zeqiang Ma, Boris A. Kornilayev,
Qi-Zhuang Ye and Brian S. J. Blagg*
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10,000
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Recently, we reported a useful assay for the determination of Hsp90 ATPase activity.


Using this assay, high-throughput screening of ~10,000 compounds was performed to


determine the feasibility of this assay on large scale. Results from high-throughput


screening indicated that the assay was reproducible (av Z-factor = 0.80) and identified


0.57% of the compounds as Hsp90 inhibitors that exhibited IC50s less than 20 lM. The


structures of several of these inhibitory scaffolds are reported along with their IC50


values.


Neuraminidase pharmacophore model derived from diverse classes of inhibitors pp 3009–3014


Jian Zhang, KunQian Yu, Weiliang Zhu* and Hualiang Jiang*


A quantitative pharmacophore hypothesis for AIV neuraminidase inhibitors was built


based on 22 compounds with great molecular diversity and bioactivity, and validated


using 88 compounds to be highly predictive.
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Synthesis and evaluation of two 18F-labeled imidazo[1,2-a]pyridine analogues as potential agents
for imaging b-amyloid in Alzheimer�s disease


pp 3015–3018


Fanxing Zeng, Jeanine A. Southerland, Ronald J. Voll, John R. Votaw,
Larry Williams, Brian J. Ciliax, Allan I. Levey and Mark M. Goodman*
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Activation of mitogen activated protein kinase (MAPK) during DD-galactosamine
intoxication in the rat liver


pp 3019–3022


Hitomi Nishioka, Terumi Kishioka, Chinatsu Iida, Kozue Fujii, Ikuyo Ichi and Shosuke Kojo*


Acute liver injury caused by D-galactosamine Increase in oxidative stress and 
the activation of MAPK (JNK, 
ERK, and p38).


Oxidative stress and the activation of JNK and ERK took place almost simultaneously in the rat liver by intraperitoneal


administration of DD-galactosamine, followed by the activation of p38 MAPK.


Design, synthesis, antibacterial, and QSAR studies of myristic acid derivatives pp 3023–3029


Balasubramanian Narasimhan, Vishnukant Mourya and Avinash Dhake*
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QSAR study of synthesized myristic acid derivatives as antibacterial agents indicated the importance of topological parameters 2vv


and 0vv in contribution to antibacterial activity.


Zinc(II) and copper(II) complexes of b-substituted hydroxylporphyrins as tumor photosensitizers pp 3030–3033


Qimao Huang, Zhiquan Pan,* Ping Wang, Zhangping Chen, Xiaolian Zhang and Hansheng Xu
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Novel photosensitizers hydroxylporphyrins were synthesized and characterized. The preliminary biological activity studies show


that Zn(II)P having high anti-tumor activity(in vitro).
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New HIV-1 reverse transcriptase inhibitors based on a tricyclic benzothiophene scaffold:
Synthesis, resolution, and inhibitory activity


pp 3034–3038


Krzysztof Krajewski, Yijun Zhang, Damon Parrish, Jeffrey Deschamps,
Peter P. Roller* and Vinay K. Pathak*


S


N


O


O


O


O


2


2a


1
7b


*


*


The synthesis and HIV-1 reverse transcriptase inhibitory activity of dimethyl-1-(1-piperidy-


nyl)cyclobuta[b][1]-benzothiophene-2,2a(7bH)-dicarboxylate (NSC-380292) enantiomers and


its structural analogs are reported.


Discovery of potent and orally active MTP inhibitors as potential anti-obesity agents pp 3039–3042


Jin Li,* Peter Bertinato, Hengmiao Cheng, Bridget M. Cole, Brian S. Bronk, Burton H. Jaynes,
Anne Hickman, Michelle L. Haven, Nicole L. Kolosko, Chris J. Barry and Tara B. Manion
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Structure activity relationship (SAR) studies of a novel class of MTP inhibitors are described. A number of novel MTP inhibitors


have been identified with single digit nanomolar potency. Analogues 10aq and 10dq demonstrated in vivo efficacy in a murine gut


retention assay.


Identification of an indole series of prostaglandin D2 receptor antagonists pp 3043–3048


Claudio F. Sturino,* Nicolas Lachance, Michael Boyd, Carl Berthelette, Marc Labelle, Lianhai Li, Bruno Roy,
John Scheigetz, Nancy Tsou, Christine Brideau, Elizabeth Cauchon, Marie-Claude Carriere, Danielle Denis,
Gillian Greig, Stacia Kargman, Sonia Lamontagne, Marie-Claude Mathieu, Nicole Sawyer, Deborah Slipetz,
Gary O�Neill, Zhaoyin Wang, Robert Zamboni, Kathleen M. Metters and Robert N. Young
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A novel indole series of PGD2 receptor (DP receptor) antagonists are presented. Optimization led to the identification of the potent


and selective DP receptor antagonists 35 and 36.


Synthesis, SAR exploration, and X-ray crystal structures of factor XIa inhibitors
containing an a-ketothiazole arginine


pp 3049–3054


Hongfeng Deng,* Thomas D. Bannister, Lei Jin, Robert E. Babine, Jesse Quinn, Pamela Nagafuji,
Cassandra A. Celatka, Jian Lin, Tsvetelina I. Lazarova, Michael J. Rynkiewicz, Frank Bibbins,
Pramod Pandey, Joan Gorga, Harold V. Meyers, Sherin S. Abdel-Meguid and James E. Strickler
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A series of small peptidomimetic molecules was designed and synthesized, and their co-crystal structures with factor XIa were


studied in an effort to develop smaller, less peptidic inhibitors as antithrombotic agents.
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SAR studies: Designing potent and selective LXR agonists pp 3055–3060


Jason W. Szewczyk,* Shaei Huang, Jayne Chin, Jenny Tian, Lyndon Mitnaul,
Raymond L. Rosa, Larry Peterson, Carl P. Sparrow and Alan D. Adams


Lead screening at Merck identified a potent, dual LXR/PPAR agonist. SAR optimization developed a series of LXR specific


heterocyclic agonists having excellent LXR affinity, good in vivo, potency and high selectivity versus other nuclear hormone


receptors.


Inhibition of protein tyrosine phosphatase 1B by diterpenoids isolated from Acanthopanax koreanum pp 3061–3064


MinKyun Na, Won Keun Oh, Young Ho Kim, Xing Fu Cai, SoHee Kim,
Bo Yeon Kim and Jong Seog Ahn*
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Bioassay-guided fractionation of the CH2Cl2-soluble fraction led to the isolation of three PTP1B inhibitory diterpenoids, acanthoic


acid (2), ent-kaur-16-en-19-oic acid (5), and 16aH,17-isovaleryloxy-ent-kauran-19-oic acid (7), along with their five derivatives.


Diarylacetylene piperidinyl amides as novel anxiolytics pp 3065–3067


Cheryl P. Kordik,* Chi Luo, Maryann Gutherman, Anil H. Vaidya, Daniel I. Rosenthal,
Jeffrey J. Crooke, Sandra L. McKenney, Carlos R. Plata-Salaman and Allen B. Reitz
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The chemistry and activity of anxiolytic diarylacetylene piperidine 9 is described.


Anti-angiogenic activity of basic-type, selective cyclooxygenase (COX)-1 inhibitors pp 3068–3072


Hiroko Sano, Tomomi Noguchi, Atsushi Miyajima, Yuichi Hashimoto and Hiroyuki Miyachi*
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Indole- and indoline-type basic COX-1-selective competitive inhibitors were found to possess anti-angiogenic activity.
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3,4-Fused cyclohexyl sulfones as c-secretase inhibitors pp 3073–3077


Duncan Shaw,* Jonathan Best, Kevin Dinnell, Alan Nadin, Mark Shearman, Christine Pattison,
James Peachey, Michael Reilly, Brian Williams, Jonathan Wrigley and Timothy Harrison
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The identification of a potent c-secretase inhibitor, for example (ED50 = 0.06 nM), is reported.
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View of the crystal structure of the DB819-d(CGCGAATTCGCG)2 complex, looking down the minor groove of the DNA (see


Campbell, N.H.; Evans, D.A.; Lee, M.P.H.; Parkinson, G.N.; Neidle, S. Bioorg. Med. Chem. Lett. 2006, 16, 15.). The DB819


molecule is shown in space-filling mode. Visualisation produced with the VMD program. [Humphrey, W.; Dalke, A.; Schulten, K.


J. Mol. Graphics 1996, 14, 33.]
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Abstract—A three-dimensional pharmacophore model was developed based on 22 currently available inhibitors, which were care-
fully selected with great diversity in both molecular structure and bioactivity, for discovering new potent neuraminidase (NA) inhib-
itors to fight against avian influenza virus. The best hypothesis (Hypo1), consisting of five features, namely, one positive ionizable
group, one negative ionizable group, one hydrophobic point, and two hydrogen-bond donors, has a correlation coefficient of 0.902,
a root mean square deviation of 1.392, and a cost difference of 72.88, suggesting that a highly predictive pharmacophore model was
successfully obtained. The application of the model shows great success in predicting the activities of 88 known NA inhibitors in our
test set with a correlation coefficient of 0.818 with a cross-validation of 98% confidence level. Accordingly, our model should be
reliable in identifying structurally diverse compounds with desired biological activity.
� 2006 Elsevier Ltd. All rights reserved.

An influenza virus, called avian influenza virus (AIV)
that should infect only avian species, was found to infect
humans, causing acute disease and rapid death.1 Despite
considerable knowledge of viral infectivity, no therapeu-
tic measure is highly and specifically effective in control-
ling this disease. Studies showed that neuraminidase
(NA), a glycoprotein embedded in the viral envelope,
plays a key role at the final stage of infection when
NA cleaves sialic acid from cell surface and progeny viri-
ons facilitating virus release from infected cells.2,3 When
the influenza virus is deficient in NA activity, virus prog-
eny aggregate at the surface of the infected cell, severely
impairing further spread of viruses to other cells. There-
fore, NA has been recognized as a main target for devel-
oping agents against AIV infection.


Over the last two decades, a number of classes of NA
inhibitors have been developed and showed to be
somewhat effective in controlling AIV infection in
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humans.4–11 Zanamivir (from GlaxoSmithKline and
Biota)12,13 and oseltamivir (from Hoffman La Roche
and Gilead Sciences)14 have been approved by FDA
for the treatment and prevention of the influenza, but
were recently questioned about recovery rate. Therefore,
developing drugs against AIV is of crucial importance.
Our literature survey revealed that NA inhibitors in dif-
ferent classes possess different scaffolds (Fig. 1). Thus,
quantitative structure–activity relationship (QSAR) for
different classes of inhibitors could be useful in digging
out valuable information for developing new potent
NA inhibitors. It is widely accepted that pharmacophore
model is a well-behaved approach to quantitatively ex-
plore common chemical characteristics among a consid-
erable number of structures with great diversity, and
qualified pharmacophore model could also be used as
a query for searching chemical databases to find new
chemical entities. Theodora et al. developed a pharma-
cophore model based on 18 NA inhibitors, but without
statistical validation.15 Recently, many new inhibitors
were discovered with great diversity in both chemical
structure and biological activity.4–11 As the disease
might be widely spread with high possibility to kill mil-
lions of people, there is an urgent request to discover po-
tent NA inhibitors as drugs to prevent or to cure the
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Figure 1. Diverse scaffold for NA inhibitors.4–11
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virus. Therefore, new information about structure–ac-
tivity relationship based on more compounds with
greater diversity in their structures and activities should
be helpful in discovering new NA inhibitors for curing
the disease. In this study, we present a hypothetical im-
age of the primary pharmacophore features responsible
for the bioactivity of six different classes of NA inhibi-
tors using the Catalyst software (Fig. 1),16–18 with aims
to understand the inhibitory mode of various classes of
NA inhibitors and to discover new anti-AIV drug leads.


Materials. A set of 110 different compounds has been
collected from difference Refs. 4–11 and 14, which
could be classified into six different classes (Fig. 1).
We selected 22 compounds as training set with the fol-
lowing two rules: (a) both training and test sets should
have structures from each class of compounds to en-
sure structural diversity. If one class has only one com-
pound, it was assigned to the training set (e.g.,
compound 19); (b) both training and test sets should
cover the molecular bioactivities (IC50) as wide as pos-
sible. If there is only one compound with maximum or
minimum order of bioactivity in a class, this compound
was assigned to the training set. The training set con-
sists of 22 compounds with significant structural diver-
sity and wide coverage of molecular bioactivities in
terms of IC50 ranging from 0.75 nM to 250 lM
(Fig. 2 and Table 1). Both Zanamivir (compound 18)
and GS4071 (compound 3) are included in the training
set. To validate our pharmacophore hypothesis, 88
compounds with available IC50 values were used as a
test set (Table S1 and Fig. S1).4–9,11,14


The compounds were built using Catalyst 2D–3D
sketcher,16 and a family of representative conformations
was generated for each compound using the best confor-
mational analysis method with Poling algorithm19 and
CHARMM forcefield parameters.20 A maximum num-
ber of 250 conformations of each compound were select-
ed using ‘best conformer generation’ option with a
constraint of 20 kcal/mol energy thresholds above the
global energy minimum to ensure maximum coverage
of the conformational space.


Pharmacophore generation. Based on the conforma-
tions for each compound, Catalyst4.10 software pack-
age15 was employed to construct possible
pharmacophore models. When generating a hypothesis,
catalyst attempts to minimize a cost function consisting
of two terms. One penalizes the deviation between the
estimated activities of the training set molecules and
their experimental values; the other penalizes the com-
plexity of the hypothesis. Uncertainty influences the
first step, called the constructive phase, in the hypoth-

esis generating process.21 The default uncertainty value
of 3 was used for the compound activity, representing
the ratio of the uncertainty range of measured biolog-
ical activity against the actual activity for each com-
pound. Analysis of functional groups on each
compound in the training set revealed that five chemi-
cal features, viz., hydrogen-bond acceptor (HA),
hydrogen-bond donor (HD), hydrophobic group
(HY), positive ionizable point (PI), and negative ioniz-
able point (NI), could effectively map all of the critical
chemical features. Hence, the five features were selected
to form the essential information in this hypothesis
generation process.


HypoGen mode. The best predictive hypothesis (Hypo1),
produced by HypoGen encoded in Catalyst4.10, has five
features: one positive ionizable feature, one negative
ionizable feature, one hydrophobic point, and two
hydrogen-bond donor (Fig. 3), which was characterized
by the highest cost difference, the lowest rms divergence,
and the best correlation coefficient. Remarkably, the
three highest active compounds (compounds 22, 18,
and 3 in Table 1) can be nicely mapped onto the Hypo1
model by the best fit values, which are shown in Figures
4A–C, indicating that the Hypo1 model provides
reasonable pharmacophoric characteristics of the NA
inhibitors for the components of their activities.


Cost analysis. In addition to generating a hypothesis,
catalyst also provides two numbers to help assessing
the validity of the hypothesis. The first is the cost of
an ideal hypothesis, which is a lower bound on the cost
of the simplest possible hypothesis that still fits the data
perfectly. The second is the cost of the Null hypothesis,
which presumes that there is no statistically significant
structure in the data, and that the experimental activities
are normally distributed about their mean. A generated
hypothesis with a score that is substantially below that
of the Null hypothesis is likely to be statistically signifi-
cant and bears visual inspection. The greater the differ-
ence between the score of the generated hypothesis
and the score of the Null hypothesis, the less likely it
is that the hypothesis reflects a chance correlation. The
total fixed cost of the run is 87.99, the cost of the Null
hypothesis is 186.22, and the total cost of the Hypo1
is 113.34. Then, the cost range between Hypo1 and the
fixed cost is 25.35, while that between the Null hypoth-
esis and Hypo1 is 72.88. Noticeably, the total cost of
Hypo1 was much closer to the fixed cost than to the Null
cost. Furthermore, a high correlation coefficient of 0.902
was observed with rms value of 1.392 and the configura-
tion cost of 12.869, demonstrating that we have success-
fully developed a reliable pharmacophore model with
high predictivity.







Figure 2. Chemical structures of the 22 training set molecules applied to HypoGen pharmacophore generation.
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Score hypothesis. To verify Hypo1’s discriminability
among NA inhibitors with different order of magnitude
activity, all training set compounds were classified by
their activity as highly active (<100 nM, +++), moder-
ately active (100–10,000 nM, ++), and inactive
(>10,000 nM, +). The actual and estimated NA inhibitor
activities of the 22 compounds based on Hypo1 are listed
in Table 1. All the compounds, except for compounds 14,
15, and 19, were classified correctly (Table 1). The dis-
crepancy between the actual and estimated activity ob-
served for the three compounds was only about 1 order
of magnitude, which might be an artifact of the program
that uses different number of degrees of freedom for these

compounds to mismatch the pharmacophore model.
Interestingly, all highly active compounds map the sec-
ond hydrogen-bond donor feature (HD2), and, with
few exceptions, they also map the positive ionizable fea-
ture (PI), revealing that these two features should be
mainly responsible for the high molecular bioactivity,
thus, should be taken into account in discovering or
designing novel NA inhibitors.


Validation of the constructed pharmacophore model. The
88 compounds in the test set were mapped onto the best
pharmacophore hypothesis Hypo1, and the actual activ-
ity versus estimated activity is shown in Table S1 in the







Table 1. Output of the score hypothesis process on the training set


Compound


(Reference)


True IC50


(nM)


Estimated


IC50 (nM)


Error


factorc


Fit


valued


Activity


scalee


Estimated


activity scale


Mapped features


HD1 HD2 HY NI PI


1 (4) 250,000 170,000 �1.5 6.82 + + � + + + �
2 (4) 48 22 �2.2 10.70 +++ +++ + + + + �
3a (5) 1 28 28 10.60 +++ +++ � + + + +


4 (5) 225 690 3.1 9.21 ++ ++ + + + + �
5 (5) 530 200 �2.7 9.75 ++ ++ + + + + �
6 (6) 6300 2900 �2.1 8.58 ++ ++ + + � + +


7 (6) 300 860 2.9 9.12 ++ ++ + + + + �
8 (7) 100 51 �2 10.34 +++ +++ � + + + +


9 (7) 11 31 2.8 10.55 +++ +++ � + + + +


10 (7) 6400 880 �7.2 9.10 ++ ++ + + + + �
11 (8) 3200 1600 �1.9 8.83 ++ ++ + � + + +


12 (8) 230 420 1.8 9.43 ++ ++ + + + + �
13 (8) 940 1100 �1.2 8.99 ++ ++ � + + + +


14 (8) 15 170 12 9.81 +++ ++ � + + + +


15 (9) 1600 39,000 24 7.46 ++ + � � + + +


16 (9) 2000 800 �2.5 9.14 + + + � + + +


17 (10) 10,000 6000 �1.7 9.92 ++ ++ + + � + �
18b (10) 1.3 5.7 9 10.98 +++ +++ + + � + +


19 (10) 40,000 7100 �5.6 8.19 + ++ + + � + �
20 (10) 115,000 18,000 �6.4 7.81 + + + � � + +


21 (10) 100 76 �1.3 10.17 +++ +++ � + + + +


22 (10) 0.75 0.24 3.2 12.67 +++ +++ + + + + +


a GS4071.
b Zanamivir.
c The error factor is computed as the ratio of the measured activity to the activity estimated by the hypothesis or the inverse if estimated is greater


than measured.
d Fit value indicates how well the features in the pharmacophore overlap the chemical features in the molecule.
e Activity scale: +++, IC50 < 100 nM (highly active); ++, 10,000 nM > IC50 > 100 nM (moderately active); +, IC50 > 10,000 nM (inactive).


Figure 3. The best hypothesis model Hypo1 produced by the Hypo-


Gen module in Catalyst4.10 software package.15 Pharmacophore


features are color-coded with light-blue for hydrophobic groups, red


for positive ionizable group, blue for negative ionizable, and magenta


for hydrogen-bond donor. Distance between pharmacophore features


is reported in angstroms. HY, hydrophobic group; HD1, hydrogen-


bond donor 1; HD2, hydrogen-bond donor 2; PI, positive ionizable


group; NI, negative ionizable group.
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supporting information. A correlation coefficient of
0.818 generated using the test set compounds shows
a good correlation between the actual and estimated
activities. Detailedly, 18 of 20 highly active, 38 of 47 mod-
erately active, and 15 of 21 inactive compounds were pre-
dicted correctly. Highly active compounds 45 and 54 were

underestimated as moderately active; five moderately ac-
tive compounds were underestimated as inactive; four
moderately active and six inactive compounds were over-
estimated as false positive. In summary, all the com-
pounds in the test set were predicted correctly or better
than their actual activity, with the exception of seven
compounds that were underestimated.


The most potent compound 59 in the test set mapping
on the Hypo1 is shown in Figure 4D. The conformation
of the compound fits HD2, PI, NI, and HY features,
which is in good accordance with the assumption based
on the training set that HD2 and PI are essential to high
activity in inhibiting NA.


Fisher test. To further evaluate the statistical relevance
of the model, the Fischer method22 was applied. With
the aid of the CatScramble program, the experimental
activities in the training set were scrambled randomly,
and the resulting training set was used for a HypoGen
run. All parameters were adopted from the initial Hyp-
oGen calculation. This procedure was reiterated 49
times. None of the outcome hypotheses has lower cost
score than the initial hypothesis. Table 2 lists the 10 low-
est total cost values of the resulting 49 hypothesis.
Accordingly, this result indicates that there is a 98%
chance for the best hypothesis to represent a true corre-
lation in the training set activity data.15,23–25


In conclusion, a ligand-based computational approach
was employed to identify molecular structure require-
ments as effective neuraminidase inhibitors, for discov-







Figure 4. Mapping of the four most highly active compounds on the best hypothesis model Hypo1. (A) Compound 3 (GS4071); (B) compound 18


(Zanamivir); (C) compound 22; (D) compound 59. Pharmacophore features are color-coded with the same as Figure 3.


Table 2. Output parameters of the 10 lowest cost hypothesis resulting


from the statistical evaluation procedure according to the Fischer


method22


Hypothesis Correlation rms Total cost


1 0.756 2.091 137.719


2 0.745 2.133 138.920


3 0.745 2.131 139.024


4 0.717 2.226 139.166


5 0.758 2.101 139.561


6 0.688 2.320 144.141


7 0.677 2.349 145.000


8 0.687 2.324 145.804


9 0.710 2.247 145.812


10 0.695 2.297 147.123


Hypo1 0.902 1.392 113.340
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ering drugs to prevent and cure avian influenza virus
(AIV). A highly predictive pharmacophore model was
generated based on 22 training set compounds, which
consists of two hydrogen-bond donors, one hydropho-
bic point, one positive ionizable group, and one negative
ionizable group. The utility of our pharmacophore mod-
el on 88 test set compounds showed that the model is
able to accurately differentiate various classes of NA
inhibitors. Thus, our pharmacophore model should be
helpful in identifying novel lead compounds with im-
proved inhibitory activity through 3D database searches
and useful to designing novel NA inhibitors.
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17. Kurogi, Y.; Güner, O. F. Curr. Med. Chem. 2001, 8, 1035.
18. Oliver, F. F.; Viktor, K.; Jan, D.; Thierry, L. J. Med.


Chem. 2004, 47, 2750.

19. Smellie, A.; Teig, S.; Towbin, P. J. Comput. Chem. 1994,
16, 171.


20. Brooks, B. R.; Brucolleri, R. E.; Olafson, B. D.; States, D.
J.; Swaminathan, S.; Karplus, M. J. J. Comput. Chem.
1983, 4, 187.
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Abstract—A new compound 7, possessing a tetra-N-acetyl-chitotetraosyl moiety as a constituent, was synthesized by bacterial
fermentation which used allosamizoline 6 as the initial acceptor.
� 2006 Elsevier Ltd. All rights reserved.

Chitooligosaccharides (COS) have been attracting a
keen interest in their utilization because they have been
reported to possess physiological activities such as anti-
tumor activity1 and elicitor activity for plants.2 It is con-
sidered that the greatest physiological activities are
shown by COS with a degree of polymerization (dp)
greater than the chitopentaose.1 However, chitinases
and other enzymes rapidly cleave COS. Therefore,
improving the stability of the active COS is the key to
developing the biomedicines of COS.


Allosamidin, a Streptomyces metabolite, is an inhibitor
of family 18 chitinases and has a pseudotrisaccharide
structure consisting of two units of N-acetyl-DD-allos-
amine and one unit of an aminocyclitol derivative, allos-
amizoline 6.3 And the allosamidin was synthesized
mainly by chemical methods.4


The use of whole cells for the biotransformation of
organic substrates is a useful technique which has a
number of benefits over conventional, reagent-based
methods. With the aim of improving the stability of ac-
tive COS, herein we attempt to synthesize a new com-
pound 7 (Scheme 1) by bacterial fermentation. It is an
analogue of tetra-N-acetyl-chitotetraose with one unit
of an allosamizoline 6 at the reducing end as the
aglycone.

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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The cyclopentadienylthallium 1 was alkylated and then
treated with thiourea and cationic methylene blue to
give the meso-diol 2. The optically active monoacetate
3 was derived from the meso-diol 2 by acetylation and
the action of the acetylcholinesterase from the electric
eel. The yield and the ee value of compound 3 were
89% and 95%, respectively. The carbamate 4 was formed
from the alcohol 3 by the action of benzyl chloroformate
followed by treatment with methanolic ammonia. The
diol 5 was obtained from the intermediate 4 by O-triflu-
oroacetylation, cyclization, O-methylation, exposure to
dimethylamine, hydroxylation with trifluoroperacetic
acid, and solvolysis with aqueous trifluoroacetic acid,
respectively. Catalytic hydrogenation of the diol 5 gave
allosamizoline 6.


Bacterial fermentation was carried out as previously de-
scribed5 in 10 L bioreactors containing an initial culture
volume of 7 L. Compound 6 (1 g/L) was added to cul-
ture system. The Escherichia coli strain BL21(DE3) con-
taining a plasmid carrying the cloned nodC gene from
Mesorhizobium loti strain E1R6 was used as the source
of NodC protein. The culture time lasted 48 h.


After centrifugation of the culture broth, chitooligosac-
charide was recovered exclusively in the pellet contain-
ing the bacterial cells. After disruption of the cells by
boiling, cell debris was removed by centrifugation and
the chitooligosaccharide was purified by activated char-
coal adsorption and aq ethanol (55%, v/v) elution. The
crude product was further purified by size-exclusion
chromatography on Biogel P4. The 1H NMR, 13C
NMR, and MS data confirmed the identification of
the obtained sample as the new compound 7.7 The yield
of 6 to 7 was 43%. Therefore, it indicates that 6 is clearly
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Scheme 1. Chemo-enzymatic synthesis of tetra-N-acetyl-chitotetraosyl allosamizoline.
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used as substrate by NodC in vivo. The most obvious
explanation for this phenomenon is that 6 does not
influence the binding affinity of NodC for the oligosac-
charide intermediate and therefore leads to an elonga-
tion with additional GlcNAc units. In our system, the
exclusive formation of pentamer is probably due to the
fact that the synthesis was carried out in growing E. coli
cells in which the physiological pool of UDP-GlcNAc is
maintained at a high level.
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