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Abstract—A cost-effective synthetic strategy has been used for the selective protection of the exocyclic amino function of purine
nucleosides. Instead of using the common protecting groups in their chloride or anhydride forms, the less expensive and nontoxic
acidic form was chosen. The acids were first activated to an active ester form using DCC and further successfully used for N-acyl-
ation of purine nucleosides. The contamination of the N-acylated product with DCU was inconvenient and was avoided by use of
polymer supported-carbodiimide that has the additional advantage of reusability.
� 2005 Elsevier Ltd. All rights reserved.

During the past few years, oligodeoxyribonucleotides
(ODNs) have become the focus of active research due
to recognition of antisense compounds as potential ther-
apeutic agents.1–4 One such compound, VitraveneTM,
has been approved by the FDA for the treatment of
CMV-retinitis. Several other ODNs have demonstrated
pre-clinical efficacy5 and a number of antisense oligonu-
cleotide drugs are undergoing human clinical trials for
the treatment of viral infections, cancer,6 AIDS, and a
range of inflammatory disorders.


One of the most important steps in the chemical synthe-
sis of ODNs is selective protection and deprotection of
different nucleophilic sites within the monomeric nucle-
oside building blocks, including protection of exocyclic
amino groups of the nucleoside bases. The classical pro-
cedure developed by Khorana and co-workers7 for both
deoxy- and ribonucleosides involves peracylation of the
nucleosides via acylation of both the hydroxyl groups of
sugar and the exocyclic amino group simultaneously,
followed by selective hydrolysis of the esters, leaving
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the N-acylated nucleosides. Jones procedure8 involves
prior silylation of hydroxyl functions for transient pro-
tection, followed by selective acylation of the amino
function. Strategies developed to selectively protect the
amino function have led to the discovery of several com-
petent groups9–17 with a number of groups reported
from our laboratory.18–23


Conventionally, all reagents that have been reported so
far for the protection of exocyclic function of nucleo-
sides are either in chloride or anhydride form. In the
present communication, installation of the protecting
group has been carried out by an entirely different meth-
od. Instead of using acyl halides, the acids have been
activated to their corresponding esters using p-nitrophe-
nol. The in situ activated esters were used as protecting
reagents and coupled with the exocyclic amino function
to generate the –CO–NH– bond in the presence of DCC,
a well-established strategy in peptide synthesis. While
using DCC as a coupling agent, the contamination of
the product with dicyclohexylurea (DCU) is very com-
mon. Water-soluble EDCI was reported as an alterna-
tive reagent, which can be subsequently eliminated by
an aqueous extraction. Also, more soluble forms of
DCC have been reported,24 removable with DCM. To
overcome the contamination problem, polymer support-
ed-cyclohexylcarbodiimide25 (PSCC) is successfully used
in the present work, which can be easily separated from
the reaction mixture through filtration. The advantage
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of using PSCC is that the urea byproduct can be readily
converted back to the active carbodiimide and reused.26


N6-Bz-2 0-dA, N6-phenoxyacetyl-2 0-dA, N2-i-Bu-2 0-dG,
N6-Bz-A, N6-phenoxyacetyl-A, and N2-i-Bz-G have
been prepared using this approach.


The strategy presented here eliminates the need for using
conventional two-step procedures. The N-acylation
achieved is found to be absolutely selective and most
importantly, acylation of the sugar hydroxyl group is
not observed. The advantages envisaged in this process
are significant. One of these happens to be the crystalline
nature of the product, that is, N-acylated nucleosides,
which is a deciding factor while streamlining the purifi-
cation process, as well as improving yields of the
N-acylated products. However, contamination of the
product with DCU27 is the outcome undesired of this
process. To decrease the DCU content, many molar ra-
tios have been attempted both at the active ester forma-
tion step as well as the nucleoside protection step
(Table 1). While attempting benzoylation of dA/A, five
molar ratios have been tried, 1:1:1, 1:1:1.25, 1:1:1.5,
1:1:1.75, and 1:1:2 (acid:nucleoside:DCC), respectively.
While using a 1:1:1 ratio, contamination with DCU
was found to be minimal with the yield also being low
(50%). A ratio of 1:1.25 was found to be optimal, result-
ing in 80% yield with a low level of contamination
(Table 1). This strategy has been successfully applied
to other protecting groups, such as phenoxyacetyl and
isobutyryl (data not shown), and the products were
found to be in the same ratio. Using this strategy, N-
protected derivatives of 2 0-dG and 2 0-dA using three
new protecting groups have been synthesized and are
reported elsewhere.28


In the quest for an alternative to DCC, polymer-bound
carbodiimide25 was used successfully, yielding a very
promising result with an enhanced yield, as well as being
a simplified purification process. Since PS-carbodiimide
is easy to separate from the reaction mixture, a facile
method has been successfully developed. The used poly-
mer-supported reagent can further be recycled (PSCC–
PSCU–PSCC), as previously mentioned. PSCC makes
this strategy further versatile, as well as cost-effective.
The regenerated PSCC was found to be stable at room
temperature and useful for another round of N-acyla-
tion. We have used regenerated PSCC four consecutive
times and the yield of the protected derivatives was
found to be comparable, further confirming the reusabil-
ity of PSCC. With the potential for antisense technology
in the treatment of inflammation, viral diseases, and

Table 1. Synthesis of N6-Benzoyl-dA using different molar ratios of


acid, nucleoside, and DCC


Molar ratio acid:


nucleoside:DCC


Yield


(%)


FAB-MS of benzoic


p-nitrophenyl ester


FAB-MS of


N6-benzoyl-dA


1:1:1 50 242 351


1:1:1.25 80 242 350


1:1:1.5 82 242 350


1:1:1.75 86 241.8 351


1:1:2 94 242 348

cancers,29 the anticipated demand for modified ODNs
may be on the metric ton scale in the near future and
we envisaged the present method to effectively facilitate
cost reduction in the synthesis of ODNs.


The PSCC was purchased from Argonaut Technologies,
San Carlos, CA. 1H NMR spectra were recorded on
Bruker DRX 300. Small amounts of all the prepared
N-acylated derivatives were hydrolyzed to get back the
starting nucleosides for confirmation of their structures.
Percentage purification of the products was checked on
HPLC (Pharmacia LKB-DBF) using reverse-phase col-
umns. N-Acylated nucleosides were purified using a
Whatman RP-C18 column using 20 mM ammonium ace-
tate buffer (pH 3.5) as buffer A and 20 mM ammonium
acetate buffer (pH 3.5)/methanol (90:10 v/v) as buffer B
at a flow rate of 0.75 mL/min, with detection at 260 nm
and column temperature set at 30 �C. Buffer B (30%)
was passed for 5 min and was increased as a linear gra-
dient for 10 min. Buffer B (100%) was run for another
40 min. The mass characterization was done on a Jeol-
SX 102/DA-6000 spectrometer using argon as the FAB
gas (6 kV, 10 mA).


General method for N-acylation of nucleosides using DCC
(Scheme 1). Recrystallized and dried benzoic acid/phe-
noxyacetic acid (1 mmol) was dissolved in anhyd 1,4-di-
oxane (5 mL) under an atmosphere of nitrogen. A
solution of p-nitrophenol (1.2 mmol) in anhyd 1,4-diox-
ane (5 mL) was added to it. Protection from moisture
was essential. The reaction mixture was made basic by
addition of pyridine (0.5 mL) and TEA (0.5 mL). After
10 min of stirring, DCC (1.25 mmol) was added to it
[DCC was melted in a sealed tube after weighing (mp
35 �C) and then mixed to the r.m.]. The reacting mixture
was allowed to stir at room temperature for 2 h. Com-
pletion of the reaction was assessed by the absence of
the starting material on TLC. The reaction mixture
was cooled to 0 �C and anhyd 2 0-dA/A (1 mmol) sus-
pended in 5 mL of pyridine was added to the activated
ester (1) with the help of a syringe gradually over a
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period of 15 min. After 10 min, a second batch of DCC
(1.25 mmol) was added again and the r.m. was allowed
to stir for a further 2 h. The reaction mixture was filtered
under vacuum to remove the precipitated DCU and the
filtrate was evaporated to a gum under vacuum. It was
then dissolved in 5% aqueous NaHCO3 solution and
extracted with DCM (4· 5 mL). The organic layer was
washed with water to remove released p-nitrophenol un-
til the water became colorless, dried over Na2SO4, and
filtered and evaporated to dryness. The residue was
extracted in diethyl ether and crystallized further to fur-
nish the product (2). The above-described method was
repeated by substituting isobutyric acid in place of ben-
zoic/phenoxyacetic acid with 2 0-dG/G to get the N-acyl-
ated derivatives (3). The 1H NMR data were found to be
comparable to the earlier reported literature.8 The FAB-
MS for N6-phenoxyacetyl-dA/A and N2-isobutyryl-dG/
G were found to be comparable to the authentic samples
(data not shown).


General method for N-acylation using PS-carbodiimide.
The respective acids (1 mmol) were dissolved in 5 mL of
dry 1,4-dioxane and PS-carbodiimide (2.5 mmol) was
added. The reaction mixture was made basic by addition
of pyridine (0.5 mL) and TEA (0.5 mL). With stirring a
solution of p-nitrophenol (1.2 mmol) dissolved in 5 mL
of anhyd 1,4-dioxane was added to it through a syringe
in over 0.5 h. The reaction mixture was allowed to stir
at room temperature for 2 h and was then transferred
to an ice bath. Solutions of the respective 2 0-deoxyribonu-
cleosides or ribonucleosides (1 mmol) in 5 mL of pyridine
were added with a syringe. After 2 h of stirring, the reac-
tion was checked for completion by TLC. Absence of
starting material confirmed completion of the reaction
and the reaction mixture was filtered to remove PSCU
and then evaporated to a gum, dissolved in 5% aqueous
NaHCO3 solution, and extracted with DCM (4· 5 mL).
The organic layer was washed with water, dried over
Na2SO4, and filtered. Combined DCM solutions were
concentrated and then crystallized in diethyl ether.


Conditions for deprotection. The removal conditions for
all the three protecting groups were studied by treating
the N-protected nucleosides with 40% ammonia at 25,
40, and 50 �C. Reactions were quenched after 0.5, 1, 2,
3, 4, 5, and 6 h duration. After hydrolysis, the mixtures
were analyzed for respective deprotected nucleosides on
semi-preparative TLC and subsequent estimation by
UV. The results were then matched with the same proce-
dure carried out by HPLC. Results were found to be
comparable to those of an authentic sample of N-pro-
tected nucleosides (data not shown).


Procedure for regeneration of PS-cyclohexylcarbodiimide
(PSCC). The polymer bound cyclohexylurea (PSCU;
1 g of 1.25 mmol/g) recovered after N-acylation was sus-
pended in DCM (20 mL) in a three-neck round-bot-
tomed flask (100 mL) equipped with a silicon rubber
septum and a reverse filter funnel under exclusion of
moisture and air.26 Phosphorus oxychloride (POCl3)
(0.38 g, 2.5 mmol) was added slowly over a period of
10 min to the above suspension. The mixture was vor-
texed gently for 4–6 h and the supernatant was removed

by reverse filtration and replaced by 10% aqueous
NaOH (5 mL) and fresh dichloromethane (20 mL).
The suspension was shaken further for 1 h and the aque-
ous supernatant was removed. The polymer was washed
with THF (2· 25 mL) to remove excess water and dried
under vacuum to furnish PSCC.
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Abstract—Insecticidal activity of proteinous venom from tentacle of jellyfish Rhopilema esculentum Kishinouye was determined
against three pest species, Stephanitis pyri Fabriciusa, Aphis medicaginis Koch, and Myzus persicae Sulzer. R. esculentum full pro-
teinous venom had different insecticidal activity against S. pyri Fabriciusa, A. medicaginis Koch, and M. persicae Sulzer. The 48 h
LC50 values were 123.1, 581.6, and 716.3 lg/mL, respectively. Of the three pests, R. esculentum full proteinous venom had the most
potent toxicity against S. pyri Fabriciusa, and the corrected mortality recorded at 48 h was 97.86%. So, S. pyri Fabriciusa could be a
potential target pest of R. esculentum full proteinous venom.
� 2005 Elsevier Ltd. All rights reserved.

Rhopilema esculentum Kishinouye (R. esculentum), a
cnidarian of the class Scyphozoa, the order Rhizosto-
meae, and the family Rhopilema, distributes widely
from the South China Sea, the Yellow Sea to the Bohai
Sea and is abundant in late summer to early autumn.1


R. esculentum sting on swimmers and fishermen is very
painful, with erythematous eruptions, itching, and burn-
ing sensations. Syndrome includes fever, fatigue, muscle
ache, tight breath, dropsy, blood pressure depression,
and even death.2 Jellyfish proteinous venom from tenta-
cle with unique structure has many bioactivities such
as enzymatic activities, hemolysis, hepatocyte toxicity,
cardiac toxicity, and antioxidant activity.3–6 However,
no report on the insecticidal activity has yet been made.


Stephanitis pyri Fabriciusa, Aphis medicaginisKoch, and
Myzus persicae Sulzer are the main and common pests in
China. They parasitize on crops, fruits, and vegetables
such as corn, cabbage, cucumber, and peach, and they
sting plants and suck their sap, resulting in malnutrition,
retardation, and poor productivity. Additionally, they
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transmit most of the viruses causing disease problems.7,8


In order to protect the plants, the organophosphates,
carbamates, pyrethroids, and other classes of insecti-
cides have been used to control pests. However, signifi-
cant insect resistance has emerged. In addition, residual
agrochemicals in the environment have been causing a
serious impact. So, in the recent years, there has been
increasing interest in the development of novel, power-
ful, target-selective, and environment-friendly pesticide.
A multitude of insecticidal substances have already been
isolated from plant, animal, and bacteria materials,9–12


they constitute a broad range of compounds including
polyphenolic compounds, halogenated diterpenes, ses-
quiterpenes, and piperoctadecalidine.13–15 However,
the study on the insecticidal activity of protein was com-
paratively deficient. Moreover, insecticidal activity of
protein from marine invertebrates was never studied be-
fore to our knowledge. In this study, insecticidal activity
of proteinous venom from tentacle of jellyfish R. escu-
lentum against three pests mentioned above is assessed.


Proteinous venom preparation. Jellyfish Rhopilema escu-
lentum were collected in the Aoshan Bay in Qingdao,
Shandong Province, China, in August 2004. Tentacles
were manually excised in vivo, packed in polythene
bags, and frozen immediately at �20 �C. The frozen
tentacles were then sonicated in cold (4 �C) phosphate
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Figure 1. SDS–PAGE of RFV. Lane 1: Marker; lane 2: RFV.


4950 H. Yu et al. / Bioorg. Med. Chem. Lett. 15 (2005) 4949–4952

buffer solution (0.01 M, pH 6) eight times for 30 s each
time at 100 mV. The resultant fluids were clarified by
centrifugation (13,000 rpm) for 20 min at 4 �C and used
as R. esculentum full proteinous venom (RFV). The con-
centration was determined by the method of Bradford,16


using bovine serum albumin (BSA) as a standard.


Collection of pests. Stephanitis pyri Fabriciusa (S. pyri),
Aphis medicaginis Koch (A. medicaginis), and Myzus
persicae Sulzer (M. persicae) were collected on pears,
tobaccos, and kidney beans in experimental fields of
Laiyang Agricultural College, respectively. Prior to the
experiment, pests were maintained at 25 ± 1 �C, 50–
60% relative humidity, and a photoperiod of 16:8
(L:D) h for 3 days.


Insecticidal activity bioassays. A glass platelet dipping
method recommended by FAO was applied for deter-
mining insecticidal activity of RFV against S. pyri
(imagoes), A. medicaginis (second instars), and M. per-
sicae (second instars).17 Three pests with the same size
and age were picked up with a camel hair brush and
their backs were stuck tightly on double-sided adhe-
sive tapes (1 cm · 2 cm) on a glass platelet, with 20
on each platelet. One hour later, the pests were ob-
served with a magnifier. Dead and improperly posi-
tioned ones were removed and then refilled the
empty. The loaded glass platelets were dipped in
RFV solutions, shaken gently for 5 s, and then taken
out. The excess solution was absorbed with a filter pa-
per immediately. Then the dipped platelets were held
at 25 ± 1 �C, 50–60% relative humidity, and a photo-
period of 16:8 (L:D) h. There were three replicates
for each of the five RFV dosages (569, 285, 143,
71.5, and 35.6 lg/mL) and phosphate buffer solution
(0.01 M, pH 6) was used as control. The test pests
were considered dead if appendages did not respond
to a touch with a camel hair brush and the mortality
was recorded at 24 and 48 h after the treatment. The
mortality was corrected by Abbot�s formula.18


SDS–PAGE. SDS–polyacrylamide gel electrophoresis
was carried out according to the procedure of Lae-
mmli.19 Running gels containing 7% acrylamide and
stacking gels of 5% acrylamide were used. RFV was
diluted 1:1 with sample buffer 0.05 M Tris (pH 6.8),
2% SDS, 20% glycerol, 2% of 2-mercaptoethanol, and
0.04% bromophenol bule and then was boiled for
5 min. Gels were silver stained according to Wray
et al.20 Myosin heavy chain (200 kDa), Calmodulin-
binding protein (130 kDa), rabbit phosphorylase b
(97.4 kDa), bovine serum albumin (66.2 kDa), rabbit ac-
tin (43 kDa) were used as standards for molecular mass
determination.


Statistical analysis. The results were presented as
means ± SD of three parallel measurements. Data were
analyzed by Student�s t test and all tests were consid-
ered statistically significant at P < 0.05. The LC50


(median lethal dosage), LC95 (95% lethal dosage), and
CI95 (95% confidence intervals) were analyzed using
probit analysis performed with the statistical software
SAS.

SDS–PAGE. Figure 1 shows the bands of RFV. RFV
was composed of several proteins and the five bands ap-
peared after staining of the SDS–PAGE gel. The molec-
ular mass of these bands was 64, 84, 98, 154, and
187 kDa, respectively. The components of jellyfish ven-
om were complex. Differentia of species resulted in dif-
ferentia of protein in jellyfish venom; furthermore,
components of venom from the same species jellyfish
were different sometimes. Radwan reported that the
SDS–PAGE of CxTX showed protein bands with
molecular masses ranging from 200 to below 10 kDa
and Bloom reported that the SDS-CE of Chironex fleck-
eri established molecular masses of 201, 174, 112, 71, 39,
and 31 kDa.21,22 The component which was essential for
the insecticidal activity to occur needs to be further
investigated.


Insecticidal activity of RFV against three pests.Tables 1–3
show the insecticidal activity of RFV against S. pyri, M.
persicae, and A. medicaginis. RFV had the strongest
insecticidal activity against S. pyri of the three pests,
and the corrected mortality at a concentration of
569 lg/mL recorded at 24 and 48 h was 70.86% and
97.86%, respectively. RFV exhibited insecticidal activity
against A. medicaginis, and the maximal corrected mor-
tality recorded at 24 and 48 h was 36.43% and 41.45%,
respectively. RFV had low insecticidal activity against
M. persicae and the mortality was below 31%. The insec-
ticidal activity of RFV against three pests depended on
the concentration. Table 4 shows the results of regress
analysis of corrected morality recorded at 48 h. In the
three pests, S. pyri was the most sensitive to the RFV
and its 48 h LC50 value was 123.1 lg/mL. A. medicaginis
and M. persicae had better endurance against RFV than
S. pyri, and the 48 h LC50 values were 581.6 and 716.3 lg/
mL, respectively. The 48 h LC95 value of S. pyri was
673.6 lg/mL, and the 48 h LC95 values of A. medicaginis
and M. persicae were much bigger being 53.3 times and
29.4 times of that of S. pyri, respectively. The figures
above clearly indicate some very tolerant individuals
against RFV in the groups of A. medicaginis andM. per-
sicae. In the regress equation, b is the slope and denotes







Table 1. The insecticidal activity of RFV against S. pyri


Concentration (lg/mL) 24 h 48 h


Mortality (%) Corrected mortality (%) Mortality (%) Corrected mortality (%)


Control 8.33 8.33


569 73.28 ± 20.32 70.86 ± 19.65 98.04 ± 3.40*** 97.86 ± 3.39


285 40.40 ± 29.11 34.99 ± 25.21 72.12 ± 23.73* 69.59 ± 22.90


143 30.20 ± 3.04** 23.86 ± 2.40 57.07 ± 8.62** 53.17 ± 8.03


71.5 23.61 ± 10.49 16.67 ± 7.41 40.28 ± 8.67* 34.85 ± 7.50


35.6 15.29 ± 6.64 7.59 ± 3.30 21.19 ± 7.76* 14.02 ± 5.13


Data are presented as means ± SD of three parallel measurements.
*P < 0.05; **P < 0.01; ***P < 0.001; n = 3.


Table 2. The insecticidal activity of RFV against A. medicaginis


Concentration (lg/mL) 24 h 48 h


Mortality (%) Corrected mortality (%) Mortality (%) Corrected mortality (%)


Control 11.36 27.42


569 43.65 ± 5.99** 36.43 ± 4.99 57.50 ± 17.77* 41.45 ± 12.81


285 26.35 ± 8.06* 16.91 ± 5.17 44.56 ± 1.54*** 23.62 ± 0.82


143 18.13 ± 4.27* 7.64 ± 1.79 44.21 ± 11.28* 23.13 ± 5.90


71.5 10.89 ± 9.82 �0.53 ± 0.47 36.00 ± 3.63** 11.82 ± 1.19


35.6 20.34 ± 8.57 8.97 ± 3.78 33.93 ± 3.11** 10.13 ± 0.93


Data are presented as means ± SD of three parallel measurements.
*P < 0.05; **P < 0.01; ***P < 0.001; n = 3


Table 3. The insecticidal activity of RFV against M. persicae


Concentration (lg/mL) 24 h 48 h


Mortality (%) Corrected mortality (%) Mortality (%) Corrected mortality (%)


Control 5.10 13.70


569 11.92 ± 7.47 7.20 ± 4.51 34.39 ± 7.17 23.97 ± 4.99


285 15.82 ± 0.83* 11.30 ± 0.59 40.14 ± 12.43 30.63 ± 9.48


143 13.80 ± 8.43 9.17 ± 5.60 25.84 ± 14.74 14.06 ± 8.02


71.5 8.27 ± 7.41 3.35 ± 3.00 17.24 ± 6.64 4.10 ± 1.58


35.6 3.33 ± 2.89 �1.86 ± 1.61 16.67 ± 5.77 3.43 ± 1.19


Data are presented as means ± SD of three parallel measurements.
*P < 0.001; n = 3.
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the differentia of sensitive degree against pesticides. Big-
ger b value presents more consistency of pests against
pesticides. b value of S. pyri was biggest (2.23) among
the three species, compared to those of M. persicae
(1.14) and A. medicaginis (0.92) (Table 4). b values
showed that the sensitivity of S. pyri against RFV was
quite consistent; however, for A. medicaginis andM. per-
sicae, the behavior against the RFV was quite different
individually.


To A. medicaginis, RFV had more potency than the
extraction of Sophora alopecuroides L. but less potency
that the extraction of Aconitum szechenyianum Gay,
two plants distributed in China widely, and the LC50

Table 4. Results of regression analysis of corrected morality recorded at 48


Pests Regress equation Correlative coefficient (r)


S. pyri Y = 7.03 + 2.23X 0.9653


A. medicaginis Y = 5.22 + 0.92X 0.9696


M. persicae Y = 5.17 + 1.14X 0.9222


Y: Probit of corrected mortality recorded at 48 h; X: Log (Dos).

values of S. alopecuroides L. and A. szechenyianum
Gay were 159.1 and 107.6 lg/mL, respectively.17 To
M. persicae, RFV had more potent toxicity than those
pesticides such as pirimicarb and dimethoate, and the
LC50 values of pirimicarb and dimethoate were 1583
and 4543 lg/mL, respectively, but was less potent than
pesticides such as imidacloprid and emulsion of Me-
tam-Sodium, and the LC50 values of imidacloprid and
emulsion of Metam-Sodium were 198.6 and 45.3 lg/
mL, respectively.23 Possible reasons for low insecticidal
activity of RFV against A. medicaginis and M. persicae
were interpreted from three factors: (1) A. medicaginis
and M. persicae were not target pests of RFV. (2) The
concentration of RFV was too low to kill most of

h


LC50 (CI95) lg/mL LC95 (CI95) lg/mL


123.1 (96.6–156.9) 673.6 (528.7–858.3)


581.6 (240.6–1406) 3.59 · 104 (1.49 · 104–8.69 · 104)


716.3 (296.5–1731) 1.97 · 104 (0.82 · 104–4.79 · 104)
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A. medicaginis and M. persicae. (3) External conditions
such as temperature, sunlight, and microorganism might
deactivate the RFV.


The study on the insecticidal activity of protein was
comparatively deficient and mainly focused on the
bacteria Bacillus thuringiensis.24–26 Recently, Castro
reported the identification and molecular cloning of
insecticidal toxins from the venom of the brown spider
Loxosceles intermedia;27 also, Zhang reported a novel
insecticidal peptide toxin from the spider Selenocosmia
huwena.28 In the present study, insecticidal activity of
proteinous venom from tentacle of R. esculentum was
first investigated providing a useful beginning for the
development of bioinsecticides from marine biology.
Moreover, proteinous venom of jellyfish is mainly in
tentacles but the tentacles are discarded as waster be-
cause of their high content of water and venomous sting.
Thus, assaying the insecticidal activity of proteinous
venom from tentacle of R. esculentum will lead to a clean
and economic application of R. esculentum.


Of the three pests, S. pyri was the most sensitive to RFV,
so S. pyri could be the potential target pest of RFV. For
A. medicaginis and M. persicae, the morality may be im-
proved by enhancing stabilization and concentration of
RFV. The purification of insecticidal protein from RFV
and the insecticidal mechanism are under investigation.
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Abstract—Synthesis and structure–activity relationships (SAR) of arginine vasopressin (AVP) receptor modulators are described.
Potent and selective compounds are prepared when the amide linkage connecting rings A and B of VPA-985 is replaced with a bond,
C@O, –O–, –S–, or –SO2– bond.
� 2005 Elsevier Ltd. All rights reserved.

The cyclic peptide hormone, arginine vasopressin
(AVP), an anti-diuretic hormone released from the pos-
terior pituitary gland, plays an important role in water
balance in the body.1–4 This hormone is released in
response to increased plasma osmolality detected by
the brain osmoreceptor, decreased blood volume or de-
crease in blood pressure sensed by low-pressure volume
receptors and arterial baroreceptors. The hormone
exerts its action through well-defined receptor subtypes:
vascular V1a and renal epithelial V2 receptors. One of
the key roles of AVP is the control of salt (NaCl) bal-
ance. The blockade of V2 receptors may correct the fluid
retention in congestive heart failure, liver cirrhosis,
nephritic syndrome, CNS injuries, lung disease and
hyponatremia. Thus, antagonizing AVP action at the
V2 receptor level with an orally active, non-peptide
agent may be the treatment of choice for the above-
mentioned disease states.


In the past, several benzazepine derivatives have been
reported by Otsuka chemists as V1a and V2 receptor
AVP antagonists.5,6 As part of the efforts to develop
non-peptide vasopressin antagonists, we previously
reported on the design and synthesis of the selective

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


doi:10.1016/j.bmcl.2005.08.007
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V2 antagonist VPA-985 1 and closely related analogues,
such as 2a.7–11 In all these compounds, an amide bond
connected rings A and B (Fig. 1). We have shown in
the past4 that a compound such as 2b, where the rings
A and B are directly connected, exhibits excellent V2


agonist activity. The therapeutic utilities of vasopressin
V2 receptor agonists include diabetes insipidus, noctur-
nal enuresis, nocturia and urinary incontinence. Hence,
it is the objective of this paper to investigate the SAR
of compounds, where the amide linkage between these
two rings has been replaced with a bond, C@O, –O–,
–S–, or –SO2– bond.


Compounds 3a–3p (Table 1) required for the present
investigation were prepared, as indicated in Scheme 1.
The tricyclic 10,11-dihydro-5H-pyrrolo[2,1-c][1,4]benzo-
diazepine 4 was synthesized, according to the literature
procedures.12,13 Derivatives 3a, 3f–g and 3i–3m were
prepared by reacting their respective acid chlorides with
4 in the presence of triethylamine in methylene chloride
solution (Scheme 1).14 The acetylene derivative, 3h, was
synthesized by reacting 7 with phenyl acetylene in the
presence of Pd(II)chloride in refluxing acetonitrile.
Intermediate 7 was used to prepare compounds 3b–3e
by a two-step process. Compound 7 was reacted with
bis(tributyl)tin, lithium chloride and tetrakis(triphenyl-
phosphine)palladium(0) in refluxing dioxane to yield
the stannyl derivative 8, which was coupled with the
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Table 1. In vitro and in vivo data for compounds 3a–3p


N


N


O


R


R1


Compound R R1 IC50 human nM (% inhibition) Urine volumed (mL)


V1
a V2


b


AVP treated control 5.0


VPA-985 180 1.0 37


3a Phenyl H 3 390 3.5


3b 2-Methylphenyl H 88 2000 7.8


3c 2-Nitrophenyl H 64 96 5.5


3d 3,5-Difluorophenyl H 85 2500 5.9


3e 4-CH3-phenyl H 2 300 NA


3f 4-Allyloxyphenyl H (9% at 10 lM) NAc 4


3g 4-Propyl phenyl H 12 58 4.5


3h Phenyl-acetynyl- H (35% at 1 lM) (63% at 1 lM) 6.3


3i -O-4-Methylphenyl H 280 (50% at 1 lM) 5.3


3j -S-Phenyl H (47% at 1 lM) (42% at 1 lM) 4


3k -S-4-Methylphenyl H (15% at 1 lM) (32% at 1 lM) 11


3l -SO2-4-Methylphenyl H 21 NAc 5.5


3m -CO-Phenyl H (82% at 10 lM) (42% at 1 lM) 6


3n 2-Thienyl H 13 510 5


3o Phenyl -CH2N(Me)2 13 (78% at 10 lM) 3.5


3p 2-Thienyl -CH2N(Me)2 63 15,000 3


a V1 receptor binding in human platelets.
b Binding to murine fibroblast LV2 cell line membranes transfected with the human V2 receptor; urine volume in water-loaded control ani-


mals = 13 mL/4 h.
c NA = examples 3f and 3l have only the rat data for V2 binding affinity and they show 63% and 51% inhibition at 1 lM concentration.
d Urine volume in AVP treated animals = 5 mL/4h.
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Figure 1. Previously reported AVP modulators.
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appropriately substituted aryl bromides in the presence
of (PPh3)4Pd(0) in boiling toluene to yield 3b–3e. Simi-
larly, compound 3n was synthesized starting from the
iodo intermediate 7. Stille coupling of 7 with 2-stannyl
substituted thiophene yielded 3n in good yield. To
improve water solubility, compounds 3o and 3p were
prepared with an appended polar functionality.
Incorporation of –CH2N(CH3)2 functionality was
achieved by treating 3a and 3n with formaline and dim-
ethylamine in the presence of acetic acid at room
temperature.


The initial in vitro radio ligand binding studies were car-
ried out with rat receptors. Binding affinities were deter-
mined by measuring the inhibition of (Phe-3,4,53H)
AVP binding to isolated rat hepatic V1a receptors or

inhibition of binding of 3H-AVP to isolated kidney
medullary V2 receptors. However, the possibility of
species differences with respect to the binding affinities
at the V1a receptors16 prompted us to consider binding
studies with human receptors. Thus, the newly synthe-
sized compounds were evaluated for inhibition of
binding to membrane preparations from a murine
fibroblast cell line (LV2) expressing human V2 receptors
and to V1a receptors from human platelet mem-
branes measuring the displacement of 3H-AVP or 3H-
[d(CH2)5


1, Tyr(Me),2Arg8]-AVP by the test compound.
The in vitro binding affinities for a series of 10,11-dihy-
dro-10-[(biaryl and aryl-heteroaryl)carbonyl]-5H-pyr-
rolo[2,1-c][1,4]benzodiazepine derivatives 3a–3p are
shown in Table 1. VPA-985 was used as comparator.
It is interesting to note that, when the amide linkage
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3n = R = 2-Thienyl


3b = R = 2-Methylphenyl
3c = R = 2-Nitrophenyl
3d = R = 3,5-Difluorophenyl
3e = R  = 4- Methylphenyl


Scheme 1. Reagents and conditions: (a) CH2Cl2/Et3N; (b) 7/LiCl/Sn2 (n-Bu3)2/Pd(PPh3)4/dioxane/reflux; (c) arylbromide/Pd(PPh3)4/toluene/reflux;


(d) 7/2-stannyl derivatives of thiophene/Pd(PPh3)4/toluene/reflux; (e) 7/phenyl acetylene/PdCl2/CH3CN/reflux; (f) 3a or 3o/formaline/(CH3)2NH/H+/


THF/rt.
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in VPA-985 is replaced with a direct C–C bond, it
appears as though the affinity for the human V2 receptor
decreases and the V1a human receptor affinity increases
compared to VPA-985. Thus, when compared to VPA-
985, the unsubstituted compound 3a exhibits very
potent affinity for V1a receptor and poor V2 affinity.
Among the newly synthesized molecules, introduction
of a methyl substituent at the 2 position of ring B, (com-
pound 3b) led to decrease in the affinity of both V1a and
V2 receptors. However, switching the methyl group to
the 4 position (compound 3e) restored the potency. Sim-
ilarly, a n-propyl substituent at the 4 position of ring B
(compound 3g) also showed good affinity for both V1a


and V2 receptors. When ring A is linked to ring B via
an acetylene (e.g., 3h), V1a and V2 affinities decrease
drastically. However, when connecting rings A and B
via an ether linkage (3i), both V1a and V2 affinities are
retained, albeit reduced. The presence of a thioether
linkage (3j and 3k), between ring A and ring B or
C@O (3m), leads to decreased affinity towards both
receptors. The fully oxidized sulfone derivative 3l exhib-
ited good V1a affinity. Replacement of ring B in 3a with
a heterocycle, such as 2-thienyl (3n), leads to retention of
affinity at both V1a and V2 receptors. Introduction of
basic groups, such as –CH2N(Me)2 (3o and 3p), leads
to a decrease in affinities for both V1a and V2 receptors,
when compared to their respective unsubstituted ana-
logues 3a and 3n.

In vivo studies were conducted in conscious AVP-treat-
ed (0.4 lg/kg, ip), water-loaded (30 mL/kg, po) rats. The
synthesized compounds 3a–3p were given orally at
10 mg/kg (mixed with starch and DMSO). The urine
volume was measured during the period of 4 h and com-
pared with AVP-treated controls,which is shown in
Table 1. Simultaneously, osmolality was analyzed.15 It
is evident from Table 1 that most of the compounds
reported here, when given orally, did not show diuretic
effect when compared to water-loaded control animals
and AVP-treated controls. In control animals, the urine
output was found to be 13 mL/4h and in the AVP-treat-
ed animals it was found to be 5 mL/4h. Among the new-
ly synthesized molecules, the unsubstituted derivative 3a
and other derivatives, such as 3f, 3j, 3o and 3p, exhibit a
slight anti-diuretic activity. Compound 3b in vitro is
about 20 times less active than compound 3c against
V2 receptor, yet slightly more active in vivo. Surprising-
ly, compound 3k, which exhibits a poor affinity for the
human V2 receptor, has the most diuretic effect among
the newly synthesized derivatives. It almost reversed
the effect of AVP on the water-loaded control. This
may be due to several factors, such as species differenc-
es16 or a higher blood level concentration of 3k,
although we have no data to put forward to support this
aspect. However, none of the other newly synthesized
compounds completely reversed the effect of AVP on
the water-loaded control (13 mL/4h).
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As mentioned earlier, a direct linking of ring A and ring
B in VPA-985 through a C–C or a C–N bond can lead to
molecules, such as VNA-932 2b, which has been shown
to exhibit AVP-mimetic properties.17 To be consistent
with these latter findings, the compounds reported here
could potentially be partial agonists that cannot be dis-
tinguished from weak antagonists using the reported
in vivo protocol. Further work is in progress to fully elu-
cidate the structural requirements leading from antago-
nism to agonism, which will be reported separately.


In summary, this paper describes a series of compounds,
where ring A and ring B in VPA-985 have been replaced
by a bond, C@O, –O–, –S– or –SO2–. This modification
in VPA-985 gave derivatives 3a–3p with binding affinity
for the AVP V1a and V2 receptors.
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Abstract—The first carbohydrate-free aminoglycoside analogs bearing the 2-deoxystreptamine moiety were synthesized from asym-
metrically protected 2-deoxystrepamine and subsequently demonstrated to have significant binding to the 16S A-site rRNA target
and moderate functional activity.
� 2005 Elsevier Ltd. All rights reserved.

Although aminoglycosides were discovered over 60
years ago, they are still among the most potent antibiot-
ics in the clinic.1 However, aminoglycosides have poor
oral bioavailability and pharmacokinetics, and their
oto- and nephro-toxicity remain obstacles that limit
their use to �last resort� or to combination therapies.2,3


In addition, bacterial resistance has been increasing, a
serious problem that requires the development of better
aminoglycosides with structural motifs that block the
many aminoglycoside modifying enzymes.1,4 Therefore,
research to discover modified aminoglycosides has been
an ongoing focus of several research groups.5–10


One approach11–13 is to replace one or more carbohy-
drate rings with an open alkylamino chain. In one exam-
ple, a crystal structure14 of an analog bound to the 16S
A-site rRNA was offered together with good antibacte-
rial activity as evidence of the potential for success of
this strategy.13 Our own work, focusing on replacing
the A-ring with a suitable aromatic moiety, has been
previously demonstrated as another strategy for produc-
ing analogs lacking the easily modified carbohydrate
rings.15–17 Such A-ring replacements have been demon-
strated to have good binding to the 16S A-site rRNA
along with antibacterial effects. Moreover, computer
modeling suggests that this strategy would not be mutu-
ally exclusive with the carbohydrate ring replacement
strategy. Therefore, we sought to combine both of these
strategies and prepare aminoglycoside analogs lacking
one sugar ring. Herein, we report the synthesis of ami-
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noglycoside analogs and their initial evaluation in an
FTICR mass spectrometer binding assay.


Our initial synthetic strategy focused on the protected
2-deoxystreptamine (2-DOS) analog 1. We found this
previously reported compound easy to prepare, scalable,
and suitably enantiopure.11 First, we sought to avoid
basic conditions to avoid any acetyl group migration.
To this end, the Pummerer rearrangement18,19 was
adopted successfully to functionalize position 4 of the
2-DOS analog 1 with a methylthiomethylene group.
Subsequent chlorination by sulfuryl chloride and reac-
tion with thiolquinoline gave intermediate 3a in an
85% yield. On the other hand, p-methoxybenzyl imi-
date20,21 and compound 1 were treated with campho-
sulfonic acid under anhydrous conditions to yield
compound 3b in a good yield. Deacetylation of 3a,b
went smoothly to give the key diol intermediates 4a,b,
individually. Reduction of 4a,b by transfer hydrogena-
tion using hydrazine and Raney Ni gave the diamine
5a,b in good to excellent yields (see Scheme 1).


Previous carbohydrate ring replacement strategies have
relied on a successful alcohol allylation followed by a
subsequent oxidative cleavage to introduce an aldehyde
moiety.11–13 However, the presence of a thiol group
prone to oxidation prompted us to look for an alterna-
tive route. Alkylation of compounds 4a,b with tbutyl-a-
bromoacetate proved to be feasible, while iodoacetonit-
rile and bromoacetaldehyde diethyl acetal failed to give
the desired products. After alkylation, carboxylic acids
6a and 7a were obtained exclusively, probably due to
hydrolysis facilitated by the neighboring hydroxy group.
Although the yield for 6a and 7a was relatively low
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(45%) due to partial decomposition, incomplete conver-
sion, and a small amount of di-alkylation, compounds
6a and 7a could easily be obtained, individually, after
column chromatography. Intramolecular lactonization
was achieved quantitatively using 1-(3-dimethylamino-
propyl)-3-ethylcarbodiimide hydrochloride (EDA-
C ÆHCl); however, attempts to isolate and purify the
lactone were unsuccessful. Alternatively, the lactone
could be reduced by DIBAL, without purification of
the starting material, cleanly and smoothly to give inter-
mediates 8a and 9a, individually. A subsequent reduc-
tive amination, azido reduction, and Boc removal
gave the final compounds 12a and 13a, which were
purified by preparative LC–MS. The p-methoxybenzyl
(PMB) substituted analogs were made in a similar
manner, except intermediates 6b and 7b were not sepa-
rable by silica gel chromatography; however, the final
mixture of compounds 12b and 13b was easily separat-
ed by preparative LC–MS. Regioselective synthesis of
8b or 9b from 4b was attempted using Bu2SnO and
allyl bromide and then oxidative cleavage. Only one
regioisomer 9b was obtained in 18% yield. The regio-
chemistries of compounds 12a,b and 13a,b were ascer-
tained by 1-D NMR (1H, 13C, and DEPT) and 2-D
NMR (COSY, HMQC, and HMBC) (see Scheme 2).


The carboxylic acid regioisomers 6a and 7a were also
directly coupled with primary amines to form amides
14 and 15. A subsequent azido reduction using transfer
hydrogenation yielded final compounds 16 and 17. The
regiochemistries of compounds 16 and 17 were con-
firmed by 2-D NMR (see Scheme 3).


The noncovalent binding interaction between the syn-
thetic aminoglycosides and RNA was studied by high-
resolution FTICR mass spectrometry.22 As shown in
Table 1, the addition of the alkyl amino chain (12a,b
and 13a,b) improved the binding activity over the
unsubstituted 5a and 5b by a factor of 10. Quinoline-
substituted analogs bind stronger than the PMB substi-
tuted (12a vs 12b and 13a vs 13b) versions. The presence
of the amide moiety dramatically decreases the binding
affinity (16 vs 12a and 17 vs 13a). A cell-free bacterial
transcription/translation (T/T) assay was run to measure
the functional activity of these compounds inhibiting at

Table 1. Calculated dissociation constant (Kd, lM) binding with 16S


A-site rRNAa and the cell-free functional transcription/translation


(T/T) IC50 (lM) assay


Compound Kd (lM) IC50 (lM)


Paromomycin 0.1 0.6


Neamine 5 >50


5a 35 >50


12a 1.5 15.0


13a 2 2.1


16 241 >50


17 88 >50


5b 315 >50


12b 27 >50


13b 10 >50


a Ligands (7.5, 2.5, 0.75, and 0.25 lM); target RNA (0.1 lM).

the translation level. To our delight, the two tightest
binders 12a and 13a from the mass spectrometry assay
did show moderate functional activity.


In conclusion, aminoglycoside analogs lacking a carbo-
hydrate ring have been prepared, demonstrated to have
significant binding to its 16S A-site rRNA target, and
shown to have the ability to inhibit bacterial transla-
tions. This opens up the possibilities of generating
libraries of synthetic compounds mimicking the confor-
mation and function of aminoglycosides lacking the
structural features most recognized by aminoglycoside
modifying enzymes. These compounds offer a new strat-
egy to combat prevalent and persistent bacterial resis-
tance emerging in the clinic.
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Abstract—A novel high-yielding and environment-friendly synthesis of the anticancer compound 3-(4 0-geranyloxy-3 0-methoxyphe-
nyl)-2-trans-propenoic acid is described. This compound was conjugated to H2N-Ala-Pro dipeptide to give a prodrug to be activated
by intestinal ACE and to be used in the treatment of different forms of colon cancer. Data on the chemical and enzymatic stability of
this novel prodrug are reported.
� 2005 Elsevier Ltd. All rights reserved.

Ferulic acid (1) is a widespread natural compound
belonging to the class of cinnamic acids.1,2 In the last
decade, ferulic acid and its derivatives have attracted
the attention of many researchers due to their valuable
pharmacological properties.

RO


OCH3


CO2H


1 R = H
2 R = geranyl 


A biosynthetically related secondary metabolite of (1) is
3-(4 0-geranyloxy-3 0-methoxyphenyl)-2-trans-propenoic
acid (2), in which a geranyl chain is attached to the phe-
nolic group. It has been isolated in 1966 from the bark
of Acronychia baueri Schott, an Australian small tree
belonging to the family of Rutaceae.3


Although known for four decades, only in the last five
years some of the pharmacological properties of (2)
and its synthetic derivatives began to be characterized.
In particular, the ethyl ester of (2) showed a series of
interesting biological effects such as colon and tongue
cancer chemoprevention by dietary feeding in rats,4,5


inhibition of cellular responses induced by phorbol ester
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and by combined lipopolysaccharide and interferon-c,6


and suppression of inducible nitric oxide synthase5 and
cycloxygenase-2 as such and of its promoter activities;6,7


furthermore, some myo-inositol esters of (2) exerted a
good inhibitory activity on phorbol ester-induced super-
oxide generation and Epstein–Barr virus activation.8


These data were collected using whole cell systems so
it is conceivable that, under experimental conditions,
the above-reported esters could be hydrolyzed to
the parent acid once inside the cell, so the true active
principle exerting these biological effects would be (2).
Then 3-(4 0-geranyloxy-3 0-methoxyphenyl)-2-trans-prop-
enoic acid becomes a novel candidate as chemopreven-
tive drug for the cure of various types of cancer and
as anti-inflammatory compound. For these reasons the
design and synthesis of biologically active new ferulic
acid derivatives is a field of current and growing interest.


In the last three years, our work was devoted to the
design and synthesis of natural and semisynthetic gera-
nyloxy substituted compounds as colon cancer chemo-
preventive agents. One of the approaches for the
treatment of local diseases of colon is the use of pro-
drugs which optimizes drug delivery, improves its effica-
cy, and lowers the absorption and release of the drug in
the stomach and small intestine thereby facilitating
quantitative delivery to the colon and increasing the bio-
availability at the site of action. The different approach-
es for colonic drug delivery have been recently
exhaustively reviewed.9 Among these, a promising one
is represented by the selective cleavage of prodrugs con-
taining an oligopeptide chain by enzymes located in the
external side of the intestinal brush border membrane.10
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Different classes of brush border enzymes have been
identified, among which are peptidases, characterized
by different selectivity and distribution along the small
and large intestines.11,12 In particular, angiotensin con-
verting enzyme (ACE, dipeptidyl carboxypeptidase,
E.C. 3.4.15.1) hydrolyzes oligopeptides in which the ter-
minal residue is proline and has alanine or glycine in the
penultimate position.13


The aim of our study was to synthesize a properly struc-
tured prodrug of (2) that could be selectively cleaved by
intestinal ACE so reaching in high concentration the
large bowel. Basing on the selectivity of this enzyme
(2) must be incorporated to H2N-Ala-Pro dipeptide,
such as in (3).

O


OCH3


O


N


H O


N


CO2H


3


The synthesis of (3) was accomplished using commer-
cially available ferulic acid (1) as starting material
(Scheme 1). Initially, the acid (1) was easily transformed
into the corresponding methyl ester (4) by treatment
with refluxing MeOH in the presence of catalytic
amount of concd H2SO4. The 4 0-geranyloxy derivative
(2) was obtained by a two-step one-pot procedure: ger-
anylation of (4) with geranyl bromide and anhydrous
K2CO3 in acetone at 60 �C and subsequent treatment
in the same vessel with a basic medium. The described
procedure represents a new entry to the synthesis of
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6 R = H
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Scheme 1. Reagents and conditions: (a) MeOH, concd H2SO4, reflux,


overnight, 98% yield; (b) K2CO3, geranyl bromide, acetone, 60 �C, 2 h;
(c) NaOH 2 N, 60 �C, 3 h, 99% yield; (d) LL-AlaOMeÆHCl, DCC, Et3N,


Et2O, rt, 6 h, 91% yield; (e) NaOH 0.5 N, EtOH/H2O 1:1 30 min, 88%


yield; (f) LL-ProOMeÆHCl, DCC, Et3N, Et2O, rt, 6 h, 81% yield; (g)


NaOH 0.5 N, EtOH/H2O 1:1 30 min, 90% yield.

(2) and other prenyloxy-substituted cinnamic acid deriv-
atives by means of a short and environment-friendly
procedure, simple purification after standard work-up,
not needing chromatographic separation, and very high
yield with respect to those reported in the literature.3,5,14


Coupling of (2) with commercially available LL-alanine
methyl ester hydrochloride in the presence of 1,3-
dicyclohexylcarbodiimide (DCC) and triethyl amine in
Et2O at room temperature gave ester (5), which was
subsequently transformed into 3-(4 0-geranyloxy-
3 0-methoxyphenyl)-2-trans-propenoyl-LL-alanine (6) by
hydrolysis with hydroalcoholic NaOH 0.5 N. The same
two-step reaction sequence repeated for the coupling
of acid (6) with commercially available LL-proline methyl
ester hydrochloride and subsequent hydrolysis gave
the desired 3-(4 0-geranyloxy-3 0-methoxyphenyl)-2-trans-
propenoyl-LL-alanyl-LL-proline (3).15 The overall yield of
the �ferulic acid to (3)� process was 56.6%.


The chemical stability of compound (3) was assayed by
incubating it at 37 �C for 2 h in aqueous solutions at dif-
ferent pH values ranging from 0.5 to 9.5:16 at any pH
value tested (3) was absolutely stable and has been
recovered in quantitative yield from all reaction media.
The degree of enzymatic hydrolysis by large bowel exo-
peptidases and commercially available purified ACE
was assessed using the method reported by Kim and
co-workers13 after incubation of (3) for 30 min at
37 �C with isolated intestinal brush border membranes
or purified ACE, the parent acid (2) was detected as
the only hydrolytic product.


In conclusion, the sequence described here provides
a new high-yielding synthesis of a novel prodrug of
3-(4 0-geranyloxy-3 0-methoxyphenyl)-2-trans-propenoic
acid, a compound subject of more growing interest as
potential drug for cancer treatment. Moreover this is,
to the best of our knowledge, the first example of pro-
drug activation by intestinal ACE, so that it could be
a novel approach of enzyme targeting for drug specific
colon delivery. Its mechanism of activation would en-
sure chemical and enzymatic stability while passing
through the stomach and small intestine and a selective
release in near proximity of the large bowel. Results ob-
tained from in vitro tests prompted us to carry out in vi-
vo pharmacological studies on (3) as a novel colon
cancer chemopreventive agent by dietary feeding in rats
that are now in progress.
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(15 mL) was added and the reaction mixture was stirred
at 90 �C for additional 3 h. The cooled solution was
diluted with H2O (50 mL) and extracted twice with Et2O
(30 mL). The aqueous phase was acidified to pH 2 with
10% HCl and extracted with Et2O (3· 50 mL). The
collected organic phases were dried over Na2SO4 and
evaporated to dryness giving (2) as a white solid (0.33 g,
99% yield). Mp: 60–61 �C; IR (cm�1): 3500 (br), 1710, 1H
NMR (200 MHz, CDCl3, d) 1.63 (s, 3H), 1.70 (s, 3H),
1.77 (s, 3H), 2.04–2.24 (m, 4H), 3.94 (s, 3H), 4.68–4.72
(m, 2H), 5.06– 5.12 (m, 1H), 5.50–5.56 (m, 1H), 6.35 (d,
1H, J = 16.2 Hz), 6.88–7.30 (m, 3H), 7.76 (d, 1H,
J = 16.2 Hz); 13C NMR (50 MHz, CDCl3, d) 16.7, 17.7,
25.7, 26.2, 39.5, 55.9, 65.8, 109.9, 112.5, 114.7, 119.1,
123.0, 123.7, 126.8, 131.8, 141.2, 147.0, 149.5, 150.8,
172.7; HRMS (EI) Calcd for, C20H26O4: 330.1831.
Found: 330.1828.


3-(40-Geranyloxy-30-methoxyphenyl)-2-trans-propenoyl-
LL-alanine methyl ester (5). 3-(4 0-Geranyloxy-3 0-methoxy-

phenyl)-2-trans- propenoic acid (2) (1.87 g, 5.7 mmol)
was dissolved in 57 mL of anhydrous Et2O and to this
solution were added triethyl amine (0.87 mL, 6.2 mmol)
and LL-AlaOMeÆHCl (0.87 g, 6.2 mmol). A solution of
DCC (1.29 g, 6.2 mmol) in Et2O (25 mL) was then added
dropwise over a period of 30 min and the resulting
suspension was stirred at room temperature for 6 h and
filtered under vacuum. The ethereal solution was washed
in turn with 5% aq NaHCO3 (2· 50 mL) and 5% aq citric
acid (2· 50 mL), dried over Na2SO4, and evaporated to
dryness giving (5) as a pale yellow solid (2.15 g, 91%
yield). [a] (c 1, CH2Cl2) = +21.5; mp: 95–97 �C; IR
(cm�1): 1710, 1670; 1H NMR (200 MHz, CDCl3, d)
1.49 (d, 3H, J = 7.1 Hz), 1.61 (s, 3H), 1.68 (s, 3H), 1.75
(s, 3H), 1.95–2.12 (m, 4H), 3.79 (s, 3H), 3.90 (s, 3H),
4.64–4.67 (m, 2H), 4.81 (q, 1H, J = 7.1 Hz) 5.04–5.17 (m,
1H), 5.48–5.55 (m, 1H), 6.40 (d, 1H, J = 16.0 Hz), 6.83–
7.18 (m, 3H), 7.58 (d, 1H, J = 16.0 Hz); 13C NMR
(50 MHz, CDCl3, d) 16.7, 17.6, 18.3, 24.9, 25.3, 41.4,
48.1, 52.4, 56.5, 65.7, 109.8, 112.5, 117.8, 122.2, 123.7,
127.0, 131.7, 141.0, 141.6, 149.3, 149.8, 166.2, 173.8;
HRMS (EI) Calcd for, C24H33NO5: 415.2358. Found:
415.2352.
3-(4 0-Geranyloxy-3 0-methoxyphenyl)-2-trans-propenoyl-


LL-alanine (6). 3-(4 0-Geranyloxy-3 0-methoxyphenyl)-2-
trans-propenoyl-LL-alanine methyl ester (5) (0.68 g,
1.6 mmol) was dissolved in EtOH (5 mL) and to this
solution 5 mL of 1 N aq NaOH was added. The resulting
mixture was stirred for 1 h at room temperature, acidified
to pH 1 with 10% HCl, and extracted with Et2O (3·
30 mL). The collected organic phases were dried over
Na2SO4 and evaporated to dryness giving (6) as a pale
yellow solid (0.57 g, 88% yield). [a] (c 1,
CH2Cl2) = �50.6; mp: 113–115 �C; IR (cm�1): 3500
(br), 1710, 1670; 1H NMR (200 MHz, CDCl3, d) 1.52
(d, 3H, J = 7.1 Hz), 1.61 (s, 3H), 1.69 (s, 3H), 1.74 (s,
3H), 2.02–2.12 (m, 4H), 3.84 (s, 3H), 4.61–4.64 (m, 2H),
4.75 (q, 1H, J = 7.1 Hz) 4.99–5.09 (m, 1H), 5.45–5.52 (m,
1H), 6.43 (d, 1H, J = 15.8 Hz), 6.80–7.15 (m, 3H), 7.74
(d, 1H, J = 15.8 Hz); 13C NMR (50 MHz, CDCl3, d)
16.7, 17.7, 18.0, 25.7, 26.2, 39.5, 48.6, 55.8, 65.7, 109.8,
111.8, 117.2, 119.2, 122.3, 123.7, 127.3, 131.8, 141.2,
142.3, 149.3, 150.1, 166.9, 176.0; HRMS (EI) Calcd for,
C23H31NO5: 401.2202. Found: 401.2209.


3-(40-Geranyloxy-30-methoxyphenyl)-2-trans-propenoyl-
LL-alanyl-LL-proline methyl ester (7). The same procedure to
obtain compound (5) was followed. (81% yield). [a] (c 1,
CH2Cl2) = �15.2; mp: 143–146 �C; IR (cm�1): 1725, 1710,
1670; 1H NMR (200 MHz, CDCl3, d) 1.48 (d, 3H,
J = 7.1 Hz), 1.60 (s, 3H), 1.68 (s, 3H), 1.73 (s, 3H), 1.88–
2.37 (m, 10H), 3.53–3.61 (m, 1H), 3.72 (s, 3H), 3.91 (s, 3H),
4.60–4.63 (m, 1H), 4.65–4.68 (m, 2H), 4.99– 5.02 (m, 1H),
5.47–5.51 (m, 1H), 6.39 (d, 1H,J = 15.9 Hz), 6.82–7.18 (m,
3H), 7.51 (d, 1H, J = 15.9 Hz); 13CNMR (50 MHz, CDCl3,
d) 16.5, 17.7, 18.1, 24.6, 25.2, 25.6, 26.1, 33.0, 39.0, 47.4,
49.0, 54.8, 55.8, 65.8, 112.0, 119.1, 121.5, 122.0, 122.4, 123.7,
127.6, 131.2, 133.7, 141.0, 141.2, 149.4, 157.1, 166.2, 173.9;
HRMS (EI) Calcd for, C29H40N2O6: 512.2886. Found:
512.2880.
3-(4 0-Geranyloxy-3 0-methoxyphenyl)-2-trans-propenoyl-


LL-alanyl-LL-proline (3). The same procedure to obtain
compound (6) was followed (90% yield). Pale yellow
solid; [a] (c 1, CH2Cl2) = �38.8; mp: 62–63 �C; IR
(cm�1): 3500 (br), 1739, 1658, 1655; 1H NMR
(200 MHz, CDCl3, d) 1.41 (d, 3H, J = 6.9 Hz), 1.61 (s,
3H), 1.68 (s, 3H), 1.74 (s, 3H), 1.89–2.39 (m, 10H), 3.52–
3.64 (m, 1H), 3.90 (s, 3H), 4.63–4.66 (m, 1H), 4.67–4.70
(m, 2H), 4.98–5.01 (m, 1H), 5.48–5.52 (m, 1H), 6.38 (d,
1H, J = 15.9 Hz), 6.83–7.30 (m, 3H), 7.55 (d, 1H,
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J = 15.9 Hz); 13C NMR (50 MHz, CDCl3, d) 16.6, 17.8,
18.2, 24.8, 25.4, 25.6, 26.2, 33.1, 39.4, 47.5, 49.4, 55.8,
65.8, 112.4, 119.2, 121,4, 122.0, 122.6, 123.7, 127.6, 131.5,
133.9, 141.0, 141.3, 149.4, 157.7, 166.8, 174.1; HRMS

(EI) Calcd for, C28H38N2O6: 498.2729. Found: 498.2721.
For experiments aimed to evaluate the chemical and
enzymatic stability of compound (3), see Refs. 13, 16.


16. Landon, M. Methods Enzymol. 1977, 47, 145.
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Abstract—In an effort to develop potent antiplatelet agents, a series of trihydroxychalcones was synthesized and screened in vitro for
their inhibitory effects on washed rabbit platelet aggregation induced by arachidonic acid (100 lM) and collagen (10 lg/ml). Of five
compounds with potent inhibitory effects on arachidonic acid- and collagen-induced platelet aggregation, compound 4e was found
to be the most potent. The structure–activity relationships suggested that antiplatelet activity was governed to a greater extent by the
substituent on B ring of the chalcone template, and most of the active compounds had methoxy or dimethoxy groups on B ring.
� 2005 Elsevier Ltd. All rights reserved.

It is generally accepted that platelets play an important
role in the progress and development of thrombotic dis-
orders, especially cerebro vascular diseases such as tran-
sient ischemic attack,1 ischemic heart diseases such as
myocardial infarction2 and peripheral vascular diseas-
es.3 Consequently, the inhibition of platelet function
represents a promising approach for the prevention
of these diseases. For this reason, many antiplatelet
drugs have been used clinically. However, the antiplate-
let agents currently used have certain disadvantages
such as notable side effects and inefficient therapy.4,5


Therefore, searching for antiplatelet drugs which are
more effective and safer with fewer side effects is very
important.


The compounds with the backbone of chalcone have
been reported to exhibit a wide variety of pharmacolog-
ical effects, including antioncogenic,6 anti-inflammato-
ry,7 antiulcerative,8 analgesic,9 antiviral,10 antifungal,11


antimalarial,12 and antibacterial activities.13 Nakadate
et al.14 reported that 2 0-hydroxychalcones, 4 0-hydroxy-
chalcones, and 2 0,4 0-dihydroxychalcones inhibited

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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12-lipoxygenase and cyclooxygenase in the mouse epi-
dermis. Ballesteros et al.15 reported that two synthetic
2 0-hydroxychalcones exerted topical anti-inflammatory
effects in mice. Lin et al.16 reported that 2 0, 5 0-dihydr-
oxychalcones had good selective inhibitory effects on
arachidonic acid-induced platelet aggregation. These re-
ports suggested that some hydroxychalcones might be
the promising antithrombotic or anti-inflammatory
agents. The antiplatelet activity of trihydroxychalcones
has not been reported previously. So in this study, we
designed and synthesized a series of new 2 0, 4 0, 6 0-tri-
hydroxychalcones and varied the substituent of B ring
to screen for their antiplatelet effects on washed rabbit
platelets in vitro. The structure–activity relationships
were also discussed.


The route followed for the preparation of trihydroxy-
chalcones is illustrated in Scheme 1. 1-(2,4,6-Trihy-
droxy-phenyl)-ethanone 1, prepared as reported
previously,17 was treated with chloromethyl methyl
ether and potassium carbonate in acetone at room tem-
perature to produce 1-(2-hydroxy-4,6-bis-methoxymeth-
oxy-phenyl)-ethanone 2. Intermediates 3a–3m were
prepared by Claisen–Schmidt condensation of 2 with
appropriate aromatic aldehydes or hydroxyaromatic
aldehydes, protected as chloromethyl methyl ether.
Then intermediates 3a–3m were treated with 10% HCl
in methanol at reflux temperature to yield the corre-
sponding hydroxychalcones 4a–4m in good yield. All
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Scheme 1. Reagents and conditions: (i) HCl/CH3CN/ZnCl2, 0 �C, 24 h and reflux, 2 h; (ii) ClCH2OCH3/K2CO3/acetone, rt, 2 h; (iii) aromatic


aldehyde/KOH/EtOH, rt, 24 h; (iv) 3 M HCl in MeOH, reflux, 0.5 h.


5028 L.-M. Zhao et al. / Bioorg. Med. Chem. Lett. 15 (2005) 5027–5029

spectral data (IR, 1H NMR, and MS) obtained were
consistent with the structures proposed.18


The antiplatelet activity was studied by measuring the
aggregation of washed rabbit platelet applying Born�s
turbidimetric method.19 The washed platelet suspension
of rabbits was incubated at 37 �C for 4 min in an aggre-
gometer with stirring at 1000 rpm and the aggregation
was stimulated by adding arachidonic acid (100 lM)
or collagen (10 lg/ml) at concentrations giving maximal
aggregatory response, as Jin et al.20 described in detail.
The antiplatelet activity was expressed as percent inhibi-
tion with respect to control. Anti-aggregating potency of
the compounds was indicated by IC50 values that were
calculated by linear regression analysis of the concentra-
tion–response curves obtained for each compound. Data
are reported in Table 1.


As shown in Table 1, among the tested compounds, six
compounds showed potent inhibitory effects on arachi-
donic acid-induced washed rabbit platelet aggregation,
and the potencies of some compounds were better or
comparative to aspirin, a COX inhibitor which was used
as a positive control. Comparing with compound 4l,
compounds 4a, 4e, 4h, 4i, and 4j had potent antiplatelet
effects. It seemed that the substituent on chalcone B ring
might be important in the inhibition of platelet aggrega-
tion. However, compounds 4b, 4c, 4d, 4f, 4g, and 4m
that bore substituent(s) on the B ring did not show
any inhibitory effect at a concentration of 100 lM.
These results indicated that the character of substituent
on the B ring had a significant influence on the antiplate-
let activity. The compounds 4a, 4e, and 4h–4k concen-
tration-dependently inhibited washed rabbit platelet
aggregation induced by arachidonic acid, with the IC50


values of 28.5 ± 2.2, 15.2 ± 5.4, 19.8 ± 3.5, 25.5 ± 2.7,
45.2 ± 6.7, and 70.6 ± 3.5 lM, respectively. It seemed
that the increase of hydroxy group on chalcone A ring
could influence the inhibitory effect on platelet aggrega-
tion, but the potency depended on the variation of the
substituent of the B ring. Compound 4e was the most
potent in inhibiting arachidonic acid-induced platelet
aggregation: the demethylation at C-4 of 4e (i.e., 4d)
and the demethylation at C-3 and C-4 of 4e (i.e., 4c)
did not contribute so much to the antiplatelet effect.

These results suggested that substitution of the methoxy
group on chalcone B ring significantly increased the
antiplatelet activity. The O-phenylmethylation at C-4
of 4d (i.e., 4a), O-allyloxylation at C-4 of 4d (i.e., 4h),
and the demethoxylation at C-3 of 4e (i.e., 4i) enhanced
the inhibitory effects on arachidonic acid-induced plate-
let aggregation, although they were not as potent as that
of compound 4e. The replacement of the methoxyl at
C-4 of 4i with a methyl group (i.e., 4g) produced no
effect on the inhibition of platelet aggregation at a
concentration of 100 lM. These results indicated that
etherifying the phenolic hydroxyl of the B ring was re-
quired for the inhibition of platelet aggregation induced
by arachidonic acid. On the other hand, compound 4b
had no significant inhibitory effect, indicating that intro-
duction of a strong electron-donating group at the C-4
might attenuate its inhibitory effect. In addition, lipo-
philicity did not appear to be an important factor for
the antiplatelet activity, because a chloro group substi-
tuted at C-4 of 4l (i.e., 4j) or dichloro substituted at C-
2 and C-4 of 4l (i.e., 4k) was not more potent than that
of compound 4e. A similar inhibitory pattern was also
observed from the tested compounds in the collagen-
induced platelet aggregation, except for compound 4k
which did not show any inhibitory effect at a concentra-
tion of 100 lM. The IC50 values of compounds 4a, 4e,
4h, 4i, and 4j against collagen-induced platelet aggrega-
tion were 37.4 ± 4.4, 27.4 ± 4.4, 28.4 ± 5.3, 33.3 ± 4.6,
and 66.5 ± 5.3 lM, respectively.


In conclusion, some compounds showed good inhibito-
ry effects on platelet aggregation induced by arachidon-
ic acid and collagen. Some of them exhibited even
better potency than the reference drug, aspirin. The
antiplatelet effects of these compounds were probably
mediated through the suppression of cycloxygenase
activity and reduced thromboxane formation as it
had been reported that some chalcone derivatives
inhibited arachidonic acid-induced platelet aggregation
by inhibition of cycloxygenase activity and thrombox-
ane formation.16 Further experiments were needed to
elucidate their mechanism of action. Compound 4e
exhibited the most potent antiplatelet effect among
the tested compounds. Therefore, it merits further
investigation as the lead compound in continuing







Table 1. In vitro antiplatelet activity of compounds 4a–4m and ASA in
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OCH3
15.2 ± 5.4 27.4 ± 4.4


4f OCH2 >100 >100


4g CH3 >100 >100


4h


OCH3


OCH2CH CH2
19.8 ± 3.5 28.4 ± 5.3


4i OCH3 25.5 ± 2.7 33.3 ± 4.6


4j Cl 45.2 ± 6.7 66.5 ± 5.3


4k
Cl


Cl


70.6 ± 3.5 >100


4l >100 >100


4m


O


O >100 >100


Aspirin 28.5 ± 3.2 72.4 ± 4.6


IC50 values were calculated from at least three separate experiments.


Data are presented as means ± SE (n = 3).
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studies. Further studies are in progress in our laborato-
ry and will be reported in detail in a series of forthcom-
ing papers.
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Abstract—A library of 30 trisubstituted pyrimidines were synthesized and evaluated for their in vitro antimalarial and antitubercular
activity. Out of the 30 compounds synthesized, 23 compounds have shown in vitro antimalarial activity against Plasmodium
falciparum in the range of 0.25–2 lg/mL and 16 compounds have shown antitubercular activity against Mycobacterium
tuberculosis H37Ra, at a concentration of 25 lg/mL.
� 2005 Elsevier Ltd. All rights reserved.

Parasitic diseases have an overwhelming impact on pub-
lic health in developing regions, and malaria has for a
long time presented a serious global health problem. It
is estimated that with 40% of the world�s population ex-
posed to the threat of malaria, there are an estimated
500 million clinical cases per year and 2 million deaths.1


Out of the four species of plasmodium that affect hu-
mans, Plasmodium falciparum is the most prevalent
and pathogenic. It causes Malaria tropica, which with-
out treatment, is often lethal for the infected patient.
Resistance of plasmodia to antimalarial drugs is now
recognized as one of the major problems in eradication
of malaria. Despite tremendous efforts an effective vac-
cine has not been found yet. The inadequate armory
of drugs in widespread use for the treatment of malaria
and lack of new drugs are the limiting factors in the fight
against malaria. This underscores the continuing need
for new drugs that attack crucial targets in the malarial
pathogen. Pyrimethamine is a specific inhibitor of the
plasmodial DHFR, which is one of the important tar-
gets for drugs against malaria. Inhibition of DHFR pre-
vents biosynthesis of DNA, leading to cell death. The
design of novel chemical entities specially affecting these
targets could lead to better drugs for the treatment of
malaria.2,3
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In both lead identification and lead optimization pro-
cesses, there is an acute need for new organic small mol-
ecules. Traditional methods of organic synthesis are
orders of magnitude too slow to satisfy the demand
for these compounds. To meet the increasing require-
ment of new compounds for drug discovery, speed is
of essence, which can be met by combinatorial chemis-
try. Combinatorial chemistry is a widely accepted meth-
odology that is used to generate libraries of molecules
for discovery of biologically active leads and also the
optimization of potential drug candidates. The mainstay
of combinatorial chemistry is solid-phase organic syn-
thesis. Nowadays combinatorial chemistry is mainly
used to synthesize libraries of structurally diverse small
organic molecules. Among small molecules, nitrogen
heterocycles have received special attention as they be-
long to a class of compounds with proven utility in
medicinal chemistry.4


As part of our ongoing program devoted to the synthesis
of diverse heterocycles as anti-infective agents,5 we had
previously reported antimalarial activity in substituted
triazines, pyrimidines, and quinolines.6 Previously, we
have reported solid supported synthesis of quinolones,7


substituted pyrimidines,8 and pyrimido[4,5-d]pyrimi-
dines as anti-infective agents.9 In this communication,
we have synthesized trisubstituted pyrimidines on solid
support as antimalarial and antimycobacterial agents.


Polymer-bound aldehyde (1) was synthesized by reacting
Merrifield resin with 4-hydroxy benzaldehyde in DMF
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in the presence of sodium hydride at 80 �C for 40 h. The
polymer-bound aldehyde was further reacted with differ-
ent acetophenones to give polymer-bound chalcones (2–
6) (Scheme 1).10 The polymer-bound chalcones were
reacted with different amidines in the presence of sodium
methoxide in DMF at 80 �C for 30 h to give resin-bound
pyrimidines (7–11, 17–26, and 37–51). The resin-bound
pyrimidine derivatives were further subjected to cleav-
age in a 1:1 mixture of TFA and DCM to afford the final
compounds (Schemes 2–4).14
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In Scheme 2 the chalcones 2–6 were cyclized with guani-
dine hydrochloride in the presence of sodium methoxide
in DMF at 80 �C for 30 h to afford the polymer-bound
compounds 7–11. The mixture was then washed three
times successively with DMF, water, methanol, DCM,
and finally methanol to give resin-bound pyrimidines.
The resin-bound compounds 7–11 were further subject-
ed to cleavage in a 1:1 mixture of TFA and DCM to
afford the final compounds 12–16.


In Scheme 3 the chalcones 2–6 were cyclized with meth-
yl, benzyl, and phenyl substituted piperazine-1-carbox-
amidine hydrochloride (synthesized by refluxing
methyl, benzyl, or phenyl substituted piperazine with
S-methylisothiourea sulfate in water11) in the presence
of sodium methoxide in DMF by the same procedure
as in Scheme 2 to afford the polymer-bound compounds
17–21, 22–26, and 27–31, respectively, which further
yielded compounds 32–46.


In Scheme 4 the chalcones 2–6 were cyclized with piper-
idine or pyrrolidine-1-carboxamidine hydrochloride
(synthesized by refluxing piperidine or pyrrolidine with
S-methylisothiourea sulfate in water11) in the presence
of sodium methoxide in DMF by the same procedure
as in Scheme 2 to afford the polymer-bound compounds
47–51 and 52–56. These pyrimidine derivatives 47–56
on cleavage gave compounds 57–66. The synthesized
compounds are well characterized by spectroscopic
method as IR, mass, and NMR.15


The library was tested for its antimalarial activity12


(against P. falciparum NF-54 strain) and antitubercular
activity (against M. tuberculosis H37Ra)13 (Table 1).


In the library of trisubstituted pyrimidines, the varia-
tions have been done at the second and fourth position
and the sixth position of pyrimidine ring is constant.
Out of 30 synthesized compounds, 23 compounds have
shown in vitro antimalarial activity in the range of
0.25–2 lg/mL. The compounds 12–16 having amino
group at the second position of the pyrimidine ring have
shown antimalarial activity at a concentration of 10 or
50 lg/mL. In compounds 32–36 having methyl pipera-
zine at the second position of pyrimidine ring exhibited
antimalarial activity in the range of 0.25–1 lg/mL. The
compound 32 having phenyl ring at the fourth position
of pyrimidine ring exhibited a MIC of 0.5 lg/mL. Sub-
stitution on the phenyl ring with methyl group (33) de-
creased the activity to 1 lg/mL whereas substitution
with methoxy group (34) retained the activity having a
MIC of 0.5 lg/mL. Disubstitution of methoxy group
on the phenyl ring (35, 36) further enhanced the activity
having a MIC of 0.25 lg/mL. Replacing the methyl
group of methyl piperazine with benzyl group (37) de-
creased the activity having a MIC of 1 lg/mL whereas
replacement with phenyl group (42) further decreased
the activity having a MIC of 2 lg/mL. This result shows
the better efficacy of methyl piperazine over benzyl and
phenyl piperazine. On substituting cyclic amines as pyr-
rolidine (57) and piperidine (62) the activity decreased
having a MIC of 2 lg/mL. In general substituting the
phenyl ring with methyl group decreased the activity







Table 1. Activity of trisubstituted pyrimidines


Compound R P. falciparum


MIC (lg/mL)


M. tuberculosis


MIC (lg/mL)


12 H 10 —


13 4-Me 50 —


14 4-OMe 50 —


15 3,4-DiOMe 10 12.5


16 2,5-DiOMe 10 25


32 H 0.5 25


33 4-Me 1 25


34 4-OMe 0.5 25


35 3,4-DiOMe 0.25 12.5


36 2,5-DiOMe 0.25 12.5


37 H 1 25


38 4-Me 2 —


39 4-OMe 1 —


40 3,4-DiOMe 0.5 —


41 2,5-DiOMe 0.25 25


42 H 10 25


43 4-Me 10 —


44 4-OMe 2 —


45 3,4-DiOMe 1 —


46 2,5-DiOMe 2 —


57 H 2 25


58 4-Me 2 —


59 4-OMe 1 —


60 3,4-DiOMe 1 25


61 2,5-DiOMe 1 25


62 H 2 25


63 4-Me 2 —


64 4-OMe 0.5 —


65 3,4-DiOMe 1 25


66 2,5-DiOMe 1 25


�—� inactive. MIC of pyrimethamine: 10 lg/mL.
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whereas substitution with methoxy group increased the
activity. Disubstituting the phenyl ring with methoxy
group further increased the activity of compounds.


In antitubercular activity against M tuberculosis H37Ra,
16 compounds out of the 30 compounds have shown
activity at a concentration of 25 lg/mL. Three com-
pounds have also shown >90% inhibition at a concen-
tration of 12.5 lg/mL. In general, the compounds
showed increase in activity on substituting the phenyl
ring with methoxy group, whereas activity decreased
on substitution with methyl group. Disubstitution on
the phenyl ring with methoxy group further increased
the activity. The compounds 12–16 having amino group
at the second position of the pyrimidine ring, the com-
pounds 12, 13, and 14 did not show any activity,
whereas compounds 15 and 16 having dimethoxy substi-
tuted phenyl ring exhibited a MIC of 12.5 and 25 lg/
mL, respectively. All compounds (32–36) having methyl
piperazine at the second position of the pyrimidine ring
have shown activity. The compound 32 having unsubsti-
tuted phenyl ring at the sixth position of pyrimidine ring
has shown >90% inhibition at a concentration of 25 lg/
mL. Substitution with methoxy (34) or methyl (33)
group did not affect the activity, whereas disubstitution
with methoxy groups (35, 36) increased the activity hav-
ing a MIC of 12.5 lg/mL. Replacement of the methyl
group in methyl piperazine with benzyl (37–41) and

phenyl group (42–46) decreased the activity. In com-
pounds 57–61 and 62–66 having pyrrolidine and piperi-
dine at the second position of the pyrimidine ring, only
those compounds having unsubstituted phenyl ring or
dimethoxy substituted phenyl ring at sixth position of
the pyrimidine ring showed inhibition at a concentration
of 25 lg/mL.


The thirty 2,4,6-trisubstituted pyrimidines were synthe-
sized as pyrimethamine analogues. Out of the 30 synthe-
sized compounds 23 compounds have shown
antimalarial activity in the range of 0.25–2.0 lg/mL,
whereas 16 compounds have shown antitubercular activ-
ity at a concentration of 25 lg/mL. These compounds are
5–40 times more potent than pyrimethamine. These iden-
tified pyrimidines are new leads in antimalarial chemo-
therapy. These molecules can be very useful for further
optimization work in malarial chemotherapy.
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Abstract—A series of novel xanthenone aminoderivatives and their pyrazole-fused counterparts possessing structural analogy to the
potent anticancer agent 9-methoxypyrazoloacridine (PZA) reported. These compounds exhibited an interesting cytotoxic activity
against a panel of cell lines. Most noticeably, they retain activity against the multidrug resistant MES-SA/Dx5 subline, showing
resistant factors close to 1.
� 2005 Elsevier Ltd. All rights reserved.
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Figure 1. Structures of mitoxantrone and PZA.

DNA-interacting agents are widely used against a num-
ber of malignant diseases. Among them, the anthracy-
cline glycosides doxorubicin and daunomycin are
extensively used in clinical practice.1


Structure–activity studies of the anthracyclines rational-
ized the use of aminoanthraquinone congeners as antitu-
mor agents and resulted in the development of the
clinically useful anthracenedione mitoxantrone (1,
Fig. 1).2,3 Numerous analogues of this agent are studied
to eliminate its side effects, mainly cardiotoxicity4 and
the development of multidrug resistance (MDR).5


Cumulative cardiotoxicity has limited the prolonged
use of quinone derivatives and led to the development
of anthrapyrazoles,6 which due to the presence of a qua-
si-iminoquinone group, possess reduced cardiotoxicity.7


Many compounds belonging to this class are currently
under preclinical and clinical evaluation,8 and a number

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


doi:10.1016/j.bmcl.2005.07.079


Keywords: Aminoxanthenones; Aminobenzopyrano[4,3,2-cd]indazoles;


Cytotoxic activity; Cell-cycle selectivity; Multidrug resistance.
* Corresponding author. Tel.: +30 210 7274830; fax: +30 210


7274747; e-mail: marakos@pharm.uoa.gr
� Present address: Department of Experimental Physiology, Medical


School, University of Athens, 75 Mikras Asias 11527 Goudi, Athens,


Greece.

of structurally related acridine derivatives have also
been developed.9


Unfortunately, as most anticancer drugs behave,
anthrapyrazoles are subjected to the development of ac-
quired or intrinsic resistance (MDR) of certain tumor
cell populations, which results in a limited potential
for cancer cure.10 One of the most investigated strategies
to reverse MDR is the development of pharmacological
agents that are able to modulate the function of P-glyco-
protein (Pgp), an ATP-binding membrane protein,
responsible for the active efflux of cytotoxic drugs out
of resistant cells.11 For anthracenediones and the related
acridine cytostatics, it has been postulated that the
incorporation into the chromophore of a fused five- or
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six-membered heterocyclic ring has led to compounds
that are able to overcome MDR.12 9-Methoxypyrazolo-
acridine (PZA, 2, Fig. 1) was selected for clinical evalu-
ation from a series of compounds that combine the
DNA-complexing activity of the acridine chromophore
with the potential hypoxic cell-selectivity derived from
a reducible nitro group substitution on the ring.13,14


PZA retains full activity against resistant cell lines that
exhibit the MDR phenotype.15 Recent findings suggest
that this compound targets both topoisomerases simul-
taneously, but without stabilization of the topoisomer-
ase-DNA cleavable complexes.16 The results obtained
from different studies suggest a novel mechanism of ac-
tion, which needs further exploitation and maybe addi-
tional clinical combination studies of PZA with other
chemotherapeutic agents, with the aim of delaying or
circumventing drug resistance.8,13,17


We have previously studied the synthesis and antipro-
liferative activity study of a number of cytotoxic xan-
thenone aminoderivatives.18–20 On the other hand,
some pyrazole-fused pyranoxanthenones, bearing a
dialkylaminoethyl substitution, showed strong cyto-
toxic activity against the murine leukemia L1210 cell
line, as well as against some human solid tumor cell
lines.21 As a continuation of this study, we present
here the synthesis and biological evaluation of some
novel xanthenone aminoderivatives and their pyra-
zole-fused counterparts, with direct structural similar-
ity to PZA.


For the synthesis of the target compounds, we have
used ethyl salicylate (3) as starting material (Scheme
1), which was treated with 2,4-dichloronitrobenzene
(4) to result in a mixture of the isomeric esters 5 and
6. These esters were separated by column chromatogra-
phy and their structure was unambiguously established
by 1H and 13C NMR spectroscopy, using both direct
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Scheme 1. Synthesis of compounds 9a–c and 12a–c. Reagents and conditio


30 min; (c) PPA 110 �C, 1 h; (d) H2NCH2CH2R
1, pyridine, reflux, 1–3 h; (e) H


4 h; (g) secondary amine, EtOH abs., reflux, 10–12 h.

and long-range heteronuclear correlation experiments
(HMBC and HMQC sequences). Structural discrimina-
tion resulted from the observation that C-1 0 of com-
pound 6 exhibits 2J coupling with two aromatic
protons, namely H-2 0 and H-6 0, and 3J coupling with
H-5 0, while in the case of compound 5 the correspond-
ing C-1 0 possesses 2J coupling only with H-6 0 and 3J
coupling with H-3 0. Compound 5 was then saponified
under mild conditions since the presence of a nitro
group facilitates the easy cleavage of the ether linkage.
The resulting carboxylic acid 7 was isolated in
good purity and was ring-closed upon treatment with
PPA, to provide 1-chloro-4-nitro-9H-xanthen-9-one
(8) in good yield. The target compounds 9a–c were
prepared by the nucleophilic substitution of the chloro
group of 8 by appropriately substituted 2-
(dialkylamino)ethylamines.


The next step concerns the preparation of the
corresponding pyrazole-fuzed aminoderivatives. For
this purpose, 8 was reacted with commercially available
2-hydroxyethylhydrazine to provide the carbinol 10
(Scheme 1). The structural assignment for the carbinol
was confirmed using NOESY experiments. The side-
chain methylene, which is adjacent to the pyrazole ring,
exhibited NOEs only with the 3-aromatic proton. Addi-
tional evidence for the structure of compound 10 was
obtained by a gradient inverse-detected long-range
1H–15N correlation experiment at natural abundance,
where clear cross-peaks were observed, correlating N-2
with the adjacent side-chain methylene and the
3-aromatic proton, confirming the N-2 NMR signal
assignment (N-2, H-3 cross-peak) and the position of
the side-chain. Conversion of the carbinol 10 to the mes-
ylate 11, followed by nucleophilic substitution of the
readily displaced mesyloxy group by appropriately
substituted secondary amines, resulted in the benzopyr-
ano[4,3,2-cd]indazoles 12a–c.
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2NNHCH2CH2OH, pyridine, rt 12h; (f) CH3SO2Cl, CH2Cl2, Et3N, rt,
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For comparative reasons, as regards the structure–activ-
ity relationship studies, we have also prepared the corre-
sponding aminoderivatives that lack the nitro group. We
have thus used salicylic acid (13, Scheme 2), which was
treated with 1,3-cyclohexanedione to result in the
diketone 14. The preparation of 14 has already been
reported and was effective through the ring closure
of 2-fluorobenzoic acid 3-oxo-cyclohex-1-enyl ester.22


However, the procedure presented herein is very simple
and high-yielding. The diketone 14 was subsequently
oxidized by the use of DDQ in boiling toluene to pro-
vide the phenol 15, which was then converted to the cor-
responding tosylate 16. Compound 16 was used for the
synthesis of the amines 17a–c upon reaction with the
suitably substituted diamines. On the other hand 16
was treated with 2-hydroxyethylhydrazine, the resulting
carbinol 18 was converted to the mesylate 19, which
reacted with the suitable secondary amines to provide
the pyrazole-fused derivatives 20a–c.


For biological evaluation purposes, the free base forms
of the target amines were converted into their water-sol-
uble hydrochloride addition salts by treatment with
hydrochloric acid in methanol.


The in vitro cytotoxic activity of the new compounds
was evaluated in the established model of the murine
leukemia cell line L1210, and in three human solid
tumor cell lines: colorectal adenocarcinoma HT-29,
uterine sarcoma MES-SA, as well as its variant
MES-SA/Dx5, reported to be 100-fold resistant to
doxorubicin.23 The results, including reference

15 
16 
17a


1413


CO2H


OH O


O O


a b


c


d


Scheme 2. Synthesis of compounds 17a–c and 20a–c. Reagents and condition


30 min; (c) 4-toluenesulfonylchloride, acetone, Na2CO3, reflux, 6 h; (d) H2N


reflux 10 h; (f) CH3SO2Cl, CH2Cl2, Et3N, rt, 4 h; (g) secondary amine, EtOH


Table 1. Inhibition of proliferation of the aminosubstituted xanthenone der


Compound R1 L1210 HT-29


9a N(CH3)2 3.13 (±0.31) 4.66 (±0.8


9b N(CH2)4 1.48 (±0.67) 2.53 (±0.3


9c N(CH2)5 5.88 (±1.47) 6.49 (±2.2


17a N(CH3)2 6.58 (±1.65) 21.6 (±7.51


17b N(CH2)4 9.00 (±1.88) 26.6 (±2.55


17c N(CH2)5 4.59 (±0.97) 26.5 (±5.11


Mx 0.077 (±0.010) 0.020 (±0.


Dx 0.080 (±0.005) 0.320 (±0.


a The results represent means (± standard deviation) of three independent exp


50% the optical density of treated cells with respect to untreated controls.
b IC50 resistant cells/IC50 sensitive cells.

compounds mitoxantrone and doxorubicin, are pre-
sented in Tables 1 and 2.


The derivatives possess strong cytotoxic activity against
all the tested cell lines, and their IC50 values vary typical-
ly within the range of 0.8–20 lM.


The aminoderivatives bearing the nitro group (9a–c) ap-
pear to be considerably more active when compared
with the corresponding non-substituted analogues
(17a–c). On the other hand, the difference in activity be-
tween the substituted and non-substituted derivatives in
the pyrazole-fused analogues is less pronounced.


With regard to the activity against the L1210 cell line,
compounds 9b, 12a, 20a, and 20b possess interesting
cytotoxicity, with IC50 values within the range of 1.17–
1.81 lM, while the corresponding value for PZA has
been reported to be 0.424 lM.26


The new derivatives, with the exception of compound
9b, possess a rather diminished antiproliferative activity
against the colorectal adenocarcinoma HT-29 cell line.


On the contrary, the nitro substituted derivatives exhibit
cytotoxicity against the uterine sarcoma MES-SA cell
line. The majority of them possess an interesting profile
of IC50 values, below 2 lM, themost cytotoxic compound
being 9b, which shows an antiproliferative activity in
the submicromolar range (IC50 value: 0.78 lM). Further-
more, from a direct comparison of the activity toward
the sensitive and resistant cell lines, it is evident that
the compounds appear to be active against MES-SA,

R= OH
R= OTs
-d R= NHCH2CH2R1


a: R1= N(CH3)2


b: R1= N(CH2)4


c: R1= N(CH2)5


O


O R
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N N
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18 R= OH
19 R= OMs
20a-d R= R1
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(from 16)


f
g


s: (a) PPA, 1,3-cyclohexanedione, 150 �C, 2h; (b) DDQ, toluene, 90 �C,
CH2CH2R


1, pyridine, reflux, 16 h; (e) H2NNHCH2CH2OH, pyridine,


abs., reflux, 10 h.


ivatives (IC50 values in lMa)


MES-SA MES-SA/Dx5 RFb


4) 1.56 (±0.62) 0.95 (±0.20) 0.61


9) 0.78 (±0.11) 0.55 (±0.07) 0.70


9) 1.59 (±0.18) 1.56 (±0.12) 0.98


) 9.03 (±2.61) 6.62 (±1.96) 0.73


) 14.61 (±4.16) 7.76 (±1.80) 0.53


) 8.31 (±2.19) 6.04 (±1.75) 0.73


004) 0.003 (±0.000) 0.030 (±0.020) 11.55


180) 0.016 (±0.008) 1.56 (±0.10) 98.25


eriments and are expressed as IC50, the concentration that reduced by







Table 3. Cell cycle-phase distribution (%)a


Compound G0/G1 S G2/M


9b 41.70 (±2.12) 20.79 (±3.67) 37.41 (±5.51)


17b 59.41 (±3.71) 32.66 (±4.12) 7.93 (±1.49)


12a 30.00 (±4.90) 43.40 (±8.12) 26.60 (±5.75)


20a 33.06 (±3.08) 20.87 (±4.21) 46.08 (±3.60)


20b 22.63 (±1.19) 14.81 (±0.91) 62.57 (±3.88)


Control 54.70 (±4.80) 35.57 (±2.84) 9.74 (±1.96)


aMean (± standard deviation) of three independent experiments.


Table 2. Inhibition of proliferation of the pyrazole-fuzed xanthenone derivatives (IC50 values in lMa)


Compound R1 L1210 HT-29 MES-SA MES-SA/Dx5 RFb


12a N(CH3)2 1.81 (±0.41) 7.49 (±0.31) 1.03 (±0.58) 0.63 (±0.25) 0.61


12b N(CH2)4 3.52 (±0.35) 15.8 (±2.38) 1.13 (±0.07) 1.47 (±0.21) 1.29


12c N(CH2)5 10.7 (±1.85) 21.6 (±7.99) 4.05 (±0.75) 5.38 (±1.26) 1.33


20a N(CH3)2 1.17 (±0.20) 20.9 (±9.45) 2.79 (±0.69) 2.76 (±1.08) 0.99


20b N(CH2)4 1.79 (±0.21) 11.5 (±1.89) 1.75 (±0.16) 1.58 (±0.12) 0.90


20c N(CH2)5 2.74 (±0.70) 9.92 (±3.41) 4.40 (±0.90) 3.88 (±0.35) 0.88


Mx 0.077 (±0.010) 0.020 (±0.004) 0.003 (±0.000) 0.030 (±0.020) 11.55


Dx 0.080 (±0.005) 0.320 (±0.180) 0.016 (±0.008) 1.56 (±0.10) 98.25


a The results represent means (± standard deviation) of three independent experiments and are expressed as IC50, the concentration that reduced by


50% the optical density of treated cells with respect to untreated controls.
b IC50 resistant cells/IC50 sensitive cells.
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simultaneously possess generally comparable cytotoxicity
against the doxorubicin resistant MES-SA/Dx5 cell line.
The ability of all the tested compounds to overcome mul-
tidrug resistance of the MES-SA/Dx5 cell line is clearly
indicated by the resistant factor (RF) values, which are
all practically equal to 1. These results suggest that the
novel compounds seem to be hardly recognized by the
protein mechanisms controlling multidrug resistance.
Worth mentioning, the RF to doxorubicin was found to
be 98.25, as expected,23 while the RF to mitoxantrone
was 11.55.


Cell-cycle perturbations induced after incubation of
exponentially growing MES-SA uterine sarcoma cells
with a number of new compounds for 24 h are given
in Table 3. The studied compounds provoke, in general,
a G2/M arrest, expected on account of their structural
similarity to pyrazoloacridines and mitoxantrone, which
have also been reported to block the cell cycle in the G2
phase.24,25 Compound 17b, with an IC50 higher than the
concentration used for FACS analysis, had, indeed, no
significant effect on the cell cycle-phase distribution.


In conclusion, we have prepared a novel series of xan-
thenone aminoderivatives, bearing structural analogy
to PZA, which inhibit the proliferation of several cancer
cell lines. Most noticeably, this class of compounds
exhibits a very promising ability to overcome the multi-
drug resistance of the MES-SA/Dx5 cell line.
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Abstract—The synthesis of potent 4-aryl methoxypiperidinol inhibitors of the dopamine transporter is described. Symmetrical para
substituents of the benzene rings are important for high potency in binding to the dopamine transporter. 4-[Bis(4-fluorophenyl)
methoxy]-1-methylpiperidine has an IC50 of 22.1 ± 5.73 nM and increases locomotor activity in mice.
� 2005 Elsevier Ltd. All rights reserved.
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Figure 1. Chemical structures of known DAT inhibitors.

The dopamine transporter (DAT) is an integral mem-
brane protein located in dopamine (DA) neuron termi-
nals. It is responsible for regulating the extracellular
concentrations of DA by taking up released DA into
the presynaptic terminal. It is also the biological target
for cocaine.1 The psychoactive effects of DAT inhibitors
like cocaine are associated with fast changes in the up-
take of DA.2 For example, within 4 s after intravenous
cocaine administration there is significant inhibition of
DA uptake that reaches a plateau in 20 s.3 The develop-
ment of potent long-acting inhibitors of the DAT has
provided a great deal of information about the cocaine
pharmacophore.4,5 Moreover, such compounds may be
useful as pharmacotherapeutic agents in the treatment
of cocaine addiction.2 Recent reports have shown that
potent DAT inhibitors such as benzotropine (BZT)
and GBR analogs have potential as pharmacotherapies
for treatment of cocaine abuse.4–6 Some of these analogs
exhibit a slow onset and long duration of stimulant
action that is evident as increased locomotor activity
in animal models.7 Both of these classes of DAT inhib-
itors have two common structural features: a diphenyl-
methoxy moiety and a nitrogen-based six-membered
ring (Fig. 1).
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Diphenylpyraline (DPP), a well known H1-histamine
receptor antagonist, also has these structural features.8


A flexible piperidine ring and short ether bond allow
DPP to be considered a flexible analog of BZT and a
structurally constrained derivative of GBR, respectively.
Recently, we have shown that DPP is an effective DAT
inhibitor.9 This suggests that compounds structurally
similar to DPP could also be DAT inhibitors.


We have explored the structure–activity relationships
(SAR) of a series of piperidinol derivatives to develop
a more potent DAT inhibitor than DPP. In the cur-
rent study, we report the synthesis and in vitro biolog-
ical evaluation of a series of piperidinols structurally
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similar to DPP. In all recent reviews, the group of
very potent DAT inhibitors has bis-para-halogen
substituted diphenylmethoxy moieties like BZT,
GBR, and their piperidine analogs.4,5,10 These com-
pounds are more lipophilic than their unsubstituted
counterparts. In addition, one of the most reliable
methods in medicinal chemistry for improving in vitro
activity is to incorporate a properly positioned lipo-
philic group11 (e.g., by increasing the length of N-alkyl
groups). As a result, we synthesized known8,12 DPP-
related structures and new compounds. This study
also evaluates the in vivo effects of novel inhibitors
with high DAT affinity on locomotor activity in mice.
DAT inhibitors are known to elevate striatal extracel-
lular DA levels and this effect is associated with
behavioral hyperactivity.7


The compounds were synthesized as previously de-
scribed for the series of tropane compounds13,14


(Scheme 1). Briefly, N-substituted piperidin-4-ols 2g,h
were prepared by alkylation with alkyl halides in N,N-
dimethylformamide in the presence of anhydrous potas-
sium carbonate13 in yields of approximately 90%. Com-
mercially available substituted benzophenones were
reduced to the benzhydrols using sodium borohydride
in isopropanol in nearly quantitative yield. The ethers
were synthesized by condensation of benzhydrols with
25% molar excess of N-substituted piperidin-4-ols or
N-methylpiperidin-4-ol in benzene with a Dean–Stark
trap.14 para-Toluenesulfonic acid was used as a catalyst.
It was removed by extraction with sodium hydroxide

NR1 OH N
R


1 O


R2


R3


R4
R


2


R
3


R4OH


b


a


1 3a-h


1 R1 = H


2g R1 = Bu, 2h R2 = 4-F-C6H4-CH2-


Scheme 1. Reagents and conditions: (a) Hal-R, K2CO3, DMF, 40 �C;
(b) p-TSA, benzene/DMF (25:1), reflux.


Table 1. Binding and horizontal locomotor activity of 4-arylmethoxypiperid


R1 R2 R3 R4


GBR 12909 — — — — —


Cocaine — — — — —


DPPa C19H23NO CH3 Ph H H


3a C19H21Cl2NO CH3 4-Cl–C6H4– Cl H


3b C19H21F2NO CH3 4-F–C6H4– F H


3c C19H22ClNO CH3 Ph Cl H


3d C19H22FNO CH3 Ph F H


3e C20H25NO CH3 Ph H CH


3f C14H20FNO CH3 CH3 F H


3g C22H27Cl2NO C4H9 4-Cl–C6H4– Cl H


3h C25H24Cl2FNO 4-F–C6H4–CH2– 4-Cl–C6H4– Cl H


a Purchased from Aldrich.
b See Ref. 16a.
c The data are means; ± SEM; 0.9% NaCl was used as a vehicle. Locomotor

and final mixtures were purified by flash chromatogra-
phy.15 The yields ranged from 60 to 100% based on
recovered starting material. Another described method
resulted in poor yields.12


The in vitro IC50 values (Table 1) of compounds 3a–h at
DAT were determined by displacement of [125I]RTI-55
binding in rat striatal membranes, as described previous-
ly.16 The most potent compounds, 3a–c,g, were tested
in vivo for effects on locomotor activity in mice as
described previously.9 Figure 2 shows the time course
effects of these compounds on locomotor activity over
the entire 3 h session in 5 min bins. Table 1 reports loco-
motor activity over the entire 3 h sessions. Statistical
analyses were carried out using a two-way ANOVA.


We used the ‘‘rule of 5’’ to select compounds for in vivo
experiments.11 ‘‘Molinspiration’’ is an on-line software
tool that allows us to rapidly calculate all parameters
of this rule and have an Nv descriptor.


17 The Nv-molec-
ular violating parameter is an integral number which re-
flects the importance of each parameter of the rule of 5

inols


Calculated logP IC50 (DAT) nMc Locomotor activity (m/3 h)c


— 0.43 ± 0.15b 26.3 ± 4.4


— 104 ± 49b 16.7 ± 2.8


3.95 420 ± 9 12.2 ± 2.1


5.20 44.0 ± 10.9 5.18 ± 0.87


3.99 22.1 ± 5.7 34.8 ± 5.2


4.58 155 ± 10 5.89 ± 1.01


3.97 277 ± 10 —


3 4.27 293 ± 10 —


3.11 264 ± 9 —


6.55 12.5 ± 7.5 3.87 ± 0.64


6.53 50.6 ± 2.8 —


activity produced by vehicle was �3.92 m/3 h.
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Figure 2. Effects of 3b, GBR12909, cocaine and saline on locomotor


activity. Mice were injected intraperitoneally with equivalent doses


(17.8 lmol/kg) of each drug. Horizontal activity was monitored for 3 h


as described previously,9 and data are expressed as cm/5 min. All


compounds significantly increased locomotor activity levels compared


with saline, P < 0.001. Fifty minutes after injection, there were


significant differences in locomotor activity produced by each com-


pound compared with the others, P < 0.001.
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for the structure of interest.17 On the basis of experimen-
tal IC50 values, we developed a simple quantitative
structure–activity relationship (QSAR) model to predict
IC50 values for new compounds.17 We chose a linear
type of regression equation which allowed us to reach
a reasonable value for r2. Our equation shows that more
active compounds should be more lipophilic than DPP
in in vitro assays.17 This requirement may be because
our target protein, the DAT, is an integral membrane
protein, and the binding site may be on the transmem-
brane domains. We predicted the IC50 values for 3g
and 3h to be 17.55 and 26.06 nM, respectively. Their
actual IC50 values were 12.5 and 50.6 nM, respectively.


All of our compounds are more potent than DPP. Com-
pound 3e is more lipophilic than DPP and has increased
affinity for the DAT. The results of the binding assay
show that replacing the aromatic ring of DPP with a
methyl group, in order to reduce lipophilicity, leads to
a higher affinity of 3f than DPP for the DAT. Perhaps
a substituent on the aromatic ring is important for bind-
ing, in addition to lipophilicity. Symmetrically disubsti-
tuted halogen compounds 3a and 3b were more active
than their monosubstituted counterparts 3c and 3d,
respectively. Chlorosubstituted compound 3a was a two-
fold less potent inhibitor of DAT than fluorosubstituted
3b. The most lipophilic compound 3g exhibited higher
potency in the binding assay, as was predicted. Perhaps
an increase in the molecular volume of substituents on
the nitrogen atom of the piperidine ring led to the stabil-
ization of the biologically active conformer. Aliphatic
substitution on the nitrogen of 3g led to a more potent
DAT inhibitor than with the fluorobenzyl fragment in
3h. This is in accord with the previous statement con-
cerning a properly positioned lipophilic group.11 Our
binding results agree with the trends reported for halo-
genated benztropine analogs.18


In our previous research, we found that DPP was fairly
effective at increasing locomotor activity at a dose of
5.0 mg/kg (17.8 lmol/kg).9 All compounds were tested
at this dose. Compound 3b was most active in this assay
(see Table 1 and Fig. 2). All synthesized compounds had
a longer duration of effect on locomotor activity
(approximately 3 h) than cocaine, but shorter than
GBR (more than 3 h). DPP and 3b are more lipophilic
than cocaine but less than GBR or BZT.17 This fact
may explain the slow onset and long duration of effects
of these compounds on locomotor activity in mice. We
made a prediction of the bioavailability of our com-
pounds using the rule of 5 to better understand the
extremely low activity of 3a, 3c, and 3g in vivo.11 Calcu-
lations of parameters of the rule of 5 showed that com-
pounds 3a and 3g with heavy substituents like chlorine
atoms should have poor bioavailability (see the value
of log P in Table 1). These compounds violate Lipinski�s
rule of 5.11,17 Compounds 3a, 3c, and 3g have a lower
solubility in the assay buffers. Thus, it is likely that they
have poor penetration through the blood–brain barrier.


We established that the para-substituents of the benzene
rings of 3a–c, 3g, and 3h are important for more effective
binding to the DAT. Among our synthesized DAT

inhibitors only 3b had a greater effect than DPP, both
in binding and on locomotor activity in mice. This com-
pound is a good candidate for further QSAR study. We
can conclude that the short inflexible link of the diphe-
nylmethyloxy fragment in this series of piperidines can
still adopt the bioactive conformation for high affinity
for DAT in vitro. However, DPP and 3b were less
long-lasting than BZT or GBR12909 but more long-
lasting than cocaine in live animal locomotor tests.
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Abstract—SAR and DMPK studies led to the identification of substituted N-alkyl-N-[1-(3,3-diphenylpropyl)piperidin-4-yl]-2-
phenylacetamides as potent and orally bioavailable ligands for the human CCR5 chemokine receptor.
� 2005 Elsevier Ltd. All rights reserved.

The chemokine receptor CCR5 is expressed on T-lym-
phocytes, monocytes, macrophages, dendritic cells,
microglia and other cell types. These receptors detect
and respond to several chemokines, principally ‘‘regulat-
ed on activation normal T-cell expressed and secreted’’
(RANTES) and macrophage inflammatory proteins
(MIP) MIP-1a and MIP-1b, resulting in the recruitment
of cells of the immune system to sites of disease. CCR5
is also a co-receptor for HIV-1 and other viruses, allow-
ing these viruses to enter cells. Individuals who are
homozygous for a 32-bp deletion in the gene encoding
CCR5, whilst otherwise healthy, are strongly protected
against HIV-1 infection.1 Other studies indicate a role
for CCR5 and its ligands in disorders such as rheuma-
toid arthritis,2 multiple sclerosis,3 transplant rejection4


and inflammatory bowel disease.5 These observations
suggest that molecules that modulate the CCR5 receptor
would have potential benefit in a wide range of diseases.
The antagonism of CCR5 by small molecules has be-
come an active area of research in many pharmaceutical
companies.1


We have previously reported6 our initial investigations
into small molecule inhibitors of CCR5 which led to
the identification of N-alkyl-N-[1-(3,3-diphenylpropyl)-
piperidin-4-yl]phenylacetamides 1 as suitable lead com-

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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pounds for further optimisation. Compounds 16 had
been shown to be functional antagonists at the human
CCR5 receptor with binding IC50�s below 100 nM. We
now wish to report further improvements in CCR5
potency by SAR studies around the diphenylpropyl part
of the structure.


N


N


O


R


SO2Me


1a: R = allyl
1b: R = cyclopropyl
1c: R = ethyl

We chose to fix on the amide N-ethyl substituent found
in 1c for our exploration of the SAR on the diphenyl
portion.7 A general scheme for the convergent synthesis
of analogues 3 is shown in Scheme 1. Variously substi-
tuted 3,3-diphenylpropanals 4 were used in a reductive
amination reaction with the piperidine 2, which was
prepared in three steps from 1-benzyl-4-piperidone.
Aldehyde 4a (used to prepare the di-(4-fluorophenyl)
analogue 3a) was prepared from the commercially avail-
able chlorobutyl compound 5 by elimination of the cor-
responding iodide followed by ozonolysis (Scheme 2).
The other aldehydes 4 were prepared either from
a substituted benzophenone 6 by Horner–Emmons
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3i: R = CO2Me
3j: R = CONH2


3k: R = CN
3n: R = SMe
3o: R = SO2Me
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3q: R = NH2


3r-3u: R = NHCOR'
3v-3x: R = NHSO2R'
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Scheme 4. Reagents and conditions: (a) NaOH, MeOH, rt; (b)


(COCl)2, CH2Cl2, rt; NH3/MeOH, rt; (c) (CF3CO)2O, pyridine,


dioxane, 0 �C to rt; (d) m-CPBA CH2Cl2, rt; (e) CH3COOCHO,


CH2Cl2, 0 �C to rt; (f) TFA, rt; (g) R 0CO2H, CDI, Et3N, CH2Cl2, rt;


(h) R 0COCl, Et3N, CH2Cl2, rt; (i) R
0SO2Cl, Et3N, CH2Cl2, rt.
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Scheme 1. Reagents and conditions: (a) EtNH2ÆHCl, NaBH(OAc)3, MeOH, rt; (b) 4-SO2Me-C6H4CH2CO2H, iPr2NEt, DCCI, DMAP, CH2Cl2, rt;


(c) HCOONH4, 30%Pd/C, EtOH, rt; (d) 4, NaBH(OAc)3, CH2Cl2, rt.


F


F


Cl


F


F


O
a, b, c


4a5


Scheme 2. Reagents and conditions: (a) NaI, acetone, reflux; (b)


KOtBu, THF, rt; (c) O3, CH2Cl2, �78 �C; PPh3, rt.
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reaction followed by reduction of the alkene and two-
step conversion of the ester group to an aldehyde, or
from a substituted diphenylmethane 7 by C-alkylation
with allyl bromide followed by ozonolysis (Scheme 3).
Further compounds 3 were prepared by functional
group interconversion of compounds prepared via these
routes (Scheme 4). Thus, ester 3i was converted to pri-
mary amide 3j which was in turn dehydrated to give ni-
trile 3k. Sulfide 3n was oxidized with m-CPBA with
subsequent reduction of the piperidine N-oxide to give
sulfone 3o. Aniline 3q was obtained by removal of the
t-butyloxycarbonyl group from 3p and served as the pre-
cursor to amides 3r–3u and sulfonamides 3v–3x. CCR5
binding potency was assayed by displacement of the
binding of [125I]MIP-1a to membranes prepared from
Chinese hamster ovary (CHO) cells stably expressing
recombinant human CCR5.8 The results are shown in
Table 1.


Addition of fluorine in the 4-position of both phenyl
rings (3a) resulted in a dramatic loss of potency. Incor-
poration of fluorine in the 4-position of just one phenyl
ring (3b) also gave a drop in potency. In contrast, the
addition of chlorine in the 4-position of one ring (3c)

O
R


1


R
2


O
R


1


R
2


R
1


R
2


a, b, c, d


e, f


46


7


Scheme 3. Reagents and conditions: (a) LiN(SiMe3)2, (EtO)2P(O)CH2-


CO2Et, THF, 0 �C to rt; (b) Pd(OH)2, H2, EtOH, rt; (c) LiAlH4, THF,


0 �C; (d) DMP, CH2Cl2, rt; (e) LDA, allyl bromide, �78 �C to rt; (f)


O3, CH2Cl2, �78 �C; Me2S, rt.

gave an increase in potency (IC50 < 10 nM), although
incorporation of chlorine in the 4-position of both rings
(3d) was just as detrimental to potency as fluorine. We
interpreted these results in terms of the two phenyl rings
having differing SAR requirements; it appeared that 4-
substitution with chlorine (though not with fluorine) in
one ring led to an increase in potency but was not toler-
ated on the other ring. Separation of the two enantio-
mers of 3c by chiral HPLC showed that the potency
resided in one enantiomer (data not shown). Substitu-
tion of the 3-position of one ring with chlorine (3e, 3f)
led to a drop in potency. We decided to explore further
substituents in the 4-position of one ring, keeping the
other unsubstituted (3g–3x). In general, there is a trend
for increasing potency with increasing electron-with-
drawing power of the 4-substituent, as estimated by
means of rp values9 (Fig. 1). Compounds with strongly
electron-withdrawing substituents such as cyano (3k),
methanesulfonyl (3o) and trifluoromethyl (3h) were the
most potent, while those with electron-donating substit-
uents such as phenyl (3m) and amino (3q) were weakly
active. However, the fluoro (3b) and carboxamido (3j)
analogues seem to be less potent than expected on the
basis of their electron-withdrawing power (Fig. 1). The
receptor tolerates quite large substituents in this posi-
tion, as shown by the phenylacetylamino (3s) and phen-
ylacetylsulfonyl derivatives (3w). Interestingly, there is a
marked drop in potency for the benzoylamino (3t) and
benzenesulfonyl (3x) analogues relative to the acetylami-
no (3r, 3s) and acetylsulfonyl (3v, 3w) analogues, respec-
tively. Clearly electronic effects alone are not sufficient
to explain the SAR. A number of compounds with sub-







Table 2. Rat in vitro and in vivo PK data for selected compounds


Compound Clint
a


(lL/min/106 cells)


AUCd


(lM h)


Cle


(mL/min/kg)


F%f


3c 34b — 46g 3g


3h 37b — — —


3i >150b — — —


3k 88a — — —


3l 41 — — —


3o 20 (± 3)c 0.174 — —


3ab 17 (± 5)c 0.008 — —


3ac 15 (± 4)c 0.002 — —


3s nt 0.012 — —


3a 4 (± 0.8)c 1.87 10 56


1a 54 0.132 54 11


a For procedure see Ref. 10; nt = not tested.
b Clint reported is mean of two separate experiments.
c Clint reported is mean of at least six separate experiments with stan-


dard error of the mean shown in brackets.
d Plasma AUC 0–6 h, cassette dosing at �2 mg/kg p.o., n = 2 animals.
e Compounds dosed at 1 mg/kg i.v., n = 3 animals.
f Compounds dosed at 4–10 mg/kg p.o., n = 3 animals.
g Data for active enantiomer.


Table 1. CCR5 binding data for diphenylpropylpiperidine compounds


Compound R1 R2 IC50
a (nM)


1a — — 13


1b — — 32


1c — — 18


3a 4-F 4-F 780


3b 4-F H 310


3c 4-Cl H 8.5


3d 4-Cl 4-Cl 760


3e 3-Cl H 58


3f 3,4-di-Cl H 78


3g 4-Me H 28


3h 4-CF3 H 2.3


3i 4-CO2Me H 7.1


3j 4-CONH2 H 260


3k 4-CN H <1.0


3l 4-OMe H 6.3


3m 4-Ph H 85


3n 4-SMe H 12


3o 4-SO2Me H 1.7


3p 4-NHBoc H 200


3q 4-NH2 H 200


3r 4-NHAc H 26


3s 4-NHCOBn H 5.9


3t 4-NHCOPh H 130


3u 4-NHCOtBu H 22


3v 4-NHSO2Me H 18


3w 4-NHSO2Bn H 11


3x 4-NHSO2Ph H 740


3y 4-Cl 3-F 19


3z 4-NHBoc 3-F 89


3aa 4-NH2 3-F 105


3ab 4-NHAc 3-F 7.9


3ac 4-NHSO2Me 3-F 9.1


a IC50�s 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 the standard


compound 1a.
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Figure 1. Plot of CCR5 potency (�log10 molar IC50) versus rp values


of R1 for the compounds of Table 1 where R2 = H.
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stituents in the 4-position of one ring and fluorine in the
3-position of the other ring were also examined (3y–
3ac). The SAR was parallel with that observed for the

unsubstituted ring, with the IC50�s of the fluoro ana-
logues generally within about 2-fold of those of the cor-
responding des-fluoro analogues (e.g., compare 3y with
3c, 3aa with 3q and 3ac with 3v).


Compounds with IC50�s below 10 nM were tested for
their stability to metabolism by rat hepatocytes in vitro
(at 1 lM).10 The results, expressed as intrinsic clearance
(Clint) values,


11 are shown in Table 2.12 The methyl ester
(3i) and cyano (3k) analogues were very rapidly cleared
in vitro. Compounds 3c, 3h and 3l were also rather
unstable to metabolism. However, compounds 3o, 3ab,
and 3ac were more stable and were evaluated for oral
pharmacokinetics (PK) in the rat using a cassette dosing
protocol (compounds were dosed at �2 mg/kg in a
propyleneglycol formulation, n = 2 animals).13 The sul-
fonamido (3ab), acetamido (3ac) and phenylacetamido
(3s) compounds showed very low plasma levels (Table
2); however, the methanesulfonyl analogue 3o showed
a respectable area under the curve (AUC). Since the
intrinsic clearances of these compounds are similar, it
is possible that the absorption of 3s, 3ab and 3ac is low-
er, consistent with the presence of a hydrogen bond do-
nor in these three compounds but not in 3o.14 The active
enantiomer of 3c, the lead compound 1a and the weakly
potent di-(4-fluorophenyl) analogue 3a were also tested
for in vitro and in vivo PK (Table 2). 4-Chloro analogue
3c and the unsubstituted diphenyl 1a had a high intrinsic
clearance in vitro, high clearance in vivo and low bio-
availability. Compound 3a showed the best PK profile
of those tested, being stable in vitro with a low in vivo
clearance and good bioavailability. This seems likely
to be due to the two fluorine atoms reducing oxidative
metabolism on the phenyl rings of the diphenylpropyl
moiety and indicated to us a possible approach to
improving the oral PK in this series.


The compounds in this series are functional antagonists
at the CCR5 receptor as shown by their ability to inhibit
the effects of the ligands MIP-1a, MIP-1b and RANTES
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in functional systems at concentrations close to their
binding IC50�s. For example, compound 3v (binding
IC50 = 18 nM) inhibited MIP-1b-stimulated calcium
transients in CCR5-expressing CHO cells with an IC50


of 24 nM and inhibited the chemotaxis of human AlloT
cells in response to MIP-1b with an IC50 of 31 nM.


In summary, SAR studies around the diphenyl portion
of compounds 1 have led to the identification of 4-meth-
anesulfonyl analogue 3o as a highly potent (IC50


1.7 nM) CCR5 antagonist with significant oral expo-
sure. Further SAR and pharmacokinetic studies on this
series will be the subject of future publications.
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Abstract—The synthesis of two caffeoyl-coumarin conjugates, derived from sagecoumarin, has been accomplished, starting from
ferulic acid, isoferulic acid and sesamol. Both compounds exhibited potent inhibitory activities at micromolar concentrations against
HIV-1 integrase in 3 0-end processing reaction but were less effective against HIV-1 replication in a single-round infection assay of
HeLa-b-gal-CD4+ cells.
� 2005 Elsevier Ltd. All rights reserved.
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Figure 1. Structures of sagecoumarin and caffeoyl-coumarin


conjugates.

Sage (Salvia officinalis) is a popular herb which is widely
cultivated in various parts of the world and used in fla-
vouring and folk medicines. In various studies, sage has
been shown to be the most potent natural antioxidant of
the common spices.1 Its antioxidant effect has been
attributed to the main phenolic compounds, rosmarinic
acid, a caffeic acid dimer and carnosic acid.2 Sage also
contains an impressive array of biologically active caffeic
acid oligomers, ranging from trimers, tetramers and
higher oligomers, such as salvianolic acids, lithospermic
acids and yunnaneic acids.3 Along with salvianolic acid
K (a caffeic acid trimer), sagerinic acid (a tetramer) and
rosmarinic acid, Lu et al. also characterized three
further caffeic acid trimers, melitric acid A, methyl
melitrate A and sagecoumarin.4 This last compound
was particularly interesting as it was the first caffeic acid
oligomer with a coumarin structure. The full assignment
of the 1H and 13C NMR resonances of sagecoumarin
showed that it is a 6,7-dihydroxycoumarin linked via
an ether bond on its C-3 position to a rosmarinic acid,
as shown in Figure 1. It exhibited strong antioxidant
activities.5
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Amongst the several varied biological responses elicited
by the caffeic acid derivatives, the inhibition of human
immunodeficiency virus type 1 (HIV-1), integrase ap-
peared recently as their most promising biological
activity. Apart from reverse transcriptase and protease,
the two enzymes targeted by clinically used anti-HIV
drugs, integrase has recently emerged as an attractive
and alternative target. This led to the elaboration of
a great number of HIV-1 integrase inhibitors.6–9 The
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reflux, 1a 95%, 1b 95%; (ii) BrCH2CO2H, NaH, THF, rt then reflux, 2a


60%, 2b 77%; (iii) SOCl2, AcOEt, 3a 97%, 3b 98%.
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Scheme 2. Reagents and conditions: (i) C6H12N4, TFA, CH2Cl2, 0 �C
then reflux, 65%; (ii) NEt3, CH2Cl2, rt.


HO


HO


O O


O R1


HO


O


O


O O


O R1


H3CO


OCOCH2O
O


O CHO


H3CO


R1


63a
(3b)


+


4a (R1 : CH=CH-CO2CH3, R2 : H) 


4b (R1 : H, R2 : CH=CH-CO2CH3)


i


ii


iii


R2


R2


8a (R1 : CH=CH-CO2H, R2 : H) 


8b (R1 : H, R2 : CH=CH-CO2H)


R2


7a (R1 : CH=CH-CO2CH3, R2 : H) 


7b (R1 : H, R2 : CH=CH-CO2CH3)


Scheme 3. Reagents and conditions: (i) 0 �C then rt, 4a 82%, 4b 65%;


(ii) DBU, toluene, reflux, 7a 25%, 7b 20%; (iii) a—BBr3, CH2Cl2, rt


then reflux; b—H2O, rt then reflux, 8a 90%, 8b 68%.
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main classes of inhibitors included mononucleotides,10


dinucleotides,11,12 oligonucleotides,13,14 peptides,15


flavonoids,16 natural polyaromatics,17 geometrically re-
strained bis-catechols,18 salicyl and thiosalicylhydra-
zines,19,20 naphthalenesulfonic acid derivatives,21


diketo derivatives22,23 and diketo acids.24 Caffeic acid
derivatives represented another widely studied class of
natural and synthetic HIV-1 integrase inhibitors.
Dicaffeoyltartaric acids and dicaffeoylquinic acids,25


rosmarinic acid,22 lithospermic acid B and lithospermic
acid,26 LL-chicoric acid,25a were found to be potent
inhibitors of 3 0-processing and strand transfer reactions
of HIV-1 integrase. Furthermore, lithospermic acid was
weakly cytotoxic.


In our laboratory, we are interested in the design, synthe-
sis and pharmacological evaluation of polyhydroxylated
leadmolecules with antioxidant potencies aimed at inhib-
iting HIV-1 integrase.27 In this paper, we report a simple
and efficient synthesis of two caffeoyl-coumarin conju-
gates, derived from sagecoumarin (Fig. 1). The newly
synthesized compounds were tested in vitro for their
HIV-1 integrase inhibitory activities and antiviral effect.


We first attempted to synthesize the coumarin deriva-
tives by simple one-step routes.


The complex of phosphorus oxychloride and N,N-diet-
hylphenoxyacetamides on reaction with substituted sali-
cylaldehydes was shown to yield various 3-substituted
coumarins.28 Unfortunately, only reactants were recov-
ered by this method. The literature also reported another
similar method based on the condensation of salicylalde-
hydes and phenoxyacetic acids using triethylamine, ace-
tic anhydride and DMF or benzene as solvent.29 Here
again, we were not able to isolate the products in satisfac-
tory yields. Then we turned to another phosphorus acti-
vating agent, phenyldichlorophosphate.30 Surprisingly,
heating under reflux of a solution containing salicylalde-
hyde 5, phenoxyacetic acids 2a,b, triethylamine and
phenyldichlorophosphate did not give the desired cou-
marins but the esters 4a,b formed by coupling of the
two main precursors in 17–25% yield. These novel com-
pounds were expected to be excellent precursors of the
coumarins by cyclisation under basic conditions.


The final sequence was based on the preliminary isola-
tion of the esters 4a,b as key intermediates. These esters
were obtained from two precursors, namely the phe-
noxyacetic acid chlorides 3a,b (Scheme 1) and the sali-
cylaldehyde derivative 5 (Scheme 2). Synthesis began
from 4-hydroxy-3-methoxycinnamic acid (ferulic acid)
and its isomer, 3-hydroxy-4-methoxycinnamic acid (iso-
ferulic acid). In a first step, they were converted to their
methyl ester, respectively, 1a and b, by heating under re-
flux with a methanolic solution of thionyl chloride. Then
the phenolic groups of 1a,b were reacted with bromoace-
tic acid in the presence of sodium hydride to give the
phenoxyacetic acids 2a,b in 60% and 77% yield.


For the elaboration of the other precursor 5, we turned
to a simple one-step sequence starting from the commer-
cially available sesamol (Scheme 2). Duff formylation31

using hexamethylenetetramine and trifluoroacetic acid
under reflux afforded the salicylaldehyde derivative 5
in 64% yield.


Scheme 3 shows the final sequence adopted for the syn-
thesis of the coumarin derivatives.







Table 1. HIV-1 integrase inhibitory potencies (IC50) and antiviral


activities (EC50)


Entry IC50 (lM) EC50 (lM)


3,6,7-Trihydroxycoumarin 2.0 12.0


8a 2.0 37.0


8b 1.0 31.0
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For the condensation of the phenoxyacetic acid chlo-
rides 3a,b and the salicylaldehyde 5, 5 was converted
to its phenolate 6 and then mixed with 3a,b to give 4a
(82%) and 4b (65%). Cyclisation of 4a,b to the corre-
sponding coumarins 7a,b was ineffective with sodium
methylate or sodium hydride. But refluxing with DBU
(1,8-diazabicyclo-[5.4.0]-7-undecene; ca. 1.6 mol equiv)
in toluene as previously described32 afforded the couma-
rins 7a,b in modest but reproducible yields (25% and
20%). Final deprotection of 7a,b to their corresponding
polyhydroxylated counterparts 8a,b was accomplished,
using boron tribromide. Standard conditions with an ex-
cess of BBr3 at �78 �C then room temperature did not
give the fully deprotected coumarins 8a,b. More drastic
conditions were necessary with the reflux of the solution
after the addition of boron tribromide and hydrolysis.
The coumarins 8a,b were obtained in 90% and 68%
yield, respectively. Intermediates and final compounds
of both series were fully characterized by IR, 1H
NMR, 13C NMR and MS.33


Each new compound was screened for inhibitory activity
against HIV-1 integrase in Mg2+-dependent 3 0-end pro-
cessing reaction. 3,6,7-Trihydroxycoumarin27b was also
tested for comparative studies. Table 1 shows that
micromolar activities (IC50) were obtained for the three
compounds.


They were also evaluated for their antiviral activities
against the HIV-1 early replicative steps in HeLa-b-
gal-CD4+ (P4) reporter cells. P4 cells were infected with
HIV-1 for 2 h and subsequently treated with increasing
drug concentrations. Antiviral effect was evaluated
72 h post-infection by quantifying b-galactosidase activ-
ity in cellular extracts. In parallel, cytotoxicity on P4
cells was evaluated by a standard MTT assay. No cyto-
toxicity was observed up to 50 lM, the highest concen-
tration tested in the antiviral assay. Results are listed in
Table 1. Both caffeoyl derivatives exhibited poor antivi-
ral activities with EC50 values around 30 lM and were
three times less potent than 3,6,7-trihydroxycoumarin.
The fact that the compounds active against integrase
showed an antiviral activity in cultured cell lines at con-
centrations significantly higher than those required for
enzyme inhibition raised the possibility that they acted
non-specifically. In fact, the abilities of the compounds
to inhibit binding of HIV-1 gp120 to CD4, HIV-1 re-
verse transcriptase and cellular RNA polymerase II
should be evaluated to estimate their degree of selectiv-
ity and determine their possible primary cellular target.
This is a tremendous work, which requires numerous
pharmacological assays, as demonstrated for the study
of the mechanism of inhibition of HIV-1 replication
by LL-chicoric acid.25b,34–36

In summary, a concise and rapid synthesis of 8a,b was
achieved in six steps from ferulic and isoferulic acids
with 10% and 6.3% overall yields, respectively. The
present synthetic route could be used for the elaboration
of novel oligomeric caffeic acid derivatives. Although
the compounds were effective in inhibiting in vitro
HIV-1 integrase and presented low cytotoxicities,
they were modest inhibitors of HIV-1 replication in
HeLa-b-gal-CD4+ cells.
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Abstract—A novel series of indolin-2-ones having a spirocyclic piperidine ring at the 3-position was synthesized and found to bind
with high affinity to the ORL-1 receptor. Structure–activity relationships at the piperidine nitrogen were investigated. Substitution
on the phenyl ring and nitrogen atom of the indolin-2-one core generated several selective high-affinity ligands that were antagonists
of the ORL-1 receptor.
� 2005 Elsevier Ltd. All rights reserved.

Since its discovery a decade ago, remarkable progress
has been made in the research on the biological signifi-
cance and functions of the opioid receptor-like-1
(ORL-1) receptor and its endogenous peptide ligand,
nociceptin [orphanin FQ (OFQ) or nociceptin/orphanin
FQ (N/OFQ) peptide].1 The ORL-1 receptor, also
known as OP4 receptor, was first identified in 1994 as
an orphan opioid receptor having close homology to
the classical l, j, and d opioid receptors. ORL-1 does
not bind endogenous ligands of the other opioid recep-
tors with high affinity, but instead favors the 17-amino
acid peptide nociceptin.2,3 Initial interest in ORL-1 led
to a period of intense investigation and resulted in a
number of significant reports on the biology of the
receptor and ligand. Numerous studies have suggested
that ORL-1 agonists may be clinically useful for treat-
ment of stress/anxiety and in the treatment of opioid
dependence and withdrawal.4,5 Other accounts suggest-
ed that ORL-1 antagonists may be useful as analgesics
and might enhance learning ability and memory.6,7 Be-
cause of their potential therapeutic value, ORL-1 and
its peptide ligand, nociceptin, have attracted the atten-
tion of many research groups interested in the develop-
ment of non-peptidic small molecule agonists and
antagonists. The interest in ORL-1 has resulted in an
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explosion of publications in the scientific and patent
literature that has been summarized in several recent
reviews.8–10


Here, we report the SAR of a new series of ORL-1
ligands. It is interesting to note that many reported
small-molecule ORL-1 ligands incorporate a piperidine
framework found in spiropiperidine, spirofused benzo-
furan, spiroindane/indene, benzimidazole/benzimida-
zolinone, and aryl piperidine structures, shown in
Figure 1.11–24 For each of the piperidine-containing
scaffolds, extensive SAR work has been carried out
around the substitution on the piperidine nitrogen. In
general, certain substituents on these scaffolds, such as
cyclooctylmethyl, naphthyl, and acenaphthenyl, have
been found to confer high affinity for ORL-1.


Spiroindole pyrrolidines and piperidines have been
investigated extensively in the literature and have been
found to be key moieties in a variety of biologically
active compounds.11–26 Synthesis of the spiroindolinone
core can be accomplished using different procedures.
The classical route involves the conversion of indolin-
2-one to spiroindolin-2-ones using bis(2-chloroethyl)
methylamine under basic conditions (Scheme 1).27


Deprotection of the methyl on the piperidine nitrogen
requires a two-step procedure involving conversion to
the trichloroethyl carbamate and cleavage with Zn.
An alternative preparation of indolin-2-ones proceeding
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Figure 1. Piperidine-containing scaffolds that have been shown to exhibit ORL-1 receptor affinity.
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through an intramolecular amide a-arylation has
been described by Hartwig and co-workers.28,29 This
methodology was used by others to scale up a key
intermediate.30


Our target molecules, spiroindolinone piperidines, were
prepared using the Hartwig palladium chemistry. De-
scribed analogues were synthesized through a five-step
sequence from commercially available or prepared
substituted 2-bromo or 2-iodoanilines (Scheme 2). Sub-
stituents on the piperidine nitrogen were introduced at
the last step through reductive amination, nucleophilic
substitution, or amide coupling reactions.


Compounds were evaluated for ORL-1 binding and opi-
oid receptor binding selectivity in radioligand binding
assays (Tables 1 and 2). IC50 values for binding to hu-
man recombinant ORL-1 were determined by measuring
the ability of compound to compete with 125I-Tyr14-
nociceptin for binding to membranes prepared from
HEK-293 cells expressing ORL-1. IC50 values for bind-
ing to human recombinant opioid receptors were deter-
mined using membranes isolated from HEK-293 cells
expressing the l, j, or d opioid receptors. Labeled
agonists specific for each opioid receptor were used as







Table 1. Receptor binding of spirocyclic indolin-2-one-1-acetic acid


analogues


N
O


N
R1


CO2Me


Compounds R1 ORL-1 IC50


(lM)


1 –CH2-cyclopropyl 3.6


2 –CH2-cyclohexyl 0.80


3 –CH2-cycloheptyl 0.51


4 –CH2-cyclooctyl 0.10


5 –CH2-cyclododecane 1.12


6 n-Hexyl 0.82


7 2-Butyloctyl 10


8 4-Chlorobenzyl 0.71


9 1-Naphthalen-1-ylmethyl 0.47


10 1-Naphthalen-2-ylmethyl 0.25


11 4-(CF3)benzyl 0.88


12 3-(CF3)benzyl 0.14


13 4-Phenylbenzyl 10


14 1-Phenethyl 10


15 1-(2-Thiophen-3-yl-benzyl) 10


16 1-(1,2,3,4-Tetrahydronaphthalen-2-yl) 1.08


17 1-(Decahydro-naphthalen-2-yl) 0.90


18 Acenaphthenyl 0.35


19 1-(4-t-Butylcyclohexylmethyl) 0.10


20 –COCH2CH2COPh >10


21 –CO–(4-methoxycyclohexyl) >10


Values are means of three experiments.
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competitors in the selectivity binding assays: 3H-DAM-
GO for l, 3H-U69,593 for j, and 3H-DDPDE for d.
Functional (antagonist) activity was assayed using a
HEK-293 cell line that overexpresses ORL-1 receptor
together with the Gqi5 G protein (molecular devices)
to make signaling through ORL-1 receptor detectable
by calcium flux assay. The ability of compounds to
inhibit calcium flux in cells challenged with 100 nM
nociceptin was measured.


SAR studies around the spiroindolinone scaffold were
carried out in two stages and are given in Tables 1
and 2. Table 1 details the effect of changing the sub-
stitution pattern on the piperidine nitrogen, while
maintaining an acetic acid methyl ester substituent
on the indolinone nitrogen. The size of the cycloali-
phatic substituent on piperidine was crucial for affin-
ity in the receptor binding assay. Optimal binding for
ORL-1 was achieved with the cyclooctylmethyl substi-
tuent (4, IC50 = 0.1 lM). Binding affinity decreased
significantly with extreme ring sizes, such as cyclopro-
pylmethyl (1, IC50 = 3.6 lM) or cyclododecylmethyl
(5, IC50 = 1.12 lM). Aliphatic analogues also had
lower affinity for ORL-1, with a simple n-hexyl group
(6) tolerated better than a branched C12 group (7).
Aromatic substituents, such as substituted benzyl
(12) or 1-naphthalen-2-ylmethyl (10) maintained
affinity toward ORL-1 (IC50 = 0.14 and 0.25 lM,
respectively).

Partial or complete saturation of the naphthyl moiety
(16 and 17) decreased the affinity for ORL-1. Introduc-
ing a large para substituent on the benzyl group (13) or
increasing the spacer by one carbon (14) resulted in poor
affinity for ORL-1, probably due to unfavorable steric
interactions. Incorporation of an acenaphthenyl substi-
tuent (18), which conferred extremely potent ORL-1
affinity in other series,12 did not improve ORL-1 poten-
cy in the spiroindolinone series (IC50 = 0.35 lM). Final-
ly, attachment of the piperidine substituent via an amide
linkage (20 and 21) resulted in a strong reduction of
binding affinity to ORL-1. Favorable hydrophobic
interaction of cyclooctylmethyl analogue 4 with the
receptor suggests that other relatively compact hydro-
phobic substituents, such as 4-t-Bu-cyclohexyl, should
also confer good affinity to ORL-1, as observed with
analogue 19 (IC50 = 0.1 lM).


Because cyclooctylmethyl analogue 4 exhibited the best
ORL-1 receptor potency among those listed in Table
1, we kept the N-cyclooctylmethyl constant and varied
substitution on the amide nitrogen and aryl ring (Table
2). Compound 4 showed modest selectivity toward l
and j opioid receptors (35- and 6-fold, respectively).
Substitution on the indolinone amide nitrogen with
other alkyl (acetoxyethyl 22 or hydroxyethyl 24) or ben-
zyl (28) groups maintained the affinity for ORL-1 but
resulted in a loss of selectivity toward l and j opioid
receptors. Saponification of 4 gave the acid (23), which
showed poor affinity for ORL-1. Bulky N-substituents,
such as cyclohexylmethyl (25) or substituted aryl (27),
decreased the affinity for ORL-1. Notably, the highest
affinity for ORL-1 was achieved with a methyl substitu-
ent on the amide nitrogen, as shown by analogue 36
(IC50 = 0.032 lM).31 Compound 36 exhibited a modest
increase in selectivity versus l and j opioid receptors
to 40- and 29-fold, respectively. Introducing chirality
in the amide substituent generated compounds as potent
as 4 toward ORL-1 (racemate derivatives 29, 30, and 31)
but with no selectivity versus j opioid receptor.
Compound 26, which has an unsubstituted amide,
showed reduced affinity towardORL-1 (IC50 = 0.38 lM).
Thus, the amide substitution pattern proved to be
important to maintain good affinity toward ORL-1 and
moderate selectivity over the other opioid receptors.


Next, a methyl substituent was maintained on the amide
nitrogen, while the substitution pattern on the aromatic
ring was altered. Introduction of an electron-donating
moiety in the 6-position, such as methoxy or hydroxyl
(33 and 35), resulted in an 85-fold decrease in binding
affinity to ORL-1 compared to the corresponding
unsubstituted compound 36. Furthermore, increasing
the size of the amide substituent produced an analogue
(32) with poor affinity for ORL-1 and opioid receptors.
However, a methyl group in the 6-position (37) was bet-
ter tolerated than methoxy, nearly restoring ORL-1
binding affinity (IC50 = 0.15 lM) and maintaining selec-
tivity versus the l opioid receptor (43-fold) compared to
36. Introducing a methyl (38) or an electron-withdraw-
ing trifluoromethyl (40) in the 5-position decreased the
affinity for ORL-1 (IC50 = 0.45 and 0.6 lM, respective-
ly) compared to 36. Interestingly, the 5-fluoro analogue







Table 2. Receptor binding of spirocyclic N-cyclooctylmethyl indoline-2-one analogues


N
R1


O


N


R


7


6


4
5


1
2


3


Compounds R R1 IC50 (lM) % inhibition (100 nM)a


ORL-1 l IC50 (lM) j IC50(lM) d IC50 (lM)


4 H –CH2CO2Me 0.10 3.55 0.64 >10 —b


22 H –CH2CH2OAc 0.18 1.41 2.64 >10 —


23 H –CH2CO2H >10 >10 >10 >10 —


24 H –CH2CH2OH 0.29 1.69 — — —


25 H 1-Cyclohexylmethyl 0.68 — — — —


26 H H 0.38 1.11 0.43 >10 45


27 H 4-(MeO)benzyl 1.31 — — — —


28 H Benzyl 0.12 0.96 1.1 >10 —


29 H 1-Oxiranylmethyl 0.083 0.84 0.48 >10 —


30 H N
O


H
N


OH


0.12 0.50 0.10 >10 —


31 H
N


OH
0.32 0.62 0.22 >10 —


32 6-MeO 1-Cyclopropylmethyl >10 >10 >10 >10 —


33 6-MeO Me 2.4 1.61 1.22 >10 —


34 6-MeO Et 2.75 1.46 — >10 —


35 6-OH Me 2.68 >10 0.12 0.30 —


36 H Me 0.032 1.30 0.93 >10 None


37 6-Me Me 0.15 6.47 2.38 8.8 48


38 5-Me Me 0.45 4.28 0.54 9.4 —


39 4-Me Me 0.037 0.48 0.56 >10 81


40 5-CF3 Me 0.6 5.31 — >10 —


41 5-F Me 0.023 1.01 0.25 >10 66


42 5-i-Pr n-Pr >10 >10 4 5.7 —


43 5-i-Pr Me 7.40 0.98 0.097 >10 —


Values are means of three experiments. Compounds 29, 30, and 31 are racemic mixtures.
a % inhibition = antagonism in calcium flux functional assay in the presence of 100 nM nociceptin.
b �—� not determined.
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(41)31 was the most potent analogue for ORL-1 with an
IC50 value of 0.023 lM. Compound 41maintained selec-
tivity versus l opioid receptor (�44-fold) but displayed
decreased selectivity versus j opioid receptor (10-fold).
Conversely, introducing a bulky isopropyl moiety in
the 5-position (analogue 43), while keeping the optimal
methyl substituent on the amide, resulted in loss of affin-
ity for ORL-1 and increased affinity toward the j opioid
receptor (IC50 = 0.097 lM). Finally, a methyl substitu-
ent in the 4-position (39)31 was well-tolerated (ORL-1
IC50 = 0.037 lM).


None of the compounds tested in the functional assay
(Table 2) functioned as ORL-1 agonists. However, com-
pounds 26, 37, 39, and 41 behaved as antagonists in the
cellular calcium flux assay by inhibiting ORL-1 signaling
induced by 100 nM nociceptin. Interestingly, compound
36, which possesses reasonable affinity for ORL-1, did
not display either agonist or antagonist activity. This
may not be surprising because the nociceptin peptide

possesses both �address� and �message� moieties that con-
fer binding and signaling properties, respectively.32


Thus, a compound may possess the molecular informa-
tion required to bind but not to activate or inhibit the
activation of the receptor.


In summary, we have developed a new spiroindolinone
piperidine scaffold with sub-micromolar affinity for
ORL-1. Using palladium-catalyzed intramolecular
amide a-arylation reactions, we explored structure–
activity relationships at different positions on the
spirocyclic ring system. Several analogues bound
ORL-1 receptor with moderate selectivity over the other
opioid receptors. In particular, compounds 36, 39, and
41 displayed high affinity for ORL-1 (IC50 = 0.023–
0.037 lM) and modest selectivity over l and j opioid
receptors (40- to 45-fold). Most of the tested compounds
behaved functionally as antagonists. These data suggest
that selected candidates should be studied in different
biological models of pain.
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Abstract—A series of 22 compounds were synthesized and screened against Plasmodium falciparum NF-54 strain. Of the screened
compounds, 6 compounds showed MIC in the range between 1 and 2 lg/mL. These compounds are 32 times more potent than the
cycloguanil which was used as the standard drug.
� 2005 Elsevier Ltd. All rights reserved.

About one-third of the world�s population are currently
living with a serious risk of contracting malaria.1 It is
estimated that there are approximately 2–3 million
deaths every year from malaria,2 and in sub-Saharan
part of Africa alone about 1–2 million children below
the age of 5 years die of malaria every year.3 Despite
continuous research efforts of more than two decades,
no vaccine is yet discovered for effective control of
malaria. Treatment of malaria is becoming more diffi-
cult due to the spreading resistance of the parasite to
standard antimalarial drugs, in particular to chloro-
quine (CQ), which had been the affordable and effective
antimalarial mainstay for more than 50 years,4,5 to the
resistance of mosquitoes to insecticides, and due to cli-
matic changes that have enlarged areas of disease trans-
mission. It is commonly known that infection caused by
Plasmodium falciparum is frequently more fatal in chil-
dren than in adults, producing respiratory distress, neu-
rological problems, and severe anemia, and leading to
death in 5–35% of severe infections. There are a number
of effective drugs available that interact in different ways
with the biochemical life cycle of the parasite (quinine,
chloroquine, primaquine, cycloguanil, pyrimethamine,
and proguanil), but as the parasites rapidly develop per-
manent resistance against the different subclasses, there
is a great urge to develop new and effective drugs.6


Cycloguanil and pyrimethamine are specific inhibitors
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of the plasmodial DHFR, which is one of the important
targets for drugs against malaria.


The role of DHFR is to catalyze the NADPH-depen-
dent reduction of dihydrofolate to give tetrahydrofolate,
a central component in the single carbon metabolic
pathway. The tetrahydrofolate is methylated to methy-
lene tetrahydrofolate, which is directly involved in thy-
midine synthesis (assisting in the methylation of
deoxyuridine monophosphate to give thymidine mono-
phosphate) and implicated in the metabolism of amino
acids and purine nucleotide. Inhibition of DHFR thus
prevents biosynthesis of DNA, leading to cell death.
The design of novel chemical entities specially affecting
these targets could lead to better drugs for the treatment
of malaria.7,8


Previously, we had reported the antimalarial activity in
the substituted triazines, pyrimidines, indoles, and quin-
olines.9 Here, we report the antimalarial activity of new
substituted pyrazolyl triazine derivatives.

Cycloguanil


N


N


N


H2N NH2


Cl


The synthesis of targeted compounds 4–25 is shown
in Scheme 1. The compound 3,3-bis-methylsulfanyl-1-
(substituted-phenyl)-propenone (1) was synthesized by
the reaction of substituted acetophenone with CS2 in
the presence of NaH followed by methylation with
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methyl iodide.10,11 The compound 1 was reacted with
hydrazine hydrate12,13 in methanol to obtain 5-meth-
ylsulfanyl-3-(substituted-phenyl)-1H-pyrazole (2). The
compound 2 was reacted with cyanuric chloride (2,4,
6-trichloro-1,3,5-triazine) in the presence of K2CO3 to
obtain 2,4-dichloro-6-[5-methylsulfanyl-3-(substituted-
phenyl)-pyrazol-1-yl]-[1,3,5]-triazine (3), which was sub-
jected to nucleophilic substitution with different amines
to afford the final targeted compounds 4–25 (Table 1).
All the synthesized compounds were well characterized
by spectroscopic methods such as IR, mass, NMR,
and elemental analysis.17


The in vitro antimalarial assay was carried out in 96-
well microtiter plates according to the micro assay of
Rieckmann.14 The culture of P. falciparum NF-54
strain is routinely maintained in RPMI-1640 medium
supplemented with 25 mM Hepes, 1% DD-glucose,
0.23% sodium bicarbonate, and 10% heat-inactivated
human serum.15 The asynchronous parasite of P. fal-
ciparum was synchronized after 5% DD-sorbitol treat-
ment to obtain parasitized cells harboring only the
ring stage.16 For carrying out the assay, an initial ring
stage parasitemia of �1% at 3% hematocrit in a total
volume of 200 lL of RPMI-1640 medium was uni-
formly maintained. The test compound in 20 lL vol-
ume at the required concentration (ranging between
0.25 lg and 50 lg/mL) in duplicate wells was incubat-
ed with parasitized cell preparation at 37 �C in candle
jar. After 36–40 h incubation, the blood smears from
each well were prepared and stained with Giemsa
stain. The slides were microscopically observed to re-
cord maturation of ring stage parasites into trophozo-
ites and schizonts in the presence of different
concentrations of compounds. The tested concentra-
tion that inhibits the complete maturation into schizo-
nts was recorded as the minimum inhibitory
concentration (MIC). Cycloguanil was used as the
standard reference drug.


Activities of all the tested compounds are shown in
Table 1.

All the synthesized compounds 4–25 were evaluated for
their antimalarial activity against P. falciparum strain
NF-54 and the activity results are described in Table
1. Out of the 22 screened compounds, 6 compounds
(4, 7, 12, 13, 16, and 24) have shown MIC in the range
between 1 and 2 lg/mL concentrations and 6 com-
pounds (14, 15, 17, 19, 20, and 25) have shown MIC
of 10 lg/mL. The compound 4 has 3,4,5-trimethoxy
phenyl group at position 3 of the pyrazole ring and O-
tolyl amino group at positions 4 and 6 of the triazine
ring, while the compound 15 having the same substitu-
ents at positions 4 and 6 of the triazine ring and 3,4-di-
methoxy phenyl group at position 3 of the pyrazole ring
reduced the activity from 1 to 10 lg/mL. The in vitro
antimalarial result suggested that the O-tolyl amino
group at positions 4 and 6 of the triazine ring and
3,4,5-trimethoxy phenyl substituent at position 3 of the
pyrazole ring is very important in exhibiting antimalar-
ial activity. The compound 5 showed MIC of 50 lg/mL
having the 3,4,5-trimethoxy phenyl substituent at posi-
tion 3 of the pyrazole ring and N-benzyl piperazino
group at positions 4 and 6 of the triazine ring, while
the compound 16 has shown MIC of 2 lg/mL having
the same groups at positions 4 and 6 of the triazine
nucleus and 3,4-dimethoxy phenyl group at position 3
of the pyrazole ring. The compound 7, having 3,4,5-tri-
methoxy phenyl substituent at position 3 of the pyrazole
ring and benzyl amino group at positions 4 and 6 of the
triazine ring, has shown MIC of 2 lg/ mL, while the
compound 18 showed MIC of >50 lg/mL having benzyl
amino group at positions 4 and 6 of the triazine ring and
3,4-dimethoxy phenyl group at position 3 of the pyra-
zole ring; this indicates that the presence of 3,4-dime-
thoxy group at position 3 of the pyrazole ring, activity
was reduced. The compound 12 showed MIC of 2 lg/
mL, while the compound 23 showed MIC of 50 lg/
mL, both having the cyclohexyl amino group at
positions 4 and 6 of the triazine ring and different sub-
stituents at position 3 of the pyrazole ring. Compound
12 has 3,4,5-trimethoxy phenyl and compound 23 has
3,4-dimethoxy phenyl group at position 3 of the pyra-
zole ring. The compounds 13 and 14 have shown MIC







Table 1. Antimalarial in vitro activity against P. falciparum


Compound R R1 MIC (lg/mL)


4 OCH3
-HN


H3C


1


5 OCH3 N N CH2-Ph 50


6 OCH3 N >50


7 OCH3 -HNH2C 2


8 OCH3 N N Ph 50


9 OCH3 N O >50


10 OCH3 N N C
H2


H3CO


50


11 OCH3
N


>50


12 OCH3 HN 2


13 OCH3 N OHN(H2C)2 1


14 OCH3 N OHN(H2C)3 10


15 H
-HN


H3C


10


16 H N N CH2-Ph 2


17 H N 10


18 H -HNH2C >50


19 H N N Ph 10


20 H N O 10


21 H 50


22 H
N


50


23 H HN >50


24 H N OHN(H2C)2 2


25 H N OHN(H2C)3 10


MIC, minimum inhibiting concentration for the development of ring


stage parasite into the schizont stage during 40 h incubation.


MIC of cycloguanil = 64 lg/mL.
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of 1 and 10 lg/mL, respectively. Both have 3,4,5-tri-
methoxy phenyl substituent at position 3 of the pyrazole
ring and ethyl amino morpholino and propyl amino
morpholino groups, respectively, at positions 4 and 6
of the triazine ring. Compounds 24 and 25 having 3,4-di-
methoxy phenyl group at position 3 of the pyrazole ring
and ethyl amino morpholino and propyl amino mor-
pholino groups, respectively, at positions 4 and 6 of
the triazine ring have shown MIC of 2 and 10 lg/mL,
respectively. The antimalarial activity results have sug-
gested that increase in the chain length of the appropri-
ate amines decreases the activity of compounds.


SAR results indicate that the 3,4,5-trimethoxy phenyl
and 3,4-dimethoxy phenyl groups at position 3 of the
pyrazole ring and O-tolyl amino, benzyl amino, cyclo-
hexyl amino N-ethyl amino morpholine, and N-benzyl
piperazino groups at positions 4 and 6 of the triazine
ring are crucial for antimalarial activity.


A series of 22 compounds were synthesized and screened
against P. falciparum NF-54 strain. Of the screened
compounds, 6 compounds have shown MIC in the range
between 1 and 2 lg/mL. These compounds are 32 times
more potent than the cycloguanil which was used as
standard drug. These molecules can be useful for further
lead optimization work in malaria chemotherapy.
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Abstract—2,5-Dihydro-3H-pyrazolo[4,3-c]pyridin-3-ones are GABAA receptor benzodiazepine binding site ligands, which can
exhibit functional selectivity for the a3 subtype over the a1 subtype. SAR studies to optimize this functional selectivity are described.
� 2005 Elsevier Ltd. All rights reserved.

ClCl

c-Aminobutyric acid (GABA) is the major inhibitory
neurotransmitter in the central nervous system. It acts
at the GABAA receptor on a pentameric supramolecular
complex that forms a ligand-gated chloride ion channel.
A functional receptor is formed by the co-assembly of
subunits selected from the family of 16 gene products
(a1–6, b1–3, c1–3, d, e, p and h), which are differentially
expressed throughout the brain.1,2 The most abundant
GABAA receptor subtypes contain at least one each of
the a, b and c subunits in a 2:2:1 stoichiometry. The ben-
zodiazepine class of drugs,3,4 widely used as a therapy
for anxiety and panic disorders, are generally unselective
agonists that allosterically modulate the GABA-medi-
ated chloride ion flux through the channel of GABAA


receptors containing b, c2 and either a1, a2, a3, or a5
subunits.1,2 However, the side-effect profile associated
with the classical benzodiazepines is far from ideal.5


Studies with transgenic mice and with subtype selective
compounds suggest that a1-containing receptors are
responsible for mediating the sedative/muscle relaxant
properties of benzodiazepines and that a3 and/or a2-con-
taining receptors are important for anxiety.6 The goal
of our research was to identify subtype selective ligands,
be they functionally selective or binding selective, with
the expectation of gaining an improved side-effect
profile over currently used benzodiazepines.
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Tetrahydropyrazoloquinoline 1 (CGS-17867A)7 (Fig. 1)
was chosen as a starting lead, exhibiting high affinity for
the benzodiazepine binding site, anxiolytic activity in
several animal behavioral models,7 and with an im-
proved side-effect profile. We attributed this profile to
the functional selectivity of this compound, which, in
our hands, showed significant efficacy at a3- and a2-con-
taining receptors and a much reduced efficacy at the a1
subtype.8 This paper describes modification of the tetra-
hydro ring by substituting the pyrazolopyridine core at
the 6- and 7-positions to give a novel series (2) of high
affinity compounds. This modification allows access to
a similar region of space accessed by the 2,5-dihydro-
pyrazolo[4,3-c]pyridin-3-one scaffold described recently
by our laboratory.8


The 7-phenyl substituted pyrazolopyridinones were
synthesised by condensation of phenylacetones with
enamine 3, followed by thermal cyclisation of the
intermediate in Dowtherm� A to give the pyridones 5.
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Scheme 1. Reagents and conditions: (i) ArCH2COMe, P2O5, THF, rt; (ii) Dowtherm A, reflux; (iii) POCl3, reflux; (iv) p-chlorophenylhydrazineÆHCl,
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A range of dehydration conditions for the formation of
the enamine cyclisation precursor were examined; treat-
ment with phosphorus pentoxide9 in dichloromethane
or THF gave the best results. Treatment of 5 with phos-
phorus oxychloride gave the chloropyridines 6, which
were reacted with 4-chlorophenylhydrazine to give the
6-methyl-7-phenyl substituted pyrazolopyridinones 2a–
c, e (see Scheme 1).


Copper-mediated borohydride reduction of the readily
available 4-nitro compound 2e gave aniline from which
iodide 2i was accessed by decomposition of the diazoni-
um tetrafluoroborate salt in the presence of iodine and
potassium iodide.10 Pyrrolidinone 2h was prepared by
acylation of the aniline with 4-chlorobutanoyl chloride,
followed by a base-promoted ring closure.11


Binding and efficacy data for the pyrazolopyridinones 2
are shown in Table 1. Introduction of small lipophilic

Table 1.


Entry R Ki (nM


a1


1 — 0.29 ± 0.04


2a H 6.8 ± 2.2


b Br —


c CN —


d CONH2 0.30 ± 0.07


g NHC(O)Me 0.25 ± 0.04


h 2-Oxopyrrolidin-1-yl —


aAffinity was determined by the inhibition of [3H]Ro 15-1788 (flumazenil) b


either a1 or a3 stably expressed in L(tk�) cells. Values are (means ± SD) o
bModulation of chloride ion flux in cells expressing b3c2 plus either a1 or a3 p
of an approximate 1000 · Ki concentration of the test compound. Efficac


efficacy = 1.0), from at least seven independent experiments.13


Efficacy data, given in square brackets [] were measured at GABAA receptors


and represent the effect of the test compound on the current produced by an E


(relative efficacy = 1.0).14

substituents led to a loss in binding affinity (e.g., 2b)
compared to 1; however, polar substituents, such as
amides 2d and 2g, led to an increase in affinity. In our
high-throughput functional efficacy assay, based on
chloride ion flux,13 2d and 2g gave good efficacy at a3-
containing receptors. This was confirmed by patch-
clamp efficacy on L(tk�) cells containing a1b3c2 and
a3b3c2GABAA receptors, with both 2d and 2g imparting
functional selectivity for a3 over a1 similar to that of 1.
Interestingly, 2-oxopyrrolidin-1-yl 2h, lacking the amide
hydrogen bond donor (HBD), proved to be an unselec-
tive partial agonist. In a preliminary rat PK study, com-
pound 2a exhibited excellent oral bioavailability in rat
(F = 95%), a property not shared by 2g. It was hypoth-
esized that N-deacetylation of 2g could be responsible
for this lack of oral exposure and therefore we focused
on a series of heterocyclic replacements for the amide,
including heterocycles with a free NH group to probe
if this were critical for functional selectivity.

)a Efficacyb


a3 a1 a3


1.5 ± 0.2 0.14 ± 0.06 0.38 ± 0.05


[0.21 ± 0.03] [0.45 ± 0.05]


9.9 ± 3.0 — —


57 ± 7 — —


2.7 ± 0.3 — 0.13 ± 0.03


0.67 ± 0.11 0.22 ± 0.08 0.38 ± 0.06


[0.19 ± 0.02] [0.41 ± 0.06]


0.42 ± 0.03 — 0.48 ± 0.03


[0.23 ± 0.03] [0.43 ± 0.05]


2.5 ± 1.2 0.29 ± 0.04 0.32 ± 0.05


[0.41 ± 0.04] [0.46 ± 0.06]


inding to human recombinant GABAA receptors containing b3c2 plus
f 2–10 separate determinations.12


roduced by an EC20 equivalent concentration of GABA in the presence


y is expressed, relative to the full agonist chlorodiazepoxide (relative


stably expressed in L(tk�) cells using whole cell patch-clamp recording


C20-equivalent of GABA, relative to the full agonist chlorodiazepoxide
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The aryl iodide 2i proved to be an invaluable intermedi-
ate for the introduction of heterocycles via a range of
metal-catalysed chemistries, examples of which are
shown in Scheme 2. Compounds 7a–e were accessed
by Negishi cross couplings with the appropriate hetero-
cycle, NH heterocycles protected as the SEM deriva-
tives,15 prior to metallation, and deprotected after the
coupling reaction with HCl in ethanol. The N-linked
imidazole 9 was prepared by copper catalysed amination
of the aryl iodide. Suzuki and Stille couplings also pro-
ceeded smoothly to give 8a and 8b, respectively. Sono-
gashira coupling with propargyl alcohol gave acetylene
10a, which could be transformed to the mesylate 10b.
Displacement by azide (10c), followed by base-catalysed
rearrangement,16 gave amino substituted 1,2,3-triazoles
11 via an allenyl azide, which was trapped with nucleo-
philic amine bases. This type of group has been shown
to increase solubility in a series of NK1 antagonists.17


From the data shown in Table 2, it can be seen that a
range of polar heterocyclic replacements for the amide

Table 2.


Entry R


2d CONH2


7a 1,2,4-Triazol-3-yl


b 1,2,3-Triazol-5-yl


c Imidazol-2-yl


d 1-Methylimidazol-2-yl


e Thiazol-2-yl


8a Pyridin-3-yl


b Oxazol-2-yl


9 Imidazol-1-yl


11 4-[(4-Methylpiperazin-1-yl) methyl]-1,2,3-triazol-5-yl


a,bAs for Table 1.

show excellent binding affinity at a3 containing receptors,
although the more lipophilic heterocycles 7e and 8b led to
a significant loss in affinity. None of the heterocycles
lacking a HBD exhibited any functional selectivity (7d,
8a and 8b). However, although NH triazoles 7a, 7b also
lack functional selectivity, imidazole 7c and triazolopip-
erazine 11 do exhibit functional selectivity for a3 contain-
ing receptors. Triazolopiperazine 11, having a higher
efficacy at a3, was chosen for further profiling but gave
no in vivo displacement of [3H]Ro 15-1788 binding when
dosed at 10 mg/kg po in 0.5% methocel to rats.18 The
poor physical properties (high crystallinity and poor sol-
ubility) of this series, which have also been observed in
the related pyrimidin-5(6H)-one series,19 precluded fur-
ther in vivo evaluation of any of the other derivatives.


To improve the physical properties, replacements for the
phenyl spacer were investigated. To facilitate this, the
synthetic route was modified to give access to a pyrazol-
opyridine core with a halogen at the 7-position (Scheme
3). Treatment of 4-hydroxy-6-methyl-2-pyrone 12 with

Ki (nM)a Efficacyb


a1 a3 a1 a3


0.30 ± 0.07 0.67 ± 0.11 0.22 ± 0.08 0.38 ± 0.06


— 0.85 ± 0.22 0.01 ± 0.04 0.03 ± 0.04


— 0.79 ± 0.18 0.23 ± 0.06 0.26 ± 0.04


— 1.2 ± 0.2 0.03 ± 0.04 0.22 ± 0.04


— 1.5 ± 0.1 0.34 ± 0.03 0.4 ± 0.04


— 51 ± 4 — —


— 2.4 ± 0.3 0.15 ± 0.03 0.18 ± 0.03


— 14 ± 1 0.22 ± 0.02 0.25 ± 0.02


— 1.8 ± 0.7 0.1 ± 0.05 0.08 ± 0.04


— 0.44 ± 0.02 0.23 ± 0.04 0.43 ± 0.04
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� The hydrolysis may be catalysed by trace amounts of the hydroxide


present in the triethylamine, which was dried over potassium
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DMF/DMA20 gave the enamine 13 which on treatment
with aqueous ammonia, followed by acidification with
sulfuric acid,21 gave the hydroxy acid 14. The acid was
halogenated with iodine monochloride and transformed
to pyrazolopyridine 17, as outlined in Scheme 3.


From iodide 17, it was possible to gain access to com-
pounds with a flexible alkyl spacer via palladium-catal-
ysed coupling with an alkyl zinc reagent prepared by
the method of Knochel et al.22 Thus, methyl 4-iodobut-
anoate was converted to the alkyl zinc reagent, coupled
to 17, and reacted with acetamide oxime23 to give
oxadiazole 18. Similarly, coupling with the organozinc
derived from 4-iodobutyronitrile, followed by copper
catalysed amidine formation24 and acid-mediated ring
closure, gave imidazole 19. Attempted Sonogashira cou-

pling of 17 using the propargylic triazole (Scheme 4)
gave concomitant hydration of the acetylene to afford
ketone 20 as the sole product. This facile hydrolysis
(presumably via an allene intermediate) is probably
due to enhanced acidity of the propargylic methylene.�


As shown in Table 3, replacement of the phenyl spacer
with alkyl spacers gave compounds with high affinity at
a3 receptors. In addition, compounds 18, 19 and 20
demonstrated a range of efficacy profiles. Compounds
18 and 19 have the efficacy profile of an antagonist and







Table 3.


Entry R Ki (nM)a Efficacyb


a1 a3 a1 a3


18 4-(3-Methyl-1,2,4-oxadiazol-5-yl) 0.30 ± 0.02 0.80 ± 0.14 �0.2 ± 0.05 0.08 ± 0.03


[1.9%] [�6.3%]


19 3-(Imidazol-2-yl)-propyl 0.30 ± 0.04 0.75 ± 0.04 0.23 ± 0.04 0.28 ± 0.04


20 2-Oxo-3-(1,2,4-triazol-1-yl)-propyl 0.45 ± 0.04 0.75 ± 0.18 �0.06 ± 0.03 0.23 ± 0.05


a,bAs for Table 1.
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unselective partial agonist, respectively. However, com-
pound 20 exhibited the desired efficacy profile, being a
partial agonist at a3 containing receptors and an antago-
nist at a1 containing receptors. The occupancy of com-
pound 20 was determined in vivo by displacement of
[3H]Ro 15-1788 binding in the mouse. When dosed at
3 mg/kg iv in 70% PEG, 20 gave a 44% receptor
occupancy.18


In conclusion, replacement of the fused tetrahydro ring
of CGS-17867A gave a novel series of high affinity GA-
BAA ligands by pendantly substituting the pyrazolopyri-
dine ring at the 6- and 7-positions. Although binding
selectivity for a3b3c2 over a1b3c2 receptors was rarely
greater than about 5-fold, modification of the 7-position
of the pyrazolopyridinone ring enabled modulation of
the efficacy profile to introduce functional selectivity.
Compounds, such as 2d and 11, achieved functional
selectivity comparable to that of the original lead.
Replacement of the 7-phenyl with a ketotriazole moiety
gave a compound (20) with subnanomolar affinity at
a3b3c2 receptors and an attractive efficacy profile, being
an antagonist at a1b3c2 receptors and a partial agonist at
a3b3c2 receptors.
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Abstract—Five new 1,3,5-triphenyl-2-pyrazolines were synthesised by reacting 1,3-diphenyl-2-propene-1-one with phenyl hydrazine
hydrochloride and another five new 3-(200-hydroxy naphthalen-100-yl)-1,5-diphenyl-2-pyrazolines were synthesised by reacting 1-(2 0-
hydroxynaphthyl)-3-phenyl-2-propene-1-one with phenyl hydrazine hydrochloride. The structures of the compounds were proved
by means of their IR, 1H NMR spectroscopic data, and microanalyses. The antidepressant activity of these compounds was evaluated
by the �Porsolt behavioural despair test� on Swiss-Webster mice.1-Phenyl-3-(200-hydroxyphenyl)-5-(4 0-dimethylaminophenyl)-2-pyraz-
oline, 5-(4 0-dimethylaminophenyl)-1,3-diphenyl-2-pyrazoline, 1-phenyl-3-(200-hydroxynaphthalen-100-yl)-5-(3 0,4 0,5 0-trimethoxyphe-
nyl)-2-pyrazoline, 1-phenyl-3-(400-methylphenyl)-5-(4 0-dimethylaminophenyl)-2-pyrazoline and 1-phenyl-3-(400-bromophenyl)-5-(4 0-
dimethyl amino phenyl)-2-pyrazoline reduced immobility times 25.63–59.25% at 100 mg/kg dose level. In addition, it was found
that the compounds possessing electron-releasing groups such as dimethyl amino, methoxy and hydroxyl substituents, on both the
aromatic rings at positions 3 and 5 of pyrazolines, considerably enhanced the antidepressant activity when compared to the pyrazolines
having no substituents on the phenyl rings.
� 2005 Elsevier Ltd. All rights reserved.

Considerable interest has been focused on the pyrazoline
structure, which has been known to possess a broad
spectrum of biological activities such as tranquillizing,
muscle relaxant, psychoanaleptic, anticonvulsant, anti-
hypertensive, and antidepressant activities.1–6 The dis-
covery of this class of drugs provides an outstanding
case history of modern drug development and also
points out the unpredictability of biological activity
from structural modification of a prototype drug mole-
cule. Prodrug-based monoamine oxidase (MAO) inhibi-
tors having hydrazide, hydrazine, and amine moiety
such as isocarboxazide,7 phenelzine,8 and meclobe-
mide9,10 show prominent antidepressant activity in
laboratory animals, and human. Additionally, tranyl-
cypromine-like MAO inhibitors are mechanism-based
inactivators and they are metabolized by MAO with
one electron of the nitrogen pair and to generate an

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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imine, the other residing on a methylene carbon
(R-C@NH2


+). The structures of the synthesised 2-pyraz-
oline derivatives are very similar to those of isocarbox-
azid (Fig. 1). Earlier studies by Parmar et al.3 and
Soni et al.4 demonstrated monoamine oxidase inhibitory
activities of some 1,3,5-triphenyl-2-pyrazolines,1-thioc-
arbamoyl-3,5-diphenyl-2-pyrazolines and bicyclic pyraz-
olines in behavioural despair test.11–14 As part of our
efforts in this area, a series of some new 1-phenyl-3-(200


and/or 400-substituted phenyl)-5-(3 0-and/or 4 0-substituted
phenyl)-2-pyrazolines and 1-(phenyl)-5-(2 0- and/or 3 0-
and/or 4 0-substituted phenyl)-3-(200-hydroxy-naphtha-
len-100-yl)-2-pyrazolines have been synthesised and
evaluated for their antidepressant activities using
�Behavioural despair test�.


In the present work, 1,3-diphenyl-2-propen-1-ones (1a–e)
and 1-(2 0-hydroxy naphthyl)-3-phenyl-2-propene-1-ones
were synthesised by condensing appropriate acetophe-
nones with benzaldehyde derivatives in dilute ethanolic
potassium hydroxide solution at room temperature
according to Claisen–Schmidt condensation.15–17 The
1,3,5-triphenyl-2-pyrazolines (2a–e) were synthesised by
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the reaction of 0.01 mol of appropriate 1,3-diphenyl-2-
propen-1-one derivatives (1a–e) in 15 ml ethanol with
0.02 mol phenyl hydrazine hydrochloride according
to the condensation reaction of unsaturated ketones
with hydrazines. 3-(200-Hydroxy naphthalen-100-yl)-1,5-
diphenyl-2-pyrazolines (4a–e) were synthesised by the
reaction of appropriate 1-(2 0-hydroxy naphthyl)-3-phen-
yl-2-propene-1-ones (3a–e) with phenyl hydrazine
hydrochloride in a similar way in yields varying from
78% to 91% (Schemes 1 and 2).


Structure and chemical data of the synthesised com-
pounds are given in Table 1. IR spectra of the com-
pounds showed C@N stretching band at 1590 cm�1.
In the 1H NMR spectra, HA, HB and Hx protons
of the pyrazoline ring were seen as doublet of dou-
blets at 3.07–3.25, 3.75–3.88, and 5.15–5.30 ppm
(JAB = 17, JAX = 7 and JBX = 10 Hz). The protons
belonging to the aromatic ring and substituent groups
were observed within the expected chemical shift val-
ues (Table 2).


The synthesised compounds were evaluated for antide-
pressant activity in Adult male albino Swiss-Webster

R1
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CH3 +
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R4OHC
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Scheme 1. Synthesis of 1,3,5-triphenyl-2-pyrazolines.

mice by using the Porsolt behavioural despair test. This
test is effective in predicting the antidepressant activity
of a wide variety of new molecules.18,19 The Porsolt
forced-swimming induced behavioural despair model
is capable of predicting a variety of potential antide-
pressants, yet it is not devoid of biases. However, its
validity is unclear, because it gives false-positive results
in cylinders with 10 cm diameter in the case of central
nervous system (CNS) stimulants, anticholinergics, and
antihistaminics. Moreover, mice in the 10 cm chambers
touch the cylinder wall and bottom with their fore and
hind paws. Therefore, the data may not reflect the true
immobility times. In the modified behavioural despair
test method,20 with an increase in diameter of the cyl-
inder, mice lose their chance to touch the sides and the
bottom of the cylinder and thus are forced to swim and
the duration of immobility in 30 cm diameter cylinders
was significantly lower than in 10 cm cylinders. The
most striking result obtained by increasing the diame-
ter of the cylinder was that the anticholinergics,
antihistiminics, and CNS stimulants did not give
false-positive results when the duration of immobility
was used as the criterion. Parmar et al.3 investigated
the ability of some substituted pyrazolines to inhibit
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Table 1. Structure and chemical data of the compounds 2a–e and 4a–e
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R2 R3


R4


N
N
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OH


R1


R4


(2a-e) (4a-e)


Compound R1 R2 R3 R4 Formula Melting point (�C) Yield (%)


2a –H –H –H –N(CH3)2 C23H23N3(C,H,N)a 120 80


2b –H –CH3 –H –N(CH3)2 C24H25N3(C,H,N) 140 78


2c –OH –H –H –N(CH3)2 C23H23N3O(C,H,N) 178 85


2d –H –Br –H –N(CH3)2 C23H22N3Br(C,H,N) 172 89


2e –H –OH –Br –H C21H17BrN2O(C,H,N) 128 79


4a –H –H –H –H C25H20N2O(C,H,N) 238 84


4b –H –H –OCH3 –H C26H22N2O2(C,H,N) 240 91


4c –H –H –Cl –H C25H19ClN2O(C,H,N) 246 83


4d –H –H –Br –H C25H19BrN2O(C,H,N) 252 86


4e –H –OCH3 –OCH3 –OCH3 C28H26N2O4(C,H,N) 258 90


a Elemental analyses for C, H and N are within ± 0.4% of the theoretical values.
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rat brain MAO and indicated that the presence of elec-
tron donating substituent on the phenyl ring present at
position 5 of the pyrazoline ring produced a relatively
higher degree of MAO inhibition, while electron-with-
drawing substituents produced a lesser degree of en-
zyme inhibition.


The mice (22 ± 2 g) were housed in plexiglass cages with
six animals for each cage in a quiet and temperature and
humidity controlled room (22 ± 3 �C and 60 ± 5%,
respectively) in which a 12 h light dark cycle was main-
tained (08:00–20:00 h light). On the testing day, mice
were assigned to different groups (n = 6 for each group).
The synthesised compounds and the standard drug clo-
mipramine were suspended in aqueous Tween 80 (0.2%

w/v, 0.9% NaCl). All the synthesised compounds
(100 mg kg�1) and clomipramine (10 and 20 mg kg�1)
were injected intraperitoneally to mice at a volume of
0.5 ml per 100 g body weight. One hour later, the mice
were dropped one at a time into a plexiglass cylinder
(25 cm height, 30 cm diameter containing water to a
height of 20 cm at 21–23 �C) and left for 6 min. At the
end of the first 2 min, the animals showing initial vigor-
ous struggling were immobile. Then the immobility
times of each mouse were measured in the next 4 min
period.


From the results it may be observed that compounds
1-phenyl-3-(200-hydroxyphenyl)-5-(40-dimethylaminophenyl)-2-
pyrazoline, 5-(4 0-dimethylaminophenyl)-1,3-diphenyl-2-







Table 2. Spectral data of compounds 2a–eand 4a–e


2a-e 4a-e


N
N


R1


R2
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R4


HA


HX


HB


N
N


R2


R3


OH


R1


R4


HA
HB


HX


Compound IR (KBr, cm�1) 1H NMR (CDCl3, ppm)a


2a 1600, 1520 (C@C, C@N); 1065 (C–N) 2.92 (6H, s, –N(CH3)2), 3.11 (1H, dd, HA), 3.80 (1H, dd,


HB), 5.23 (1H, dd, HX), 6.69–7.87 (14H, m, Ar-H),


(JAB = 16.98, JAX = 7.50, JBX = 9.35 Hz)


2b 1595, 1522 (C@C, C@N); 1070 (C–N) 2.37 (3H, s, Ar-CH3), 2.92 (6H, S, –N(CH3)2), 3.11 (1H,


dd, HA), 3.78 (1H, dd, HB), 5.17 (1H, dd, HX), 6.67–7.63


(13H, m, Ar-H), (JAB = 16.50, JAX = 7.80, JBX = 9.90 Hz)


2c 3100 (–OH); 1600, 1520 (C@C, C@N); 1075 (C–N) 2.92 (6H, s, –N(CH3)2), 3.25 (1H, dd, HA), 3.88 (1H, dd,


HB), 5.15 (1H, dd, HX), 10.85 (1H, s, C-2-OH), 6.65–7.28


(13H, m, Ar-H), (JAB = 16.92, JAX = 6.98, JBX = 9.80 Hz)


2d 1605, 1525 (C@C, C@N); 1080 (C–N); 855 (–C–Br) 2.92 (6H, s, –N(CH3)2), 3.10 (1H, dd, HA), 3.75 (1H, dd,


HB), 5.22 (1H, dd, HX), 6.74–7.60 (13H, m, Ar-H),


(JAB = 17.05, JAX = 7.10, JBX = 9.65 Hz)


2e 3100 (–OH); 1605, 1522 (C@C, C@N); 1081 (C–N); 857 (–C–Br) 3.15 (1H, dd, HA), 3.80 (1H, dd, HB), 5.15 (1H, dd, HX),


6.74–7.80 (13H, m, Ar-H), (JAB = 17.25, JAX = 7.30,


JBX = 9.67 Hz)


4a 3100 (–OH); 1640 (C@N); 1350 (C–N) 3.07 (1H,dd, HA), 3.85 (1H, dd, HB), 5.30 (1H, dd, HX),


6.80–7.95 (15H, m, Ar-H), 9.90 (1H, d, J = 9 Hz, C-8-H),


10.30 (1H, s, C-2-OH), (JAB = 16.78, JAX = 6.95,


JBX = 9.35 Hz)


4b 3110 (–OH); 1642 (C@N); 1355 (–C–N); 1160 (–OCH3) 3.12 (1H, dd, HA), 3.76 (1H, dd, HB), 3.90 (3H, s, C-4-


OCH3), 5.28 (1H, dd, HX), 9.70 (1H, d, J = 9Hz, C-8-H),


(JAB = 17.10, JAX = 6.90, JBX = 9.48 Hz)


4c 3050 (–OH); 1645 (C@N); 1350 (–C–N); 855 (–C–Cl) 3.08 (1H, dd, HA), 3.78 (1H, dd, HB), 5.15 (1H, dd, HX),


6.90–7.90 (14H, m, Ar-H), 9.70 (1H, d, J = 9 Hz, C-8-H),


(JAB = 17.05, JAX = 6.99, JBX = 9.35 Hz)


4d 3050 (–OH); 1640 (C@N); 1352 (–C–N); 860 (–C–Br) 3.16 (1H, dd, HA), 3.88 (1H, dd, HB), 5.25 (1H, dd, HX),


6.80–7.90 (14H, m, Ar-H), 9.50 (1H, d, J = 9 Hz, C-8-H),


13.50 (1H, s, C-2-OH), (JAB = 16.88, JAX = 7.89,


JBX = 10.25 Hz)


4e 3120 (–OH); 1640 (C@N); 1350 (–C–N); 1180 (–OCH3) 3.11 (1H, dd, HA), 3.86 (3H, s, –O–CH3), 3.85 (1H, dd,


HB), 3.90 (6H, s, 2·-O–CH3), 5.24 (1H, dd, HX), 9.72 (1H,


d, J = 9 Hz, C-8-H), 6.90–7.95 (12H, m, Ar-H),


(JAB = 17.38, JAX = 7.48, JBX = 9.62 Hz)


a s, singlet; dd, doublet of doublets; m, multiplet.
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pyrazoline, 1-phenyl-3-(200-hydroxynaphthalen-100-yl)-5-
(3 0,4 0,5 0-trimethoxyphenyl)-2-pyrazoline,1-phenyl-3-(400-
methylphenyl)-5-(4 0-dimethylaminophenyl)-2-pyrazoline
and 1-phenyl-3-(400-bromophenyl)-5-(4 0-dimethyl ami-
nophenyl)-2-pyrazoline reduced immobility times
25.63–59.25% at 100 mg kg�1 dose level. The results re-
vealed that the compounds possessing electron-releasing
groups such as dimethylamino, methoxy, and hydroxyl
substituents, on both the aromatic rings at positions 3
and 5 of pyrazolines, considerably enhanced the antide-

pressant activity when compared to the pyrazolines hav-
ing no substituents on the phenyl rings and this is
consistent with the observation made earlier by Parmar
et al.3 (Table 3).


Statistical significance was set at P < 0.05 level.
Changes in duration of immobilizations expressed
as means ± SEM were evaluated using Dunnet�s
test (Pharmacological Calculation System, version
4.1).







Table 3. Antidepressant activity of the compounds


Compounda Duration of immobility(s) % change from


controlb


2a 22.95 ± 4.21 �59.25


2b 50.15 ± 5.45 �10.95


2c 35.85 ± 4.20 �36.34


2d 41.88 ± 2.86 �25.63


2e 32.46 ± 4.63 �42.18


4a 50.33 ± 6.88 �10.63


4b 50.78 ± 4.58 �9.83


4c 46.28 ± 4.39 �17.82


4d 25.40 ± 3.33 �54.10


4e 49.26 ± 4.70 �12.53


Clomipramine 33.81 ± 3.98 �39.96


(10 mg/kg)


Clomipramine 18.68 ± 2.25 �66.93


(20 mg/kg)


Control 56.32 ± 7.14 —


(Vehicle)


a Compounds were tested at 100 mg kg�1 dose level, ip.
b 95% confidence limits (Dunnet�s test), n = 6.
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Abstract—The semi-synthesis, in vitro and in vivo biological evaluation of corosolic acid (1) and maslinic acid (2) are described.
Compounds 1 and 2 represent a new class of inhibitors of glycogen phosphorylases. Both 1 and 2 inhibit the increase of fasted plas-
ma glucose of diabetic mice induced by adrenaline. It is therefore proposed that naturally occurring pentacyclic triterpenes 1 and 2
might reduce blood glucose, at least in part, through inhibiting hepatic glycogen degradation.
� 2005 Elsevier Ltd. All rights reserved.

Corosolic acid (1) has recently attracted much attention
due to its biological activities, such as anti-diabetes,1


anti-inflammation,2 antiproliferation,3 and protein
kinase C inhibition activities.4 Compound 1 is the pri-
mary active principle of a plant extract (commercially
named Glucosol), which has been marketed in Japan
and the United States for reducing blood glucose levels
and weight-loss.5 Maslinic acid (2), which has a similar
structure with 1, has also drawn much interest due to
its anti-tumor,6 anti-HIV,7 and antioxidant activities.8


Surprisingly, despite the obvious biological importance
of 1 and 2, little was reported regarding a practical syn-
thetic preparation of both compounds.9 On the other
hand, it is very tedious and expensive to obtain pure
compound 110 or 211 by plant extraction. As part of
our projects aimed at developing pentacyclic triterpenes
as preventive and therapeutic agents, we hoped to estab-
lish a practical synthetic preparation of 1 and 2.


Glycogen phosphorylases (GP), which catalyze the first
step of glycogen breakdown, play an important role in
glucose metabolism, especially in glycogenolytic path-

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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way. It is well known that liver GP is the major enzyme
for controlling hepatic glucose output, and inhibition of
this enzyme may afford a useful therapeutic approach
for type 2 diabetes.12a Moreover, GP inhibitors might
also find pharmaceutical applications in treatment of
cardiovascular diseases13 and tumors.14 Several structur-
al classes of GP inhibitors have been reported, whose
binding sites identified in GP include the catalytic site,
the purine inhibitory site (also known as I-site), the allo-
steric site, the glycogen storage site, and a novel alloste-
ric inhibitor site.12b,12c,12d Attention attracted in this
area remains high as evidenced by the frequent appear-
ance of related patents and publications.
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HO COOH


HO
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Herein, we report an efficient semi-synthesis of 1 and
2, starting from readily available ursolic acid and


oleanolic acid, respectively. Most importantly, we report
here, for the first time, that 1 and 2 represent a new class
of natural inhibitors of glycogen phosphorylases.
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The syntheses of 1 and 2 are summarized in Scheme 1.
Commercially available ursolic acid 3a was mixed with
benzyl chloride and potassium carbonate in DMF at
85 �C for 2 h to give benzyl ester 4a in 96% yield. Con-
sidering that short chain alkyl esters of the C-28 carbox-
ylic acid, such as C-28 methyl ester or ethyl ester, could
not be hydrolyzed by conventional hydrolysis methods
(e.g., basic or acidic aqueous conditions), we chose ben-
zyl as the protecting group, which can be easily removed
later on by catalytic hydrogenolysis without effecting the
C12–13 double bond. Oxidation of 4a with PCC in
CH2Cl2 at 0 �C to room temperature for 24 h afforded
5a in 89% yield after simple work-up and crystallization
from ethanol. Reaction of 5a with vinyl acetate or iso-
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Scheme 1. Reagents and conditions: (i) K2CO3, BnCl, DMF, 85 �C; (ii) PCC,
THF; b—H2O2, NaOH; (v) H2, Pd/C, THF, rt.

propenyl acetate catalyzed by concentrated sulfuric acid
gave enol acetate 6a in 91% yield. Treatment of 6a with
excess borane–THF solution, followed by adding alka-
line H2O2, afforded 2a,3b-diol 7a (55%) as the major
product after column chromatography purification.
The major side products were 5a (produced by saponifi-
cation of 6a) and 4a (produced by reduction of the re-
formed 5a). Another possible isomer (2b,3a) was only
trace amount due to the high stereospecificity of the
reaction and could be removed by column chromatogra-
phy. Hydrogenolysis of 7a over palladium/carbon in
THF furnished 1 in quantitative yield.15 In a similar
fashion, 2 was synthesized, starting with oleanolic acid
3b.16
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The hypoglycemic mechanism of 1 is not clear,17 there-
fore, more research work is still needed to unanimously
solve the puzzle. In this regard, we tested 1 in enzyme
inhibition assay against GP since we hypothesized that
1 and related triterpenes might lower blood glucose by
inhibiting hepatic glycogen degradation. Considering
that muscle GP and liver GP share considerable se-
quence similarity, we first employed rabbit muscle GPa
for the enzyme assay since this enzyme was commercial-
ly available. As described previously,18 the activity of
rabbit muscle GPa was measured through detecting
the release of phosphate from glucose-1-phosphate
in the direction of glycogen synthesis. The results are
outlined in Figure 1. To our delight, 1 exhibited
moderate inhibitory activity on rabbit muscle GPa
(IC50 = 20 lM). Not surprisingly, 2 also effectively
inhibited this enzyme (IC50 = 28 lM). In our assays, 1
and 2 were at least 4-fold more potent than caffeine
(IC50 = 114 lM), a proverbial GP inhibitor.12a


We also examined the effect of varying glucose concen-
trations on the IC50 values for 1, 2, and caffeine, because
some GP inhibitors were reported to be more potent in
the presence of high glucose concentrations.19,20 As
shown in Figure 2, at high glucose concentrations, the
relative IC50 values for 1, 2, and caffeine were signifi-
cantly decreased, indicating the increases in potency
for the test compounds.


Encouraged by the results obtained with muscle GPa,
we further tested 1 and 2 on purified liver GPa obtained
by extraction from rat liver as described by Fosgerau
et al.21 The assay results showed that both 1
(IC50 = 101 lM) and 2 (IC50 = 99 lM) were inhibitors
of rat liver GPa (Fig. 3), whereas caffeine
(IC50 = 648 lM) was a 6-fold less potent inhibitor of
rat liver GPa. Although 1 and 2 were less potent as rat
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Figure 1. Inhibition of rabbit muscle GPa by 1, 2, and caffeine. GPa


activity was measured at varied concentrations of 1 (j), 2 (�) or


caffeine (m). The data are plotted as percent inhibition versus


concentration of compound. Results are means ± SEM for three


independent experiments.


Concentration, M


Figure 3. Inhibition of rat liver GPa by 1, 2, and caffeine. GPa activity


was measured at varied concentrations of 1 (m), 2 (j) or caffeine (�).


The data are plotted as percent inhibition versus concentration of


compound. Results are means ± SEM for three independent


experiments.

liver GPa inhibitors than as rabbit muscle GPa inhibi-
tors in our assays, we could not conclude that 1 and 2
were more selective for muscle GPa than for liver
GPa, since the rabbit muscle GPa used for the assay
was pure commercial product, while the rat liver GPa
used for assays was self-prepared and thus had a differ-
ent quality from the muscle enzyme. However, in either
muscle GPa or liver GPa assays, both 1 and 2 were at
least 4-fold more potent than caffeine.


Based on their potency in the enzyme assays, 1 and 2
were evaluated for their hypoglycemic activity in adren-
aline-induced diabetic mice since it is well known that
adrenaline is thought to induce high blood glucose by
indirect stimulating glycogenolysis and therefore
increasing hepatic glucose production. Test compounds
were administered orally at 100 mg/kg/day for 7 days.
Not surprisingly, the preliminary animal study results







Table 1. Effect of 1 and 2 on fasted plasma glucose of hyperglycemic


mice induced by adrenaline (n = 10)


Compound Dose


(mg/kg)


Fasted plasma glucose (OD)


0 h 2 h 4 h


Vehicle 0.138 ± 0.028 0.149 ± 0.037 0.124 ± 0.019


1 100 0.111 ± 0.019 0.076 ± 0.026 0.083 ± 0.017


2 100 0.117 ± 0.032 0.081 ± 0.027 0.079 ± 0.023
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(Table 1) showed that both compounds significantly
inhibited the increase of fasted plasma glucose of diabet-
ic mice induced by adrenaline. To the best of our knowl-
edge, this is the first report that 2 is capable of reducing
blood glucose of diabetic mice, while 1 is a well-known
hypoglycemic agent. Further in vivo studies on 1, 2,
and related products as hypoglycemic agents are
ongoing.


In summary, we have identified corosolic acid (1) and
maslinic acid (2) as a new class of inhibitors of glyco-
gen phosphorylases. This discovery affords novel lead
compounds for developing potent GP inhibitors. As
an effort to identify the possible binding sites in GP
for 1 and 2, molecular modeling study is still in pro-
cess. Based on the in vitro and in vivo studies, it is
therefore proposed that naturally occurring pentacyclic
triterpenes 1 and 2 might reduce blood glucose, at least
in part, through inhibiting hepatic glycogen degrada-
tion. The advantages of these natural GP inhibitors
as anti-diabetic agents are obvious: (a) they are mild
GP inhibitors, and thus side effects caused by strong
and nonselective GP inhibition by synthetic GP inhib-
itors are avoidable; (b) they are nontoxic, for example,
2 is an abundant constituent of olive fruit;11 (c) except
for lowering blood glucose, they also exhibit other
therapeutic benefits such as anti-inflammation2 and
antioxidant activities,8 etc. Extensive research on lead
optimization and biological evaluation of pentacyclic
triterpenoids as a new class of GP inhibitors is in pro-
gress in our laboratory. Further reports will describe
structure–activity relationships in a wider series of pen-
tacyclic triterpenoids.
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Abstract—Linear pentapeptides (Penta-cis-Apc-DPhe-Arg-Trp-Gly-NH2) containing 1-amino-4-phenylcyclohexane-1-carboxylic
acid (cis-Apc) and substituted Apc are potent hMC4R agonists and they are inactive or weakly active in hMC1R, hMC3R, and
hMC5R agonist assays. This study, together with our earlier report on 5-BrAtc, demonstrated the importance of replacing His6 with
phenyl-containing rigid templates in achieving good hMC4R agonist potency and selectivity against hMC1R in linear
pentapeptides.
� 2005 Elsevier Ltd. All rights reserved.
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In the last decade, five human melanocortin receptor
subtypes (hMC1R–hMC5R) have been cloned and
characterized.1 These melanocortin receptors are sev-
en-transmembrane G-protein coupled receptors
(GPCRs) which mediate a wide range of physiological
functions including pigmentation regulation (MC1R),
glucocorticoid production (MC2R), food intake and
energy expenditure (MC3R and MC4R) as well as exo-
crine gland function (MC5R).1 MC4R, in particular,
has become a current drug target for the treatment of
obesity due to its involvement in feeding behavior.2,3


It was recently suggested that MC4R also plays a role
in sexual function.4 Our laboratories are interested in
the design of potent and selective human melanocor-
tin-4 receptor (hMC4R) agonists for the treatment of
obesity.5


We previously reported that using linear pentapeptide
Bu-His6-DPhe7-Arg8-Trp9-Gly10-NH2 (1, a-MSH num-
bering) as the template, replacement of His with race-
mic 2-aminotetraline-2-carboxylic acid (Atc) gave two
separable diastereomers, one of which (2) showed mod-
est hMC4R potency (EC50 = 290 nM) and selectivity
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against hMC1R (about 15-fold).6 N-cap modification
of peptide 2 from n-butanoyl (Bu-) to n-pentanoyl
(Penta-) gave peptide 3 which showed slight improve-
ment in agonist potency at both hMC1R and hMC4R,
compared with peptide 2.6 To improve hMC4R poten-
cy and selectivity of Penta-Atc-DPhe-Arg-Trp-Gly-
NH2 (3), one strategy involves systematic substitution
of the Atc phenyl ring which resulted in 5-BrAtc.6


An alternative approach involves the use of phenyl-
containing rigid templates7 which led to the discovery
of 1-amino-4-phenylcyclohexane-1-carboxylic acid
(Apc) (Fig. 1). As described in this report, linear pen-
tapeptides containing cis-Apc and substituted Apc
showed excellent hMC4R agonist potency and are
inactive or weakly active in hMC1R, hMC3R, and
hMC5R agonist assays.

rac-Atc cis-Apc trans-Apc


Figure 1. 2-Aminotetraline-2-carboxylic acid (Atc) and 1-amino-4-


phenylcyclohexane-1-carboxylic acid (Apc).
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Synthesis and stereochemical determination of Fmoc-pro-
tected 1-amino-4-phenylcyclohexane-1-carboxylic acid.
Commercially available 4-phenyl cyclohexanone (4)
was converted via Bucherer–Bergs reaction8 into hydan-
toin 5 as a mixture of two isomers (�6:1 by NMR anal-
ysis). Direct hydrolysis of hydantoin 5 into Apc amino
acid 7 involved drastic reaction conditions (prolonged
reflux with concentrated aqueous NaOH solution) and
lengthy work-up procedures. An improved protocol
was adopted in which the hydantoin N–H�s of 5 were
first protected with tert-butoxylcarbonyl (Boc) groups9


(giving compound 6) which allowed the subsequent
hydrolysis of the hydantoin group to proceed under
mild conditions (1 N NaOH, room temperature, over-
night). Without work-up, the pH of the above basic
reaction mixture containing Apc amino acid 7 was
adjusted to �11 and Fmoc-protection gave a readily
separable mixture of cis-Apc 8 and its minor trans-iso-
mer 9 (Scheme 1).


The cis-configuration between the phenyl and amino
groups of the major isomer 8 was unambiguously estab-
lished by X-ray crystallographic study of the corre-
sponding camphorsulfonamide 1210 prepared via a
three-step sequence (Scheme 2).


Synthesis of Fmoc-protected substituted Apc. Addition of
various aryl lithium reagents (generated from the corre-
sponding aryl bromides/iodides 14 and n-BuLi) to 1,4-
cyclohexanedione mono-ethylene ketal (13) gave alcohol
15. Dehydration of the tertiary alcohol of 15, hydroge-
nation of the resulting olefin, followed by hydrolysis of
the cyclic ketal gave substituted phenyl cyclohexanone
17. Using a four-step sequence previously used in the
synthesis of cis-Apc 8, ketone 17 was converted into
the corresponding Fmoc-protected substituted Apc 20.
As in the case of the unsubstituted Apc isomers 8 and
9, the major cis-isomer 20 was readily separated from
its minor trans-isomer by column chromatography
(Scheme 3).


All new peptides11 were synthesized on solid phase from
Fmoc-protected Apc (or Fmoc-protected substituted
Apc) and other suitably protected amino acids using
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overnight; (f) (Boc)2O, Et3N, DMAP, rt, THF, overnight; (g) 1 N


NaOH, DME/H2O, rt, overnight; (h) Fmoc-Cl, pH 11, dioxane/H2O,


rt, overnight.

standard Fmoc methodology. The crude peptides were
purified to homogeneity using reversed-phase HPLC
and characterized by fast atom bombardment mass
spectroscopy.


Agonist assays were performed using HEK293 cells
transfected with hMC1R–hMC5R as reported in detail
elsewhere.11,12 The EC50 values reported in Tables 1
and 2 are the average of at least two separate experi-
ments. Binding assays were performed using radiola-
beled NDP-MSH as reported in detail elsewhere.12


The IC50 values reported in Table 3 are the average of
at least two separate experiments.







Table 2. Agonist activity of pentapeptides containing various His


surrogates at the human melanocortin receptors


Peptide EC50
a (nM)


hMC1R hMC3R hMC4R hMC5R


1 10 0% at 50 lMb 20 0% at 50 lMb


21 25% at 50 lMb 57% at 50 lMb 2 36% at 50 lMb


26 0% at 50 lMb 28% at 50 lMb 13 46% at 50 lMb


aConcentration of peptide at 50% maximum cAMP accumulation or


the % of cAMP accumulation (relative to NDP-MSH) observed at


the highest peptide concentration tested.
b Not tested for antagonist activities.


Table 1. Agonist activity of His6 modified pentapeptides at the human melanocortin receptors


Peptide Amino acid sequence EC50
a (nM)


hMC4R hMC1R


1 Bu-His-(D)Phe-Arg-Trp-Gly-NH2 20 10


2 Bu-Atc-(D)Phe-Arg-Trp-Gly-NH2 (2nd isomer)b 290 4400


3 Penta-Atc-(D)Phe-Arg-Trp-Gly-NH2 (2nd isomer)b 45 830


21 Penta-cis-Apc-(D)Phe-Arg-Trp-Gly-NH2 2 25% at 50 lMc


22 Penta-trans-Apc-(D)Phe-Arg-Trp-Gly-NH2 88 1300


23 Penta-cis-40-MeApc-(D)Phe-Arg-Trp-Gly-NH2 3 55% at 50 lMc


24 Penta-cis-40-ClApc-(D)Phe-Arg-Trp-Gly-NH2 4 45% at 50 lMc


25 Penta-cis-40-MeOApc-(D)Phe-Arg-Trp-Gly-NH2 9 0% at 50 lMc


26 Penta-cis-40-EtOApc-(D)Phe-Arg-Trp-Gly-NH2 13 0% at 50 lMc


27 Penta-cis-40-iPrOApc-(D)Phe-Arg-Trp-Gly-NH2 6 60% at 50 lMc


28 Penta-cis-40-HOApc-(D)Phe-Arg-Trp-Gly-NH2 5 1300


29 Penta-cis-30-MeOApc-(D)Phe-Arg-Trp-Gly-NH2 2 690


30 Penta-cis-30,50-diiPrApc-(D)Phe-Arg-Trp-Gly-NH2 60% at 50 lMc 210


31 Penta-cis-Apc-(D)Phe-Arg-Trp-NH2 130 1300


32 trans-Pcc-(D)Phe-Arg-Trp-Gly-NH2 550 60% at 50 lMc


Bu stands for CH3CH2CH2C(@O) and Penta stands for CH3CH2CH2CH2C(@O).
a Concentration of peptide at 50% maximum cAMP accumulation or the % of cAMP accumulation (relative to NDP-MSH) observed at the highest


peptide concentration tested.
b 1st isomer and 2nd isomer refer to the order in which the two diastereomers eluted under our HPLC conditions.13


c Not tested for antagonist activities.


Table 3. Binding affinity of pentapeptides containing various His


surrogates at the human melanocortin receptors


Peptide IC50
a (nM)


hMC1R hMC3R hMC4R hMC5R


1 580 4000 150 13000


21 7100 Not determined 13 Not determined


26 4700 Not determined 43 Not determined


a Concentration of peptide at 50% radiolabeled NDP-MSH


displacement.
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As shown in Table 1, the lead pentapeptide Bu-His-
DPhe-Arg-Trp-Gly-NH2 (1) is a potent hMC4R agonist
(EC50 = 20 nM) but is not selective against hMC1R
(EC50 = 10 nM). Using Atc as a His replacement, mod-
estly hMC4R potent and selective peptides 2 and 3 were
obtained.6 Apc, in which the phenyl group is attached to
C-4 of the cyclohexane ring in an exocyclic fashion, is
structurally quite different from Atc (Fig. 1). We were
delighted to find that peptide 21 (made from cis-Apc
8) is over 22-fold (the standard error in our assays is
about 2-fold) more potent as a hMC4R agonist com-
pared with peptide 3 and at the same time possessed
minimal agonist activity at hMC1R (25% activation at
50 lM). In contrast, peptide 22 (made from trans-Apc

9) is about 40-fold less potent as a hMC4R agonist
and is significantly less hMC4R selective, compared with
peptide 21. The different agonist profiles of peptides 21
and 22 clearly showed that the relative orientation of
the phenyl group in Apc has a significant impact on
the hMC4R agonist potency and selectivity of the result-
ing peptide. Due to the highly flexible nature of linear
peptides, we were unable to determine the solution
structures of peptides 1 and 21 using NMR spectrosco-
py. On the other hand, incorporation of cis-Apc into
conformationally constrained (MT-II-like) cyclic pep-
tide templates gave highly rigid solution structures
which led to a predictive pharmacophore model of
hMC4R.14


In an effort to optimize cis-Apc, a series of substituents
(methyl-, chloro-, methoxy-, ethoxy-, isopropoxy-, hy-
droxy-, and isopropyl-) were introduced into cis-Apc
(general structure 20) and the agonist activities of the
resulting peptides (peptides 23–30) are shown in Table
1. Peptides 23–28, bearing 4 0-substituents with different
electronic and steric properties, all showed hMC4R
EC50 values within a 4-fold range (3–13 nM). Since pep-
tide 27, containing bulky 4 0-isopropoxy group, retains
excellent hMC4R agonist activity, it should be interest-
ing to use Apc with bulkier 4 0-substitution (e.g., t-but-
oxy-, phenoxy- or phenyl) to establish the size limit of
the hMC4R His binding pocket.


Peptide 29, which contains 3 0-MeOApc, possessed the
same hMC4R potency (EC50 = 2 nM) as peptide 21.
Peptide 30, with isopropyl groups at both 3 0 and 5 0 posi-
tions of Apc, is weakly active as a hMC4R agonist, per-
haps due to an unfavorable steric interaction with the
hMC4R binding pocket. Peptide 30 was not tested for
its hMC4R binding and antagonist activity. Interesting-
ly, both peptides 29 and 30 with 3 0-substitution showed
higher hMC1R agonist activities compared with peptide
21. More diverse substitutions need to be explored at the
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2 0- and 3 0-positions of cis-Apc to fully establish the
structure–activity relationship in this region.


In an attempt to reduce the molecular weight of peptide
21, truncated peptides such as 31 and 32 were prepared.
Tetrapeptide 31, with the Gly residue removed, is signif-
icantly less potent and selective as a hMC4R agonist,
compared to pentapeptide 21. Peptide 32, containing
trans-4-phenylcyclohexane-1-carboxylic acid (trans-Pcc)
(Fig. 2), which could be considered as Apc with its
N-cap truncated, is only moderately potent (EC50 =
550 nM) as a hMC4R agonist. The reduced hMC4R
agonist activities of peptides 31 and 32 clearly demon-
strate the important roles played by the Gly residue
and N-cap of peptide 21.


The most hMC4R selective peptides described above
were tested in hMC3R and hMC5R agonist assays
and the results are shown in Table 2. The lead pentapep-
tide 1 (Bu-His-DPhe-Arg-Trp-Gly-NH2) was inactive in
both hMC3R and hMC5R agonist assays. The low ago-
nist activities in hMC3R and hMC5R are maintained
when His of peptide 1 was replaced by cis-Apc (peptide
21) and cis-4 0-EtOApc (peptide 26). The above peptides
were also, in certain cases, tested in hMC1R–hMC5R
binding assays (Table 3). The binding affinities of the
peptides 1, 21, and 26 toward hMC4R, track with their
agonist activities in the order of 21 > 26 > 1. Peptides 21
and 26 bind to hMC1R with micromolar affinity, but
showed no significant agonist activity.


Hruby et al. proposed that �the position 6 of the synthet-
ic melanocortin ligands is important for enhancing
potency and selectivity at MC3 and MC4 melanocortin
receptors�.15,16 Hruby�s study was carried out using a
cyclic peptide antagonist as the template (SHU9119)
and the resulting compounds are all hMC4R antago-
nists with no hMC1R biochemical data.15,16 In a study
by Haskell-Luevano et al., 17 histidine surrogates were
introduced into a Ac-His6-DPhe7-Arg8-Trp9-NH2 tetra-
peptide template17 and the tetrapeptide containing ami-
no-2-naphthylcarboxylic acid (Anc) showed good mouse
MC4R agonist potency (EC50 = 21 nM) and good selec-
tivity against mouse MC1R (EC50 = 7900 nM). The
biological activities of these tetrapeptides at human mel-
anocortin receptors were not reported.17 Our work de-
scribed herein showed that linear pentapeptides
(Penta-cis-Apc-DPhe-Arg-Trp-Gly-NH2) containing
cis-Apc and substituted Apc are potent hMC4R ago-
nists and they are inactive or weakly active in hMC1R,
hMC3R, and hMC5R agonist assays. This report on
Apc and substituted Apc, together with our earlier re-
port on 5-BrAtc and related Atc,6 demonstrated the
importance of replacing His6 with phenyl-containing

CO2H
trans-Pcc


Figure 2. Structure of trans-4-phenylcyclohexane-1-carboxylic acid


(trans-Pcc).

rigid templates in achieving good hMC4R agonist
potency and selectivity against hMC1R in linear penta-
peptides.18 Further modification of Apc amino acid,
incorporation of Apc and related analogs into cyclic
peptides, and in vivo studies using Apc-containing line-
ar/cyclic peptides would be reported in due course.
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Abstract—Relationship between Wiener�s index—a distance-based topological descriptor and multidrug-resistance-associated pro-
tein (MRP1) inhibitory activity of pyrrolopyrimidines and their derivatives has been investigated. A dataset comprising of 82 ana-
logues of pyrrolopyrimidine was selected for the present study. The values of Wiener�s index were computed for each of the 82
analogues using an in-house computer program. Resultant data were analyzed and a suitable model was developed after identifica-
tion of the active range. Subsequently, a biological activity was assigned to each analogue involved in the dataset using this model,
which was then compared with the reported MRP1 inhibitory activity. Accuracy of prediction was found to be 88% using model
based on Wiener�s index.
� 2005 Published by Elsevier Ltd.

The emergence of tumor cells resistant to a range of
cytotoxic drugs is a serious problem in cancer chemo-
therapy. This phenomenon is called multidrug resistance
(MDR). One form of MDR can be caused by members
of the ATP-binding cassette (ABC) family of transport
proteins.1 These are large polytopic membrane proteins
that actively transport drugs out of cells, resulting in a
decreased intracellular concentration. In humans, two
ABC transporters have been identified, which cause
resistance in tumor cells: P-glycoprotein (Pgp)2 and
the multidrug-resistance-associated protein (MRP1).3


Pgp transports drugs in an unmodified form, whereas
MRP1 transports drugs conjugated to the anionic
ligands glutathione (GSH), glucuronide, or sulfate, or
transports them in an unmodified form, probably
together with GSH.4 The correlation between drug resis-
tance and expression of the drug efflux pumps, Pgp and
MRP1, has spurred intense research in the development
of Pgp and MRP1 inhibitors.


Multidrug resistance mediated by P-glycoprotein or
multidrug-resistance-associated protein remains a major
obstacle in the successful treatment of cancer. Inhibition
of Pgp and MRP transport is important for the high effi-
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cacy of anticancer drugs. While several Pgp inhibitors
have entered clinical trials, development of specific
MRP1 inhibitors is still in its infancy, although Eli Lilly
has reported the raloxifene analogues5 and isooxazolo-
quinoline analogues6 as selective MRP1 inhibitors.


A contemporary trend in chemistry, pharmacology,
toxicology, and pharmaceutical drug design is the
correlation of physicochemical/biological/toxicological
properties of biologically active molecules with certain
structural aspects.7 The basic assumption underlying
this area of research, called structure–activity relation-
ship, is that the structure of a molecule determines its
behavior. This paradigm can be expressed as


P ¼ f ðSÞ;
where P is any physical, pharmacological, toxicological
activity of interest and S may represent either an empir-
ical property of the total molecular structure, a relevant
substructural fragment, or a theoretical structural
descriptor.8


With the substantial increase in the available databases
of chemical structures and properties, attempts have
been made to develop structure–activity relationship
models whereby existing molecules can be compared
with other molecules (real or hypothetical) on the basis
of various structural descriptors. The properties of the
molecules of interest can then be predicted based on
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the molecular structure without the need for any exper-
imental data.9 The main problem in this area, however,
was the development of easily calculable parameters,
which encode sufficient structural information useful in
the prediction of properties. Molecular topology has
been demonstrated to be an excellent tool for a quick
and accurate prediction of physicochemical and biolog-
ical properties.10 Through a relatively simple formalism
such as molecular connectivity, a good molecular char-
acterization with topological indices or descriptors
(TIs) can be obtained. A topological index is a numeri-
cal descriptor of molecular structure and is sensitive to
such key constitutional features as size, shape, symme-
try, and heterogeneity of atomic environments in the
molecule.8


In the present study, the relationship between Wiener�s
index—a distance-based topological descriptor and
MRP1 inhibitory activity of pyrrolopyrimidines and
derivatives derived from them has been investigated.
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Figure 1. Basic structures of pyrrolopyrimidines and their derivatives.

Wiener�s index,11,12 a well-known distance-based topo-
logical index, is defined as half-sum of all entries in
the distance matrix of the hydrogen-suppressed molecu-
lar graph, that is


W ¼ 1=2
Xn
i¼1


P ij


 !
; ð1Þ


where Pij is the path length that contains the least num-
ber of edges between vertex i and vertex j in graph G,
and n is the maximum possible number of i and j.


A dataset13,14 comprising of 82 analogues of pyrrolopyr-
imidines and their derivatives was selected for the pres-
ent investigations. The basic structures for the various
analogues are shown in Figure 1 and the various substit-
uents listed in Table 1.


The values of Wiener�s index were computed for each of
the 82 analogues comprising the dataset using an in-house
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Table 1. Relationship between Wiener�s index and MRP1 inhibitory activity


Compound No. R X/R1 Ar/R2 X1 W MRP1 inhibitory activity


Predicted Reported


A1 PhCH2CH2NH — — — 1376 � �
A2 PhCH2CH2NCH3 — — — 1487 � �
A3 PhCH2SO2NH — — — 1616 � �


A4 N
NH


— — — 2178 � �


A5


N
H


N


N


— — — 3195 ± �


A6


Ph N


N
— — — 2405 � �


A7


Ph N


N
— — — 2700 � �


A8


PhCH2SO2
N


N
— — — 2773 � �


A9


O


Ph
N


N
— — — 2603 � �


B1 — 2-Cl — — 2643 � �
B2 — 3-Cl — — 2666 � �
B3 — 4-Cl — — 2689 � �
B4 — 2-NO2 — — 3181 � �
B5 — 3-NO2 — — 3250 ± �
B6 — 4-NO2 — — 3319 ± �
B7 — 3-MeO — — 2957 � �
B8 — 4-MeO — — 3003 � �
B9 — 3,4-F,F — — 2953 � +


C1 I — Ph — 2590 � �
C2 Ph — Ph — 3803 ± �
C3 4-CH3CONHPh — Ph — 5251 ± �
C4 3-Pyr — 3,4-(F,F)-Ph — 4531 + +


C5 4-Pyr — 3,4-(F,F)-Ph — 4552 + +


C6 2-CH3-Ph — 3,4-(F,F)-Ph — 4820 + �


D1
H3C


O
— H — 2847 � �


D2


Ph


O
— H — 3929 ± �


D3


MeO
— H — 2847 � �


D4
SN


CH3 CH3
— H — 3352 ± �


D5
N


O


N


CH3
— H — 3350 ± �


D6 NN — H — 3351 ± �
(continued on next page)
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Table 1 (continued)


Compound No. R X/R1 Ar/R2 X1 W MRP1 inhibitory activity


Predicted Reported


D7 CONH2 — 3,4-F,F — 3190 ± +


D8 CONHEt — 3,4-F,F — 3761 ± +


D9


O


NH


OMe


OMe — 3,4-F,F — 7289 ± +


D10


O


N


NH — 3,4-F,F — 5223 + +


D11 N


O


NH
— 3,4-F,F — 5119 + +


E1 5-CH3 H — — 2769 � �
E2 6-NO2 H — — 3348 ± +


E3 6-MeO H — — 3069 � �
E4 6-NHCOCH3 H — — 3687 ± �
E5 6-CO2CH3 H — — 3659 ± +


E6 6-CONH2 H — — 3348 ± �


E7
N


6-SO2


H — — 4516 + +


E8 5-Cl H — — 2769 � �
E9 5-CN H — — 3023 � �
E10 5-CONH2 H — — 3279 ± +


E11 5-CONHPy-4 H — — 5322 ± �
E12 5-NO2 H — — 3279 ± +


E13 5-NH2 H — — 2769 � �
E14 7-MeO H — — 3073 � �
E15 7-MeO, 8-NO2 H — — 3838 ± �
E16 5-NO2, 6-MeO H — — 3765 ± +


E17 6-NO2 ONH2C — — 5424 ± �


E18 6,8-Di-NO2 ONH2C — — 6418 ± +


F1 5-NO2 CH3 H — 3485 ± +


F2 5-NO2 Ph(CH2)2 H — 5695 ± +


F3 5-NO2 CH2Py-3 H — 5243 ± �
F4 5-NO2 CH2Py-4 H — 5243 ± +


F5 5-CONH2 CH3 H — 3485 ± +


F6 5-CONH2 CH2CO2Et H — 4931 + +


F7 5-CONH2 CH2Py-4 H — 5243 ± �
F8 6-NO2 CH2CO2Et H — 5018 + +


F9 5-CONH2 CH3 ONH2C — 5597 ± +


G1 H CH3 H — 2734 � +


G2 H CH2Ph H — 4364 ± �
G3 5-Cl CH3 H — 2963 � +


G4 5-MeO CH3 H — 3223 ± +


G5 5-iPrO CH3 H — 3809 ± �
G6 5-NMe2 CH3 H — 3485 ± +


G7 5-NHMe CH3 H — 3264 ± +


G8 5-NHCH2Py-2 CH3 H — 5290 ± +


G9 Morpholine CH3 H — 4405 + +


G10 5-CH3 CH3 H — 2963 � +


G11 7-Cl CH3 H — 2988 � �
G12 5-Cl CH3 CH2OMe — 3693 ± +


G13 5-Cl CH3 ONH2C — 4947 + +


H1
a 2545 � �


I1 H H H CN 3023 � �
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Table 1 (continued)


Compound No. R X/R1 Ar/R2 X1 W MRP1 inhibitory activity


Predicted Reported


I2 CH3 H H CN 3281 ± �
I3 CH3 H H CONH2 3542 ± +


I4 H H H CONH2 3279 ± +


I5 CH3 NO2 H CONH2 4395 + +


I6 H H ONH2C CONH2 4470 + +


+, Active compound. �, inactive compound; ±, compound in the transitional range where the activity could not be specifically assigned.
a Structure shown in Figure 1.


Table 2. Model for multidrug-resistance-associated protein inhibitory activity


Model index Nature of range in


the proposed model


Index value Number of analogues falling


in the range


Percent


accuracy


Average IC50


(lM)


Accuracy of


prediction


Total Correct Total Correct


W Inactive <3190 30 26 86.7 4.32 4.97 88


Lower transitional 3190–4364 29 NA NA 0.52 NA


Active 4395–5223 12 11 91.7 0.16 0.12


Upper transitional >5223 11 NA NA 0.32 NA


NA, not applicable.
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computer program. For the selection and evaluation of
range-specific features, exclusive activity ranges were dis-
covered from a frequency distribution of the response le-
vel bymaximization of themoving averagewith respect to
the active compounds (<35% = inactive, 35–65% = tran-
sitional, and P65% = active).15 A suitable model was
developed after identification of the active range. Subse-
quently, each analogue was assigned a biological activity
using this model, which was then compared with the
reported13,14 MRP1 inhibitory activity. MRP1 inhibitory
activity was reported13,14 quantitatively as IC50 at differ-
ent concentrations. The analogues possessing IC50 values
of <0.25 lM were considered to be active and analogues
possessing IC50 values of P0.25 lM were considered to
be inactive for the purpose of the present study.


Efficient discovery and creation of novel drug molecules
depend on the ability to explore and quantify the rela-
tionships between molecular structure and function—
particularly the biological activity. The inherent prob-
lem in the development of a suitable correlation between
chemical structures and biological activity can be
attributed to the non-quantitative nature of chemical
structures. Graph theory was successfully employed
through the translation of chemical structures into
characteristic numerical descriptors by resorting to
graph invariants.16,17


Though all the analogues in the dataset reportedly13,14


possessed varying degrees of biological activity, only
those analogues possessing IC50 values of <0.25 lM
were considered to be active and analogues possessing
IC50 values of P0.25 lM were considered to be inactive
for the purpose of the present study.


Retrofit analysis of the data in Tables 1 and 2 reveals the
following information with regard to the model based
upon Wiener�s index:

• A total of 37 out of 42 compounds were classified cor-
rectly in both the active and inactive ranges. The
overall accuracy of prediction of the proposed model
was found to be 88% with respect to the MRP1 inhib-
itory activity.


• The active range had a Wiener�s index value of 4395–
5223. As many as 11 out of 12 analogues in the active
range exhibited MRP1 inhibitory activity.


• The active range was ideally bracketed by two transi-
tional ranges exhibiting a gradual change in biologi-
cal activity from the inactive to active range.


• The average IC50 value was found to be 0.12 lM for
the correctly predicted compounds indicating high
potency of the active range.


• Biological activity of 26 out of 30 analogues in the
inactive range was predicted correctly.


Investigations reveal significant correlation between
Wiener�s index—a distance-based topological descriptor
and MRP1 inhibitory activity of pyrrolopyrimidines and
their derivatives. The overall accuracy of prediction of
the proposed model was found to be 88%. High predict-
ability of the model based on Wiener�s index offers a vast
potential for providing lead structures for the develop-
ment of potent MRP1 inhibitors.
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Abstract—Replacement of the aryl piperazine moiety in compound 1 with a variety of substituted benzylic piperazines (6) yields
compounds that afford melanocortin receptor 4 (MCR4) activity. Analogs with ortho substitution on the aromatic ring afforded
the highest affinity. Resolution of the stereocenter of the benzylic piperazine based privileged structure revealed that the R-enantio-
mer was more active.
� 2005 Elsevier Ltd. All rights reserved.

The melanocortin receptor (MCR) family is composed
of 5 closely related receptors; all of which belong to
the Type I segment of the G-Protein Coupled Receptor
(GPCR) family.1 We were interested in identifying and
optimizing selective tools to facilitate pharmacological
characterization of MCRs with a primary focus on find-
ing ligands selective for MCR4.2,3 We recently reported
on our initial efforts, which used a privileged structure
based approach, for the identification of compounds
with the desired activity profile.4 We had found that a
privileged structure, containing both hydrophobic aro-
matic and polar functionalities (2), coupled with a
dipeptide address element (3), provided activity and
selectivity for the receptor of interest (Fig. 1). In order
to increase the dynamic range of our current series, we
sought to better understand what structural elements
were required and/or tolerated in privileged structures
that afford MCR activity.


We have previously shown that both substituted mono-
cyclic and substituted bicyclic aryl piperazines are
privileged structures that provide MCR activity when

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


doi:10.1016/j.bmcl.2005.08.018
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coupled with the dipeptide address element 3.5 In both
cases described above, the piperazine moiety was direct-
ly attached to the phenyl ring, thus limiting overall flex-
ibility in this region. We were curious to see if MCR
activity would be retained when the piperazine moiety
was attached to a carbon chain that emanates from
the phenyl ring (Fig. 2). The resulting benzylic pipera-
zines would be interesting in that they offer an increased
level of flexibility both in regard to privileged structure
conformation and synthesis. Herein, we report the re-
sults of our continued progress toward the development
of privileged structures that can be used in the construc-
tion of ligands with MCR activity.


Synthesis of the desired benzylic piperazines begins as
outlined in Scheme 1. Condensation of a variety of ben-
zaldehydes (7) with cyanide ion and N-Boc piperazine,
using a modified Strecker protocol, affords the desired
amino nitriles 8 in good yield.6 These intermediates
could be carefully reduced with LAH at �50 �C to af-
ford the 1� amines 9.7 Functionalization of amines 9
was easily accomplished by alkylation (12), acylation
(11, 13), or sulfonylation (10) using standard reaction
conditions as shown in Scheme 2. In some cases, reduc-
tion of the initial product of acylation (13) with BH3


afforded a 2� amine (14) that could be further deriva-
tized providing fully substituted amines 15–17.
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An analog containing an a-amino amide moiety was
prepared as described in Scheme 3. The commercially
available ethyl ester of o-fluoro phenylacetic acid (18)
was brominated with N-bromosuccinimide forming the
a-bromo derivative, which was then allowed to react
with N-Boc-piperazine yielding 19. This material was
then hydrolyzed with sodium hydroxide and the result-
ing acid was transformed into the diethyl amide 20 using
standard conditions. Compounds derived from other
homologs of phenyl acetic acid were prepared using sim-
ilar chemistry. In these cases, the commercially available
phenyl carboxylic acids (21) were first transformed with
thionyl chloride into the acid chlorides, which were then

brominated with NBS and catalytic HBr, to provide the
desired a-halo acid chlorides in good yield. Allowing
this material to first react with methanol and then
N-Boc piperazine gave good yields of the desired homo-
logs 22. The ester moiety in these compounds was then
partially reduced with DIBAH to give aldehydes 23,
which were then subjected to reductive amination with
diethylamine giving amines 24.


Resolution of the chiral benzylic piperazines described
in this paper was accomplished in two ways. Benzylic
piperazines devoid of substitution on the aromatic ring
were prepared via synthesis starting from optically
active phenylglycinols as shown in Scheme 4. Synthesis
of the R-enantiomer began with the alkylation of the
amino moiety contained in S-phenylglycinol 25 with ex-
cess ethyl iodide affording intermediate 26 in good yield.
This material was then subjected to the action of meth-
anesulfonyl chloride in ether and the resulting mesylate
was allowed to react with N-Boc-piperazine at room
temperature for 18 h. This afforded the desired interme-
diate benzylic piperazine 27 in good yield after workup
and chromatography. Analysis of the material produced
in this fashion by chiral chromatography (Chiralpak
AD, hexane–TFA 0.05%) indicated that product was
obtained in >98% ee. This transformation presumably
occurs via an intermediate aziridium ion, which is then
displaced at the benzylic center resulting in an overall
inversion of stereochemistry. Synthesis of the S-enantio-
mer was accomplished in the same way starting with
R-phenylglycinol. Alternatively, the desired privileged
structures could be resolved on a gram scale by chiral
chromatography (Chiralcel OD (4.6 · 250 mm) column,
eluting with 5% ethanol in heptane at 1 mL/min) of
the corresponding phthalimide derivatives (29). This
sequence is illustrated in Scheme 4 using the o-fluoro
derivative 28. The resolved phthalimides (29) were then
deprotected with excess hydrazine and the liberated
amine (30) was functionalized in an analogous fashion
to the racemic analogs.


Final compounds described in this paper were con-
structed from the aforementioned intermediates as
outlined in Scheme 5. The piperazine-containing
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privileged structures were allowed to react with the
previously described dipeptide 3 in the presence of
HATU8 to afford the penultimate derivatives (31).
Treatment with TFA provided the desired deprotected
compounds 32 which could be used as the correspond-

ing TFA salt or subjected to ion exchange to obtain
the HCl salt. In the cases where the piperazines were
not prepared in chiral form, coupling with dipeptide 3
afforded diastereomeric pairs that were not separated
for biological evaluation.







Table 2. Substituted benzyl piperazines


R


N


N
N


Compound R MC4R Ki (nM)12


39 o-CF3 40


40 m-CF3 150


41 p-CF3 200


42 o-Cl 70


43 o-CH3 70


44 o-F 20


45 o-OCH3 190


46 2,6-Difluoro 150


47 2,4-Difluoro 100
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Scheme 5. Reagents: (a) 3, HATU; (b) TFA, DCM.
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Compounds described for this report were evaluated for
binding affinity at human melanocortin 4 receptors
(hMCR4) by determining competitive inhibition of
125I-NDP MSH binding.9,10 Selected compounds were
evaluated for selectivity across human melanocortin
receptors 1, 3, and 5 in a similar fashion.11 We first
examined the effects that benzylic attachment would
have on this series of compounds. Compound 33 (Table
1) which lacks a polar group (thought to be key for
activity) afforded modest affinity for hMCR4 with a Ki


of 2 lM. Substitution on the benzylic carbon with a sim-
ple methyl group yielded compound 34, which showed a
3-fold increase in activity (Ki 0.7 lM) relative to the
unsubstituted analog 33. Conversion of this methyl
group into a diethylaminomethyl moiety, a functional
group that has been very productive in our previous ser-
ies, yielded compound 35, whose activity increased
8-fold (Ki of 0.09 lM) relative to the methyl analog
34. Stepwise elongation of the linker between the phenyl
group and the tertiary carbon provided analogs
36, 37, and 38 which had comparable affinities of
0.04 lM, 0.13, and 0.11 lM, respectively.


As the binding affinities of the above-mentioned homo-
logs were similar, we chose to focus on optimizing the
more synthetically accessible benzylic analog 35 (Table
2). We next examined simple aromatic substitution
and a trifluoromethyl group was the first substituent
evaluated. The data reveal that ortho substitution (39)
was more active than meta (40) or para (41) substitution
by 4.7- and 3.6-fold, respectively. Ortho substitution
provided a 2-fold benefit relative to the unsubstituted

Table 1. Phenyl alkyl piperazines


N


N


Rn


Compound n R MC4R Ki (nM)12


33 0 H 2000


34 0 CH3 700


35 0 CH2N(CH2CH3)2 90


36 1 CH2N(CH2CH3)2 40


37 2 CH2N(CH2CH3)2 130


38 3 CH2N(CH2CH3)2 110


Table 3. Amine substitution


N


N
N


R2


R3


F
Y Y'


Compound Y,Y0 R2 R3 MC4R Ki (nM)12


48 H,H COOCH3 H 483


49 H,H SO2CH3 H 472


50 H,H COCH3 H 467


51 H,H COOCH3 Et 261


52 H,H SO2CH3 Et 157


53 H,H COCH3 Et 106


54 Oxo CH2CH3 Et 125

analog 35. Ortho substitution of the phenyl ring was also
beneficial for other substituents such as chloro, fluoro,
and methyl. Of the single substitutions examined in
the ortho position, the fluoro analog (44) appeared to
be optimal with a Ki of 0.02 lM. The only disubstituted
aromatic analogs examined (46 and 47) both utilized
fluorine as replacements of hydrogen and neither
showed an activity advantage relative to their mono-
substituted counterpart 44.


We next turned our attention to the polar functionality
found in this series of privileged structures through
examination of substitution on the amine moiety (Table
3). Relative to the dialkylamine moiety found in com-
pound 44 (Ki 0.02 lM), simple acylation (50) resulted
in a 5-fold erosion of activity (Ki 0.46 lM). Activity
was also diminished (Ki 0.47 lM) by sulfonylation
(49). Conversion of the dimethylamino moiety to a
carbamate (48) also decreased activity similar to that ob-
served from acylation. Interestingly, N-alkylation of the
acylated and sulfonylated compounds (49 and 50,
respectively) with an ethyl moiety provided tertiary
amides 52 and 53, that were more potent than their
nonalkylated counterparts and only 2-fold less active
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than their tertiary amine counterpart 44. Changing the
point of acylation from an external position to an inter-
nal arrangement provided glycinamide derivative 54,
which was roughly 4-fold less potent (Ki 0.125 lM) than
the corresponding tertiary amine analog 44.


Finally, we examined the effect that the absolute config-
uration of the privileged structure had on the activity of
these compounds (Table 4). The data revealed a 4-fold
difference in the phenyl antipodes as seen by comparing
55 and 56. As this pair was from intermediates with
known absolute stereochemistry, we are able to assign
the stereochemistry of the benzylic carbon of most po-
tent isomer 56 as R while the same center of the less po-
tent isomer 55 was assigned the S configuration. Similar
differences in activity were observed for the fluoro ana-
logs, which were resolved chromatographically (see
text). In this case, the faster eluting isomer 57 afforded
more activity than the slower eluting isomer 58. Based
on the activity difference observed for both sets of com-
pounds, we have assigned the faster eluting isomer of
the fluoro analog 57 as having the R configuration at
the benzylic center and the slower isomer having the
S configuration.


The above data demonstrate that appropriately substi-
tuted benzylic piperazines act as privileged structures
when coupled to address element 3. Of interest is the fact
that the unsubstituted benzyl piperazine 33 affords mea-
surable activity, and functionalization of the benzylic
position with even a simple methyl group (34) affords
a compound with submicromolar activity. Consistent
with our earlier results, we found that the incorporation
of a polar group proximal to the aromatic group
enhances activity for this series. It appears that distance
between the phenyl moiety and the benzylic center to
which the polar group is attached is not very restrictive.
This may indicate that the putative binding site for this
pharmacophore is size tolerant. Substitution of the
phenyl moiety with halogens, especially fluorine, had a
measurable benefit, which suggests that this moiety
likely occupies a hydrophobic area in the receptor.


The activity afforded by both the phenyl and benzyl
piperazine series demonstrates the variety allowed in
privileged structures that yield MCR activity. These
observations underscore the practicality of employing

Table 4. Resolved examples


N


N
N


R


*


Compound R * MC4R Ki (nM)12


55 H S-isomer 190


56 H R-isomer 50


57 F Isomer 1 14


58 F Isomer 2 111

privileged structures as key components of GPCR li-
gands. While the use of privileged structures has prov-
en useful for the generation of active compounds, we
have found that efficient optimization requires an
accurate understanding of the pharmacophores and
topography displayed by the lead privileged structures.
This information can then be used in the design and
construction of a portfolio of physicochemically di-
verse, yet functionally equivalent, subunits. Identifica-
tion of these privileged structure families would in
principle allow the ready optimization of the address
elements of interest. Further development of this
hypothesis and its application to the further refine-
ment of ligands for the MCRs will be the subject of
future reports.
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Synthesis of desthio prenylcysteine analogs: Sulfur is important
for biological activity
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Abstract—N-Acetyl-S-farnesyl cysteine (AFC) is the minimal synthetic substrate for the enzyme Icmt, which methylates prenylated
proteins. The desthio-AFC isostere 2 has been synthesized in racemic form. This analog was not an Icmt substrate, but instead a
weak inhibitor with an IC50 of �325 lM.
� 2005 Elsevier Ltd. All rights reserved.
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Biological and chemical interest in protein lipidation1


has lagged behind that in protein phosphorylation and
glycosylation. As we learn more about the proteome, it
is becoming clear that protein prenylation is a critically
important post-translational modification.1,2 It has
recently been estimated that 120 human proteins are
farnesylated or geranylgeranylated, as shown in Figure
1.3,4 Protein prenylation is now an issue of significant sci-
entific and medical importance, due in large part to the
development and potential use of farnesyltransferase
inhibitors (FTIs) as anti-cancer agents.5,6 This medical
relevance has led to increased interest in other aspects
of the chemical biology of protein prenylation, including
the synthesis of prenylated peptides as probes of the
function of protein prenylation,7,8 and the investigation
of the enzymes Rce1 and Icmt,4 which are responsible
for the proteolytic processing and C-terminal methyla-
tion of prenylated proteins. Inhibitors of Icmt are of
particular interest, due to the recent report by Casey
and co-workers that a small molecule Icmt inhibitor
(cysmethylnil) exhibits significant in vitro antitumor
activity.9 This report prompts us to report some of our
own recent work in this area.10


A key characteristic of prenylated peptides and proteins
is the biologically rare allyl sulfide moiety. In this paper,
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Figure 1.

we report the synthesis of a racemic �all-carbon� analog
of the minimal Icmt substrate N-acetyl-S-farnesylcys-
teine (1, AFC),11 where the sulfur is replaced with a
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methylene (2). It is hypothesized that this replacement
would lead to a compound that would have a signifi-
cantly longer half-life in cell-based assays than AFC.
This conclusion was drawn based on the chemically12


and enzymatically13,14 labile nature of the allylic thio-
ether moiety. The analog would have the additional
advantage of being stable in the harshly acidic condi-
tions employed in standard Fmoc peptide coupling
schemes, facilitating the synthesis of prenylated pep-
tides, which are quite useful for chemical biology studies
on protein prenylation.7,8 Note that Waldmann and co-
workers have developed elegant alternative routes for
the synthesis of prenylated peptides. In the course of
the synthetic studies on the preparation of 2, we also
synthesized N-acetylfarnesylglycine (3) as a model sys-
tem. Herein, we report the synthesis of 2 and 3 in race-
mic form and their biochemical evaluation versus yeast
Icmt. Note that previously Rando and co-workers had
prepared and evaluated AFC analogs bearing oxygen,
selenium, sulfoxide, and amino substitutions for the
allylic sulfur in 1.15


We examined the synthesis of the model systemN-acetyl-
farnesylglycine to optimize the amino acid coupling
chemistry originally developed by O�Donnell and co-
workers for use with an isoprenoid side chain.16,17 Earli-
er, unsuccessful attempts were made to prepare 2 using
other amino acid synthesis procedures. We chose to uti-
lize the direct stoichiometric deprotonation of 4 rather
than the standard phase transfer protocol for operation-
al simplicity. The protected glycine variant 4 (Scheme 1)
was deprotonated using NaH as the base, followed by
coupling with farnesyl bromide (5), to afford 6 in modest
yield. Attempts were made to optimize the production of

Ph


Ph


N CO2Et


CO2Et


NPh
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4


6
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CO2Et
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O52%


3


39%


1 M HCl/Et2O,
0 ˚C to rt


Ac2O, Et3N, rt


NaOH, EtOH,
0 ˚C to rt


Scheme 1.

6 by deprotonating 4 with potassium bis(trimethylsi-
lyl)amide. Surprisingly, under these conditions the
bisfarnesylated product was preferred over the desired
monoalkyated product 6 at room temperature, despite
the use of an excess of 4. A mixture of the two products
was obtained at 0 �C. Subsequent acidic deprotection of
the benzophenone imine 6 afforded ester 7. The free
amine was then acylated to give 8, and saponification
of the farnesyl glycine gave a mixture of products, from
which the desired farnesyl glycine analog 3 was obtained
in modest yield. This unoptimized route provided a prec-
edent for the synthesis of 2 and also provided sufficient
amounts of 3 for its evaluation versus Icmt.


The initial challenge in the synthesis of 2 was the conver-
sion of farnesyl bromide (5, Scheme 2) into bis-homo-
farnesol (10). Attempts were made to employ a
previously published homologation protocol using the
Grignard reagent ClMgCH2CH2OMgCl,18 but this
approach was not successful in our hands. The primary
product formed was squalene, the farnesyl bromide
dimer. Efforts to directly alkylate the farnesyl bromide
with the potassium enolate of ethyl acetate to give 9
failed, leading to the O-alkylated product. This difficult
first step was accomplished using the procedure
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Figure 2. Inhibition of Ste14p activity by 2. In vitro vapor diffusion


methyltransferase activity was performed, as previously described,22


with 33 lM N-acetyl-S-farnesylcysteine, 20 lM S-adenosyl-[14C-meth-


yl]methionine, 5 lg of crude membrane preparation from His-Ste14p


overexpressing cells, and increasing concentrations of compound 2, all


in 100 mM Tris–HCl, pH 7.5. The reaction was allowed to proceed for


30 min at 30 �C. The IC50 value calculated from the data above using


GraphPad Prism 4 was 325 lM (95% confidence interval = 298–


354 lM).
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Figure 3. Selected Icmt inhibitors. The Ki or IC50 values for the AFC


sulfoxide,25 FTA,24 3-isobutenylAFC,10 and cysmethylnil9 are from


the indicated literature references. (a) IC50 value for Icmt by 16 under


the conditions utilized by Casey and co-workers. (b) IC50 value for


Icmt by 16 under the conditions utilized in this study (see Fig. 2


caption). The Ki for 16 for ste14p is 17.1 lM.10
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developed by Kuwajima and Doi,19 and later utilized by
Coates et al.20 The lithium–copper enolate of ethyl ace-
tate was formed by deprotonation with LDA, followed
by addition to anhydrous CuI. Farnesyl bromide addi-
tion then afforded the desired ester 9, as shown below
in Scheme 1. DIBAL-H reduction of the ester produced
bis-homofarnesol (10). The alcohol was then converted
to the bromide, which was not purified but instead
directly coupled to the anion of the glycine benzophen-
imine ethyl ester, to give 11 in 57% overall yield. Subse-
quently, the imine-protecting group was removed under
acidic conditions, and the free amine 12 was acetylated
with acetic anhydride to give 13. Saponification of the
ethyl ester to the carboxylate gave the desired AFC ana-
log 2.21


The desthio-AFC analog 2 and the model system 3
were biochemically evaluated versus the well-character-
ized Saccharomyces cerevisiae Icmt variant (Ste14p).22


The previously reported vapor diffusion assay, with
AFC (or 2/3) as the prenylcysteine co-substrate, was
utilized to measure Ste14p activity.23 The biological
activity of N-acetylfarnesylglycine (3) was examined
first. This compound is not recognized by Icmt and
has essentially no ability to act either as a substrate
(maximal specific activity of �4.5, compared to 700
for AFC) or an inhibitor (IC50 > 1000 lM). This find-
ing emphasized the importance of the proper length of
the isoprenoid moiety in its recognition by Icmt. The
geranyl analog of AFC, with a C10 rather than C15


isoprenoid, also binds very poorly to Icmt due to
the shortened length of the backbone and is not an
Icmt substrate (data not shown). We expected poor
activity of 3 based on the modest biological activity
of the geranyl variant,24 however, a complete lack of
activity of the longer �all-carbon� farnesylglycine is
somewhat surprising.


The �all-carbon� AFC analog 2 was next examined as
both a substrate for and inhibitor of Ste14p. It also
has essentially no ability to act as a substrate, with a
maximal specific activity of �3 versus �700 for AFC.
Compound 2 is a weak inhibitor of Ste14p, with an
IC50 value of 325 lM (Fig. 2), although this level of inhi-
bition may in part be due to non-specific detergent ef-
fects on the activity of the membrane-bound Icmt.
This is in sharp contrast to the behavior of the oxygen,
selenium, and sulfoxide analogs of AFC, which all bind
effectively to mammalian Icmt.15 Note that the racemic
DLDL-AFC exhibits significant substrate activity, in sharp
contrast to 2, with the unnatural DD-enantiomer exhibit-
ing modest inhibitory potency (Ki = 73 lM).25 To pro-
vide a comparison with 2, the structures and inhibitory
potencies of three representative Icmt inhibitors are giv-
en in Figure 3.


In summary, the poor substrate activity of the previous-
ly reported oxygen, selenium, and amine AFC ana-
logs,15 coupled with the data from the �all-carbon�
AFC isostere 2, highlights the importance of the sulfur
in the interaction of prenylcysteine moieties with Icmt.
It is interesting to contrast this finding with recent model
system studies, which have suggested that the thioether
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in methionine can be replaced with a methylene group
with few negative consequences.26 Enantiomerically en-
riched variants of 2 could be used for the synthesis of
�all-carbon� prenylcysteine peptide analogs. Such
analogs, which should possess enhanced synthetic and
biological stability, may prove valuable biological
probes for other prenyl binding proteins, such as
RhoGDI27 and RabGDI.8,28
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Abstract—Bisaryl cyclic ureas have been identified as high affinity 5-HT2C receptor antagonists with selectivity over 5-HT2A and
5-HT2B. Compounds such as 8 and 22 have shown oral activity in a centrally mediated pharmacodynamic model of 5-HT2C


function in rodents.
� 2005 Elsevier Ltd. All rights reserved.

The 5-HT2 superfamily consists of three subtypes, name-
ly, 5HT2A, 5HT2B and 5HT2C. These have been grouped
together because of their close structure homology,
pharmacology and secondary messenger systems.1 The
5-HT2C receptors have long been implicated as potential
targets for the treatment of anxiety and depression.2


Hence, we have been interested in developing selective
5-HT2C ligands for such indications for several years.
We have disclosed a number of compounds which are
potent 5-HT2C ligands including a series of indolinyl
ureas. We developed the first selective 5-HT2C inverse
agonist 1 (SB-242084)3 and subsequently identified 2
(SB-243213)3 and 3 (SB-247853),4 which were both
progressed to clinical development. Although these
compounds had good profiles, they had poor solubility
(0.014 mg/mL in 0.1 N HCl for the monohydrochloride
salt of 3).

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


doi:10.1016/j.bmcl.2005.08.004


Keyword: 5-HT2C receptor antagonists.
* Corresponding author. Tel.: +44 1279 62767; e-mail:


Caroline_Goodacre@GSK.com

NN


N O


N
H


OCH3


R


N


N O


N
H


OCH3
N


F


F
F


1  R = Cl  (SB-242084)
2  R = CF3 (SB-243213)


3  SB-247853


More recently, we disclosed a series of indolinyl cinna-
mides5 such as 4, developed from a high throughput
screening hit. This cinnamide series contained a more
strongly basic centre to improve solubility but unfortu-
nately suffered from metabolic issues due to their poten-
tial to form glutathione conjugates.
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We have now derived a third series of highly potent
and selective 5-HT2C antagonists such as 8 and 22
by merging SAR from these previous two series. More
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importantly, these cyclic ureas show improved solubility
over the indolinyl ureas, greater metabolic stability than
the cinnamides and oral activity in a 5-HT2C centrally
mediated pharmacodynamic (PD) model.


N
NN


O


O


O


 8   R1 = 3,4 diCl
10  R1 = 3-F


R1

The final compounds were prepared according to
Schemes 1–3.6 Compounds 5–18 were obtained by
reacting the appropriately substituted aniline with 2-
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methanol, satd aq ammonium chloride solution, reflux, 2 h; (iii) ethyl brom


3-fluorophenylisocyanate, toluene, 85 �C, 10 h; (v) 10% Pd/C, H2, ethanol,


triphenylphosphine, DEAD, THF, RT, 24 h.

chloroethyl chloroformate followed by treatment with
potassium hydroxide to afford the aminoethanol.7


Mesylation of the alcohol and displacement with the
desired aniline gave the diamine. Subsequent cyclisa-
tion with phosgene gave the desired imidazolidin-2-
one core. When R2 was O-benzyl, unmasking the phe-
nol allowed alkylation to incorporate the amine moiety
as the last step (Scheme 1). Compounds 19 and 20
(Scheme 2) were prepared by alkylation of the phenol
with 1-(2-chloroethyl)piperdine and subsequent nitro
reduction to the aniline. Reductive amination with gly-
oxal 1,1-dimethyl acetal followed by reaction with the
suitably substituted isocyanate afforded the dime-
thoxy-ethyl urea, which when cyclised gave the 1,3-
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Table 1. The 5-HT2A/2B/2C receptor binding affinities,a selectivities over 5-HT2A and 5-HT2B and in vivo activitye of compounds 1–4, 1-[3-(2-


substituted)-4-methoxy-phenyl]-3-aryl-imidazolidin-2-ones 5–16, 22 and of 1-(3,4-dichloro-phenyl)-3-(6-substituted-pyridin-3-yl)-imidazolidin-2-


ones 17 and 18


NN


X
O


R1


R3


R2


Compound R1 R2 R3 X pKi 5-HT2C
b pKi (selectivity) % reversal at 2 he


5-HT2A
c 5HT2B


d


1 — — — — 9.0 6.8 (160) 7.0 (100) ID50 2.0
f


2 — — — — 9.0 6.8 (160) 7.0 (100) ID50 0.7


3 — — — — 9.3 6.2 (1300) 7.5 (60) ID50 1.0


4 — — — — 9.2 6.4 (630) 6.9 (200) 71


5 3CF3, 4Me
N


O


OMe C 8.7 6.4 (200) 7.1 (200) IAg


6 2Cl
N


O


OMe C 7.5 5.4 (130) <5.1 (>250) —


7 2,3-diCl
N


O


OMe C 8.0 5.8 (160) 5.9 (130) IA


8 3,4-diCl
N


O


OMe C 9.1 6.2 (790) 6.5 (400) 75%


9 H
N


O


OMe C 8.9 5.6 (2000) 5.9 (1000) IA


10 3F
N


O


OMe C 8.8 5.7 (1300) 6.3 (320) 7%


11 3F
N


O


O


OMe C 7.9 <5.2 (>500) 6.1 (60) 10%


12 3F N
O


OMe C 8.4 5.6 (630) 5.8 (400) 40%


13 3F OH
O OMe C 5.9 <5.0 (>8) 5.9 —


14 3,4-diCl
N


O


O


OMe C 8.5 <5.3 (>1600) 6.5 (100) 7%


15 3,4-diCl N
O


OMe C 8.9 6.3 (400) 6.3 (400) IA


16 3CF3, 4Me
N


O


O


OMe C 8.1 5.5 (400) 6.9 (16) IA


17 3,4-diCl H
N


O


N 7.6 6.0 (40) 6.8 (6) —


18 3,4-diCl H


N
O


N 6.4 <5.0 (>25) <5.2 (>16) —


22 3,5-diF
N


O


OMe C 9.0 <5.0 (>10,000) <5.3 (>5000) 40%


aAll values represent the mean of at least three determinations, with each determination lying within 0.3 log unit of the mean.
b Binding affinity (human cloned receptors; HEK 293 cells; [3H]mesulergine).3


c Binding affinity (human cloned receptors; HEK 293 cells; [3H]ketanserin).3


d Binding affinity (human cloned receptors; HEK 293 cells; [3H]5-HT).3


e Percentage reversal at 10 mg/kg po of mCPP (7 mg/kg ip administered 20 min pretest) induced hypolocomotion.
f Dose of compound required to reverse mCPP (7 mg/kg ip administered 30 min pretest) induced hypolocomotion by 50%.3


g IA, inactive.
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Table 2. The 5-HT2A/2B/2C receptor binding affinities,a selectivities over 5-HT2A and 5-HT2B, and in vivo activitye of [4-methoxy-3-(2-piperidin-1-yl-


ethoxy)-phenyl]-3-aryl-1,3-dihydro-imidazol-2-ones 19 and 20 and 3-(3-fluoro-phenyl)-1-[4-methoxy-3-(2-piperidin-1-yl-ethoxy)-phenyl]-imidazoli-


dine-2,4-dione 21
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Compound R1 X Y pKi 5-HT2C
b pKi (selectivity) % reversal at 2 he


5-HT2A
c 5-HT2B


d


19 3F CH@CH 8.2 <6.0 (>160) 5.7 (320) IA


20 3,5-diF CH@CH 8.1 <5.0 (>1250) <5.1 (>1000) —


21 3F CO–CH2 7.3 <5.0 (>200) <5.2(130) —


a–eSee corresponding footnotes in Table 1.
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dihydro-imidazol-2-ones (19, 20). Hydrogenation of 20
allowed the preparation of 22. Compound 21 (Scheme
3) was prepared by protection of the phenol, nitro
reduction and subsequent aniline alkylation with ethyl
bromoacetate. Treatment with 3-fluorophenyl isocya-
nate and heating yielded the imidazol-2,4-dione core.
Removal of the benzyl protecting group and alkylation
with 1-(2-chloroethyl)piperidine afforded the final
compound.


To investigate whether the SAR from the original urea
and cinnamide series could be transferred to the new
cyclic urea series, compounds 5 and 6 were prepared.
Although 5 maintained good 5-HT2C affinity with very
similar selectivity over 5-HT2B compared to 2 and
showed good solubility (0.82 mg/mL in 0.1 N HCl for
the oxalate salt), it was inactive in the rat hypolocomo-
tion model. In this centrally mediated PD model of 5-
HT2C function, the ability of compounds to block the
hypolocomotion in rats produced by a standard dose
of the moderatively selective 5-HT2C agonist meta
chlorophenylpiperazine (mCPP) was measured.2 In
contrast, the 2-Cl analogue 6 showed a significant
reduction in 5-HT2C affinity and proved 25-fold less
potent than the unsubstituted analogue 9. This prompt-
ed a further investigation of alternative aromatic sub-
stitution. Incorporation of an additional chlorine
substituent at the 3 position to give 7 gave some
improvement in 5-HT2C affinity. However, transposing
the unfavourable 2-Cl substituent to the 4 position
gave a highly potent and selective compound 8, which
showed significant activity in the rat hypolocomotion
model. In addition, the solubility of compound 8
(190 lg/mL in 0.1 N HCl for the hydrochloride salt)
was improved over the original urea 3. With the aim
of improving this further, the less lipophilic analogue
10 was targeted. Compound 10 also showed an excel-
lent binding profile, improved solubility (480 lg/mL
in 0.1 N HCl for the hydrochloride salt) although
much reduced activity in the PD model. Our attention
then moved to optimization of the basic amino group.
In comparison with the morpholine and dimethyl ami-
no compounds, the piperidine analogues showed the
best combination of 5-HT2C affinity with good selectiv-
ity over 5-HT2A and 5-HT2B. The morpholine ana-
logues consistently showed reduced 5-HT2B selectivity
particularly in compound 16. No direct correlation be-

tween 5-HT2C affinity and in vivo activity in the hypol-
ocomotion model was observed. However,
pharmacokinetic profiling in the rat revealed that
weakly active compounds 10 and 11 showed high in vi-
vo clearance (>120 mL/min/kg). In contrast, much low-
er clearance (45 mL/min/kg) was observed for
compound 8. Confirmation that a basic amine substitu-
ent was essential for 5-HT2C affinity in this series was
seen with compound 13. Compounds 17 and 18 incor-
porated additional aspects from the indolinyl ureas ser-
ies whilst maintaining the 3,4-diCl aromatic
substitution pattern. Changing the central aryl core
to a pyridine gave disappointing 5-HT2C binding affin-
ities so were not progressed to the hypolocomotion
model.


The effects of introducing unsaturation (19, 20) or an
additional carbonyl group (21) were also studied. Both
modifications resulted in lower 5-HT2C affinity though
selectivity over 5-HT2A and 5-HT2B was still achievable
(Table 2). Interestingly, compound 22 (Table 1)
obtained from the double bond reduction of 20 and
containing a 3,5 disubstituted phenyl combined high 5-
HT2C affinity, exceptional selectivity and activity in the
hypolocomotion model. Further modifications will be
reported in future publications.


In summary, a series of cyclic urea analogues has been
prepared with excellent 5-HT2C affinity and selectivity
over 5-HT2A and 5-HT2B. This series has been shown
to be selective against a range of other 5-HT and dopa-
minergic receptor subtypes and antagonist activity at
5-HT2C has been confirmed in a functional assay. Im-
proved solubility over the indolinyl urea 3 has also been
achieved along with improved metabolic stability over
the indolinyl cinnamide 4. Compounds 8, 12 and 22
have also shown significant oral activity in the rat hypol-
ocomotion model.
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Abstract—Extracts of Laetia procera (Flacourtiaceae) displayed significant in vitro activity against Plasmodium falciparum. P. fal-
ciparum bioassay guided fractionation of a trunk bark extract of this plant led to the isolation of six clerodane diterpenoids (1–6)
and a butanolide (7). Five of these compounds are new and called Laetiaprocerine A–D (3–6) and Laetianolide A (7). Their struc-
tures were established on the basis of 1D and 2D NMR experiments. Absolute configurations of 1 and 2 were determined by a mod-
ified Mosher�s method and the absolute configuration of 5 by chemical correlation. The clerodane diterpenoids displayed activities
against P. falciparum with an IC50 down to 0.5 lM on FCb1 and F32 strains, and also cytotoxicity toward human tumor cell line
MCF7. The most active compound showed a selectivity index of 6.8. Some of these compounds also displayed activities against
Leishmania amazonensis amastigote axenic stages and promastigote.
� 2005 Elsevier Ltd. All rights reserved.
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During our search for new bioactive agents from the
biodiversity of French Guiana, extracts of Laetia pro-
cera (Poepp.) Eichler (Flacourtiaceae) showed signifi-
cant activity on Plasmodium falciparum screening
in vitro. P. falciparum bioguided fractionation allowed
six clerodane diterpenes (compounds 1–6) and a new
butanolide 7 (Fig. 1) to be isolated. Four of the clero-
dane diterpenoids are new (3–6). Such terpenoids have
been found previously in the leaves of Laetia procera
and in the fruits of Laetia corymbosa.1,2 The genus
Casearia (Flacourtiaceae) has also been widely studied
for the isolation of clerodane diterpenoids.3,4 Similar
compounds have been reported in Bucida bucera (Com-
bretaceae) and Licania intrapetiolaris (Chrysobalana-
ceae).5,6 The biological activities displayed by these
products are mostly in vitro cytotoxicity on various
tumor cell lines.7–10 Some of them are active on Sarcoma
180 ascites in mice.11 They also show immunomodulato-
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Figure 1. Compounds isolated from Laetia procera.



mailto:jullian@cict.fr





5066 V. Jullian et al. / Bioorg. Med. Chem. Lett. 15 (2005) 5065–5070

ry properties and trypanocidal activity.12,13 Recently,
antiplasmodial activity and a moderate activity against
Mycobacterium tuberculosis have been reported.3 We be-
lieve that the present work is the first report of the
antileishmanial activity of such compounds.


The trunk barks were collected in French Guiana, in
the Saint Elie tropical rain forest. This sampling spot
is a permanent investigation area containing up to 800
identified trees. The systematic identification of the
trees was performed at the IRD herbarium in Cayenne
where a voucher sample is deposited (Accessing No.
Prévost 1120).14


Powdered trunk bark of L. procera was subjected to suc-
cessive extractions with solvents of increasing polarity
(cyclohexane, dichloromethane, ethyl acetate, and meth-
anol). The highest antiplasmodial activity was found for
the cyclohexane fraction. This extract was fractionated
by flash chromatography on silica gel using dichloro-
methane containing increasing amounts of methanol
(0% to 10%). The antiplasmodial activity was concen-
trated in the fraction eluted with 1% to 3% of methanol.
Further fractionation by successive flash chromatogra-
phy on silica gel led to the isolation of the pure com-
pounds Casearlucine A 1 and Caseamembrol A 2.
NMR and mass spectral data of compounds 1 and 2
were identical to those previously reported for

Table 1. 1H NMR data of 1–6a


Protons 1 2 3


1a 1.92 m 1.70 m 1.93 m


1b 1.92 m 2.19 m 1.93 m


2 5.46 m 5.63 m 5.46 m


3 6.02 dd 4.3–1.6 5.91 br s 5.96 dd 4.3–1.6


6 3.82 m 4.03 dd 12.0–3.7 3.33 dd 12.4–2.8


7a 1.63 m 1.65 m 1.46 q 12.8


7b 1.77 m 1.81 m 1.90 d 14.2


8 1.79 m 1.88 m 1.72 m


10 2.39 t 8.5 2.41 m 2.40 dd 9.5–7.5


11a 1.70 m 1.68 m 1.70 d 16.4


11b 2.25 dd 16.9–8.3 2.25 dd 17.4–8.5 2.25 dd 16.8–8.6


12 5.39 m 5.39 m 5.40 m


14 6.28 dd 17.3–10.7 6.33 dd 17.4–10.6 6.28 dd 17.4–10.


15a 4.95 d 10.7 4.97 d 10.6 4.94 d 10.6


15b 5.12 d 17.3 5.12 d 17.4 5.11 d 17.3


16 1.63 s 1.68 s 1.68 s


17 0.95 d 6.7 0.96 d 7.5 0.97 d 6.4


18 6.75 br s 6.72 br s 6.67 br s


19 6.53 s 6.49 s 6.5 s


20 0.83 s 0.87 s 0.82 s


2 0 2.49 m 2.41 m 2.49 m


3 0a 1.59 m 1.53 m 1.57 m


3 0b 1.72 m 1.72 m 1.72 m


4 0 0.99 t 7.3 0.95 t 7.5 0.99 t 7.4


5 0 1.20 d 6.9 1.18 d 7.0 1.20 d 6.96


Me-18 2.10 s 2.12 s 2.11 s


Me-19 1.95 s 1.97 s 1.95 s


200


300


400


500


OCH3 3.32 s


a All spectra were recorded in CDCl3, 500 MHz.

Casearlucine A (or Bucidarasin B) and Caseamembrol
A,9,5,10 although compound 2 displayed a significantly
higher optical rotation than the value reported for Case-
amembrol A (reported for Casearmembrol A: [a]D �8.3�
(c 0.38, MeOH), found for 2: [a]D �61� (c 0.40, MeOH)).
Laetiaprocerines A–D and Laetianolide A were ob-
tained by further purification on reversed-phase semi-
preparative HPLC.15


The structures of Laetiaprocerines A-D were determined
by careful analysis of their NMR data, which are sum-
marized in Tables 1 and 2. Laetiaprocerine C 5
(C36H46O9, HRTOFESIMS) displayed 1H and 13C spec-
tra similar to those of the known Casearlucine A 1, but
showed additional signals assigned to a benzoic ester
moiety. NMR data of 5 could be fully assigned as fol-
lows: the COSY spectrum allowed us to assign the two
H7 (1.75 and 1.98 ppm) through their correlation with
H6 (5.21 ppm). The signal at 1.98 ppm also showed a
strong COSY correlation with a methyl doublet at
0.97 ppm. The H7 signal at 1.75 ppm only showed a
COSY correlation with its vicinal proton at 1.98 ppm.
The proton signal of H8 overlapped with H7 at
1.98 ppm: the HSQC spectra showed that the signal at
1.98 ppm correlated with C7 at 33.0 ppm and also with
a carbon at 36.2 ppm, which could be assigned to C8.
This was confirmed by the HMBC correlations of the
signal at 36.2 ppm with the methyl doublet at

4 5 6


1.99 m 2.01 m 1.83 m


2.12 m 2.1 m 1.94 br d 15.2


5.48 m 5.48 m 5.53 m


6.01 br d 4.3 6.02 br d 4.3 6.87 m


5.21 dd 12.1–4.0 5.21 dd 12.7–3.8 3.39 m


1.75 m 1.75 m 1.77 m


1.99 m 1.98 m 2.05 m


1.98 m 1.97 m 1.73 m


2.51 dd 13.5–3.2 2.52 dd 14.3–7.2 2.49 dd 10.2–3.2


1.81 d 17.2 1.81 d 17.8 1.76 m


2.31 dd 17.2–8.0 2.31 dd 17.5–7.8 2.27 dd 15.8–9.0


5.44 m 5.43 m 5.31 m


7 6.33 dd 17.3–10.7 6.33 dd 17.3–10.7 6.39 dd 17.4–10.6


4.98 d 10.7 4.98 d 10.7 4.95 d 10.6


5.14 d 17.3 5.14 d 17.4 5.09 d 17.5


1.71 s 1.71 s 1.73 s


0.98 d 6.7 0.97 d 6.6 1.02 d 6.9


6.56 br s 6.56 br s 9.38 s


6.81 s 6.81 s 10.42 s


0.87 s 0.89 s 0.85 s


2.67 sept 7.0 2.50 m 2.46 m


1.24 d 6.9 1.59 m 1.53 m


1.73 m 1.70 m


1.00 t 7.4 0.94 t 7.4


1.25 d 6.9 1.21 d 7.0 1.17 d 6.9


2.08 s 2.07 s


2.06 s 2.00 s


8.15 br d 8.2 8.15 br d 8.2


7.48 m 7.48 m


7.59 m 7.59 m


3.31 s







Table 2. 13C NMR data of 1–6a


Carbonb 1 2 3 4 5 6


1 26.7 26.1 26.9 26.7 26.6 25.8


2 66.2 70.4 66.1 65.8 65.9 64.7


3 121.8 124.3 121.2 123.2 123.2 140.2


4 145.3 144.2 146.1 144.1 144.3 148.7


5 53.5 53.5 52.9 51.9 51.9 55.1


6 72.8 74.1 81.7 74.5 74.5 81.5


7 37.3 37.7 31.3 33.0 33.0 31.9


8 36.8 36.8 36.2 36.1 36.2 35.6


9 37.6 38.4 37.7 37.5 37.6 39.0


10 36.8 41.4 36.7 37.3 37.3 40.0


11 30.3 30.0 30.2 30.3 30.3 31.3


12 129.0 128.7 129.3 128.9 128.9 126.7


13 135.7 135.9 135.5 135.8 135.9 136.6


14 141.2 141.1 141.3 141.2 141.2 141.6


15 111.0 111.1 110.9 111.2 111.2 110.7


16 11.9 12.0 11.9 12.0 12.0 12.3


17 15.5 15.6 15.7 15.4 15.4 15.7


18 95.6 95.1 96.2 95.3 95.3 191.2


19 97.0 96.6 97.5 97.5 97.5 202.2


20 24.9 25.0 25.1 25.1 25.0 25.2


1 0 175.9 176.5 176.0 176.3 175.8 176.0


2 0 41.1 41.1 41.1 34.0 41.1 40.9


3 0 26.9 26.8 27.1 18.7 27.0 27.0


4 0 11.6 11.7 11.6 11.7 11.6


5 0 16.6 16.5 16.6 19.1 16.6 16.3


OCO18 170.1 170.2 170.3 170.0 170.0


MeCO18 21.2 21.2 21.3 21.1 21.1


OCO19 169.4 169.5 169.5 169.6 169.5


MeCO19 21.5 21.6 21.7 21.7 21.7


100 165.7 165.7


200 129.4 129.5


300 129.9 129.9


400 133.5 133.5


500 133.5 133.5


OCH3 57.5 57.2


a All spectra were recorded in CDCl3, 125 MHz.
b The Jmod experiment allowed us to distinguish between CH2/C and CH3/CH.
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0.97 ppm and a methyl singlet at 0.89 ppm. So we as-
signed H8 and C8 (1.98–36.2 ppm), and H17 and C17


(0.97–15.4 ppm). The methyl singlet at 0.89 ppm (carbon
at 25.0 ppm) showed HMBC correlations with C7, C8


and signals at 37.3, and/or 37.6 ppm: it could therefore
be assigned as H20, the signal at 37.6 ppm being C9.
The conjugated double bond system could be unambig-
uously identified with COSY correlations (between H15a,
H15b, and H14), HMBC correlations (C14/H16–C14/H12–
C13/H15–C13/H16–C13/H11), and NOESY correlations
(H15b/H16–H15a/H14–H14/H12–H11/H16). Proton H11


(2.31 ppm) showed HMBC correlations with 25.0,
36.2 ppm (C8), 37.3 and/or 37.6 ppm, which confirmed
the assignment of H20 and C20 (0.89–25.0 ppm), and
C9 (37.6 ppm). The carbon at 37.3 ppm bore a proton
at 2.52 ppm, which showed HMBC correlations with
C11, C8, C9, and C6. Signals at 2.52–37.3 ppm could be
therefore assigned as H10–C10. Other HMBC correla-
tions of H10 with carbons at 26.6, 51.9, 65.9, and
97.5 ppm allowed us to assign these signals to C1–C5–
C2–C19, respectively. This assignment was confirmed
by the COSY (H10/H1a–H10/H1b– H2/H1a–H2/H1b) and
the HMBC (C5/H6–C5/H19) correlations. An ethylenic
proton at 6.02 ppm displayed HMBC correlations with
C1 and C5. Proton H2 also showed COSY correlation

with this ethylenic proton allowing us to assign H3


and C3 (6.02–123.2 ppm). HMBC correlations of H3


with signal at 95.3 ppm and of H2 with signals at
144.3 and 175.8 ppm allowed us to assign H18 and C18


(6.56–95.3 ppm), C4 (144.3 ppm), and the carbonyl C10


(175.8 ppm). The secondary butyl side chain was as-
signed thanks to the HMBC ðC2=H20–C2=H30a–C2=
H30b–C2=H50 Þ and the COSY data ðH20=H50–H20=
H30a–H20=H30b–H40=H30a–H40=H30bÞ. HMBC correlation
of H6 with 165.7 ppm showed that C6 bears an ester
(C100 at 165.7 ppm). HMBC correlations of the aromatic
signals at 7.48 ppm and 8.16 ppm with this carbonyl
indicated that it belongs to a benzoic ester. HMBC
and COSY spectra also allowed the assignment of these
aromatic signals. H19 showed HMBC correlation with
the carbon at 169.5 ppm (OCO19) and the methyl carbon
at 21.7 ppm (Me-19). H18 showed HMBC correlation
with the carbon at 170.0 ppm (OCO18) and the methyl
at 21.1 ppm (Me-18). All these data allowed us to assign
the structure 5 to this new compound, Laetiaprocerine
C.


Laetiaprocerine A 3 (C30H44O8, HRTOFESIMS) dif-
fered from Casearlucine A 1 by an additional methyl
(3.32 ppm; 57.5 ppm). These data indicated that 3 bears







5068 V. Jullian et al. / Bioorg. Med. Chem. Lett. 15 (2005) 5065–5070

a methoxy group. The chemical shifts of C6 and H6 in
compound 3 indicated that this methoxy group is on
C6. This hypothesis was fully supported by the 2D
NMR spectral analysis of compound 3. Laetiaprocerine
D 6 (C26H38O5, HRTOFESIMS) and Laetiaprocerine A
3 displayed similar NMR data although signals of ace-
tate and methyldioxy groups disappeared and were re-
placed by two aldehyde groups on C18 and C19. Other
2D NMR were in agreement with the structure 6 pro-
posed for this new compound. Laetiaprocerine B 4
(C35H44O9, HRTOFESIMS) was close to compound 5:
it showed an additional methyl signal (1.24 ppm, d,
J = 6.9 Hz), but also absence of the methyl triplet
(1.0 ppm) and of the methylene multiplets (1.59 and
1.73 ppm) observed in 5. These data suggest that 4 bears
an isobutanoyloxy moiety instead of a 2-methylbuta-
noyloxy group. The location of this group at C2 was
indicated by the HMBC correlations ðH2=C10–H20=
C10–H30=C1Þ.


The relative stereochemistry of the new clerodane dit-
erpenoids 3–6 was determined by a NOESY experiment.
The configuration of the double bond between C12 and
C13 was the same for all clerodane diterpenoids de-
scribed in this paper: a strong NOE effect between H12


and H14 indicated an E configuration. Laetiaprocerine
A 3 (Fig. 2): NOE effects between H10 and H20, and
H10 and H12 indicated that H10 is equatorial for the A
ring. Therefore, the junction between C10 and C1 is axi-
al, and a NOE effect between H1 and H20 indicated an
equatorial position for C20. NOE effect between H11


and H17 showed an equatorial position for C17, and cou-
pling constants are those of an axial H6. If the C1–C10


bond is axial, then the C5–C4 bond should be equatorial,
and C5–C18 is axial, anti to H6. This was confirmed by
the NOE effect between H11 and H19. The assignment
of the stereochemistry at C2 was made difficult by the
overlapping of the signals of the two H1, and the lack
of significant NOE effect for H2. However, H2 and C2


displayed the same chemical shifts in compounds 3
and 1, and were different from those of compound 2.
So we assumed that the relative stereochemistry at C2


was the same in both compounds 3 and 1. Laetiaprocer-
ine B 4 and Laetiaprocerine C 5 showed an ambiguous
NOE effect between H1 and H20. However, the axial po-
sition of the unsaturated side chain at C9 could be de-
duced from the NOE effect between H11 and H19. One
H1 correlated with the axial H6 and H2 indicating the
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Figure 2. Key NOESY for Laetiaprocerine A.

same stereochemistry at C2 as in compound 1. Laetia-
procerine D 6 showed NOESY correlations allowing ste-
reochemistry assignment at C2: there was a NOE effect
between H1a and H6, so H6 is axial (this was not obvious
from the coupling constants) and ring B could be con-
sidered as a pseudo chair. Both H1 showed NOESY cor-
relation with H2, which could therefore be assigned as
pseudo equatorial. The other NOE effects of 6 were
comparable to those of 3.


We also tried to determine the absolute configuration of
Casearlucine A 1 and Caseamembrol A 2, which re-
mained unknown. We used the modified Mosher�s ester
method described by Latypov et al.16 and previously
used by Prakash et al. on similar clerodane diterpe-
noids.9 Acylation of 1 and 2 with (R)-MPA yielded the
R-diesters 1R and 2R, and acylation with (S)-MPA gave
the S-diesters 1S and 2S. The DdRS obtained are summa-
rized in Table 3. The results were similar to those ob-
tained by Prakash et al. especially for H18, but we
disagree with their conclusions on the R absolute config-
uration at C6. On the molecular models of 1R and 1S,
when the aryl ester moiety adopts the conformation de-
scribed in the literature as the most stable,16 H18 should
be shielded in compound 1S only if C6 is S (Fig. 3). This
absolute stereochemistry obtained for Casearlucine A
and Caseamembrol A is identical to that obtained by
Beutler et al. by X-ray crystallography (anomalous dis-
persion) for a similar clerodane diterpenoid, Casearbo-
rin E.7 It is also identical to that obtained for Casearin
C by chemical derivatization and circular dichroism
spectroscopy by Itokawa et al.11 This experiment con-
firmed that H6 was axial on 1: the coupling constants
for H6 on 1R and 1S were clearly those of an axial pro-
ton, which was not obvious on the 1H NMR of 1. More-
over, the 1H NMR spectrum of each of the four
acylation reaction crude extracts showed only one dia-
stereoisomer, which tended to prove that 1 and 2 were
optically pure. The absolute stereochemistry of Laetia-
procerine C 5 was determined by chemical correlation:
benzoylation of 1 gave a compound identical to 5
(TLC, 1H NMR, optical rotation) and thus both com-
pounds have the same absolute configuration.


The structure of the new butanolide 7 (C21H38O3,
HREIMS) was established as follows. Spectral data
of this compound were compared to those of the
(2R,3S,4S)-3-hydroxy-4-methyl-2-(1 0-n-hexadec-7 0(Z)-
enyl)butanolide isolated from Trichilia claussenii.17 1H,
13C NMR spectra were slightly different, and NMR
signal assignment was made as follows: signals at
2.55, 4.20, and 4.65 ppm showed HMBC correlation
with the carbonyl at 177.7 ppm. On the COSY

Table 3. d and DdRS values for the (R) and (S) MPA esters 1R, 1S, 2R


and 2Sa


d 1R d 1S DdRS1 d 2R d 2S DdRS2


H18 6.59 6.00 0.59 6.57 6.02 0.55


H19 6.48 6.59 �0.11 6.42 6.55 �0.13


H3 6.01 5.83 0.18 5.90 5.73 0.17


H2 5.44 5.35 0.09 5.60 5.54 0.06


a All spectra were recorded in CDCl3, 250 MHz.
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Figure 3. Comparison of shielding effect on H18 for (6S)-1S and (6R)-1S (partial structures).
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spectrum, the signal at 4.20 ppm correlated with
2.55 ppm and 4.65 ppm. The signal at 4.65 ppm also
correlated with a methyl doublet at 1.42 ppm. Signals
at 2.55, 4.20, 4.65, and 1.42 ppm could be assigned to
H2, H3, H4, and Me-4, respectively. H2 correlated with
signals at 1.58 and 1.75 ppm, carried by a carbon at
28.6 ppm assigned to H10 and C10 . This carbon is the
first of an unsaturated fatty side chain. The position
of the double bond on the chain was given by DMDS
derivatization.18 EI mass spectrum of the DMDS ad-
duct gave a molecular pic at 432, and two fragment
ions at 259 and 173. The coupling constant (10.8 Hz)
between the two ethylenic protons was measured, while
the allylic proton signal at 2.03 ppm was suppressed by
irradiation, thus allowing us to assign the Z configura-
tion for this double bond. The relative stereochemistry
of the lactone ring was found by applying the rule de-
scribed by Chaves and Roque:19 C10 around 27 ppm
indicated a fatty side chain trans to the hydroxyl at
C3, and CMe-4 around 13 ppm indicated a methyl cis
to the the same hydroxyl. This was confirmed by the
NOESY spectrum, indicating NOE effects between
Me-4 and H2, H3 and H4, and H3 and H10 .

Table 4. Biological activities (lM) of the clerodane diterpenoids 1–6 and th


P. falciparum L


F-32 (2)b FcB1 (3) Axenic amastigote


1 0.62 ± 0.03c 0.54 ± 0.05 5.98 ± 6.8


2 0.57 ± 0.04 0.59 ± 0.02 10.5 ± 0.4


3 0.58 ± 0.03 0.66 ± 0.08 47.4 ± 29.8


4 4.44 ± 0.46 6.08 ± 1.46 > 200


5 4.66 ± 0.23 5.35 ± 0.94 > 200


6 6.04 ± 0.66 3.79 ± 0.71 30.3 ± 0.5


7 57.6 ± 10.4 27.5 ± 4.51 129 ± 7.1


CQd 60 · 10�3 145 · 10�3 ND


AmBe ND ND 0.3


Doxf ND ND ND


aCAR cytotoxic/antiplasmodial (FcB1) ratio.
b Number of independent experiments.
cMeans ± SD.
d CQ, chloroquine; positive control for P. falciparum inhibition.
e AmB, amphotericin B; positive control for Leishmania inhibition.
f Dox, doxorubicin; positive control for MCF7 inhibition.

The clerodane diterpenoids exhibited mild antiplasmo-
dial, leishmanicidal and cytotoxic activities when tested
in vitro and the butanolide could be considered as inac-
tive (Table 4).20 Our compounds displayed antimalarial
and cytotoxic activities close to activities previously
reported for similar compounds.3,5 Compounds 1, 2,
and 3 were more active than 4, 5, and 6, so bulky substit-
uents on C6, and the hydrolysis of the diacetal lowered
biological activity. The effect of bulky substituents on
C6 was striking for the leishmanicidal activity: the most
efficient compounds against L. amanozensis (IC50 around
10 lM) were 1 and 2, while 4 and 5were inactive. In com-
pounds 4 and 5, the benzoic ester at C6 led to steric hin-
drance around C18 and C19 which are two electrophilic
centers. Therefore, nucleophilic attack on C18 or C19


might be responsible for the antileishmanial activity of
such compounds. The antiplasmodial activities of the
diastereoisomers 1 and 2 were equivalent and similar to
that of 3, while the latter was less cytotoxic. The ether
substitution on C6 could explain this difference. Howev-
er, none of these compounds seemed to have specific
antiparasitic activity, but they should be good candidates
for further investigation as cytotoxic agents.

e butanolide 720


. amazonensis Human cells CARa


s (2) Promastigotes (2) MCF7 (3)


11.1 ± 0.2 1.54 ± 0.88 2.2


11.0 ± 0.2 0.85 ± 0.21 1.3


10.9 ± 0.1 4.38 ± 0.29 6.8


> 200 17.8 ± 1.71 3.1


> 200 27.3 ± 4.25 4.6


50.9 ± 37.6 9.60 ± 2.16 2.7


111 ± 34.7 65.9 ± 32.4 2.1


ND ND ND


0.3 ND ND


ND 0.4 ND
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Abstract—Excitatory amino acid transporters (EAATs) play a pivotal role in maintaining glutamate homeostasis in the mammalian
central nervous system, with the EAAT-2 subtype thought to be responsible for the bulk of the glutamate uptake in forebrain
regions. A complete elucidation of the functional role of EAAT-2 has been hampered by the lack of potent and selective pharma-
cological tools. In this study, we describe the synthesis and biological activities of novel aryl-ether, biaryl-, and fluorene-aspartic acid
and diaminopropionic acid analogs as potent inhibitors of EAAT-2. Compound (16) represents one of the most potent
(IC50 = 85 ± 5 nM) and selective inhibitors of EAAT-2 identified to date.
� 2005 Elsevier Ltd. All rights reserved.

It is widely believed that the dysfunction of glutamate
transmission participates in the etiology of a number of
neurodegenerative and neuropsychiatric disorders and
diseases. In the mammalian central nervous system, the
excitatory amino acid transporter (EAAT) family of pro-
teins is responsible for the high-affinity sodium-depen-
dent uptake of glutamate into both astroglial cells and
neurons. Normal EAAT function is required both for
the efficient termination of glutamatergic neurotransmis-
sion and clearance of glutamate from the synaptic cleft,
thereby preventing excitotoxicity. Among the five recent-
ly identified subtypes of excitatory aminoacid transport-
ers (EAAT-1–5), three of them (EAAT-1/GLAST,
EAAT-2/GLT-1, and EAAT-3/EAAC1) are involved in
synaptic glutamate homeostasis. Further classification
distinguishes neuronal transporter EAAT-3 from glial
transporters EAAT-1 and EAAT-2, with the latter being
the major contributor to glutamate uptake1 from the
synapse.
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An ever-growing interest in the area led to the discovery
of several classes of restricted glutamate analogs as
inhibitors of EAATs (pyrolidine dicarboxylates,2


aminocyclobutane dicarboxylates,3 and carboxycyclo-
propyl glycines4). Many of these relatively compact mol-
ecules act as competitive (transportable) substrates
inducing transport currents and heteroexchange. A close
structural similarity of these earlier series with glutamate
presents a plausible explanation for the poor selectivity
across EAAT subtypes and substantial affinity to other
glutamate receptors (mGluRs and iGluRs). Finally,
their use as pharmacological tools is also affected by
modest micromolar potency and poor physico-chemical
properties. While more recently designed non-transport-
able ligands, such as dl-threo-b-hydroxyaspartate and its
benzylated derivative (TBOA),5 and the novel heptane
dicarboxylate-3-amino-tricyclo[2.2.1.02.6]heptane-1,3-di-
carboxylic acid6 offered improved potency, they still fall
short of being ideal tool molecules. The latest generation
of TBOA-based analogs delivers nanomolar potent
EAAT-2 inhibitors (measured in transfected MDCK
cells), with the most selective agent PMB-TBOA ((2S,
3(S)-3-[3-(4-methoxybenzoylamino)benzyloxy]aspartate)7


exhibiting a 39-fold selectivity over EAAT-3. Manifest-
ing a notably better profile, this series still leaves room
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Figure 1. Typical side products of aspartamide synthesis.
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for improvement in selectivity and physico-chemical
properties.


In this study, we present the synthesis and structure–ac-
tivity studies of a structurally distinct series possessing
high potency and selectivity in HEK cell lines together
with a potentially promising overall biopharmacological
profile. Focusing on creating sufficient structural dissim-
ilarity with glutamate and improvement of pharmaco-
logical characteristics, we constructed variable
lipophilic structural fragments with the terminal car-
boxy- and amino-groups of aspartic and 2,3-diamino-
propionic acid correspondingly. In comparison with
TBOA series,7 these inhibitors possess only one chiral
center and a free carboxylic acid group, potentially sim-
plifying the syntheses and improving physico-chemical
properties.
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Scheme 2. Syntheses of the analogs with highly functionalized cores. Reage


SnCl2, EtOH, 80 �C, (iii) N-Boc-LL-aspartic acid-a-benzyl ester, 1-[3-dimethyl


(TFA), CH2Cl2, 2. CuSO4, EtOH, 40 �C, (v) Pd(OAc)2/Na2CO3/DMA, 120


ester, 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride, CH2


CH2Cl2, (ix) LiBH4, E2O, (x) Pd(OAc)2, Tol3P, arylboronic acid, dioxane, (xi


LL-aspartic acid-a-benzyl ester, 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimi


acid (TFA), CH2Cl2.

The general synthetic routes, leading to aspartate and
2,3-diaminopropionate analogs, are shown in Scheme
1. As outlined in Scheme 1, aspartic acid analogs 1–16
were synthesized through standard carbodiimide-medi-
ated coupling between an amine and an appropriately
protected aspartic acid. It is worth mentioning that step
(ii) in Scheme 1 proved to be challenging in the synthesis
of aspartamides. For example, basic hydrolysis or even
exposure of the coupled protected material to elevated
temperatures led to the contamination of the target
materials with the product of intramolecular cyclization
(1) and its subsequent non-selective opening (2) (Fig. 1).
Hydrogenolysis with vigorous stirring at elevated pres-
sure (50 psi) or Cu2+-mediated debenzylation8 (step
(ii) in Scheme 1, and steps (iv) and (viii) in Scheme 2)
allowed us to overcome these difficulties.


Diaminopropionic acid analogs were prepared via
in situ formation of hydroxysuccinimide ester with the
appropriate aryl carboxylic acid, followed by coupling
with diaminopropionic acid.9 To simplify isolation and
purification of the intermediate, the crude material was
subjected to esterification with trimethylsilyl diazome-
thane. Final hydrolysis of a methyl ester with diluted
(1 N) sodium hydroxide and removal of Boc-group with
TFA afforded analogs 17–28.
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de hydrochloride, CH2Cl2, 2. H2/Pd on carbon, 50 psi, 3. trifluoroacetic







Table 1. The inhibitory properties of aspartamides and diaminoprop-


ionic acid analogs


H
N


O


O


OH


NH2


Ar


Inhibition (IC50, lM)a EAAT-3 EAAT-1 EAAT-2


1


CH3


10 2 0.1


2


CH3


0.6 0.3 0.2


3


F
Cl


0.3 0.2 0.6


4


CF3


CH3
0.14 0.13 0.1


5


Cl
CF3F


0.6 0.4 0.2


6


CH3


Cl


F


1 3 0.5


7


CH3


F3C 5.6 6 0.7


8 F 0.05 0.1 0.08


9 Cl 0.2 0.15 0.1


10 Br 0.65 0.3 0.2


11


Cl


Cl


0.45 0.2 0.3


12 F3C 2.4 3.8 0.1


13
O


F


F 1.8 1 0.5


14


O


N
CH3


1 0.7 0.3


15
F


F O
14.5 2.9 0.13


16
O


BrF


F
3.8 5 0.08


17 1 2 0.7


18


CF3


0.5 0.1 0.06*


(continued on next page)


Table 1 (continued)


Inhibition (IC50, lM)a EAAT-3 EAAT-1 EAAT-2


19


CF3


CH3 0.6 1 0.4


20


F3C
CH3


3 20 0.3


21


Cl CH3


1.5 2 0.2


22
Cl CH3


Cl


0.85 0.7 0.1


23
F


CF3


F
F


F 5 6 1


24


CF3


CH3


9 63 67


25 3 100 0.3


26 9 22 1


27 0.42 0.3 0.7


28
O


2 3 13


a Concentration required to inhibit glutamate uptake in HEK cells by


50%. The error margin is ±10%.
* IC50 6 10 nM in MDCK cell line.
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Examples of the synthesis of the targets with highly elab-
orated lipophilic cores are shown in Scheme 2. Yields
usually ranged from good to excellent (40–90%). The
structural integrity of the analogs was confirmed by tra-
ditional analytical techniques (NMR, MS, CHN, and
IR).


It is noteworthy that among the plethora of nitro-group
reduction methods, only SnCl2 in ethanol10 (step (ii) in
Scheme 2) showed excellent regioselectivity preserving
the bromine atom intact. A potentially problematic
Pd-catalyzed formation of dibenzofuran11 (v) and
polyphosphoric acid mediated cyclization of biaryl
methanols into corresponding fluorenes12 (xi), both
requiring strenuous conditions (110–120 �C), took place
without major complications, routinely providing prod-
ucts with satisfactory yield (40–70%).


The EAAT inhibitory properties of compounds, pre-
pared in the course of the study, are shown in Table 1.


The compounds under study were tested in a HEK cell
line expressing each of the human transporter subtypes







Table 2. Pharmacological profile of bromo-ether 16


System HEK Oocytes Synaptosomes mGluR iGluR


Inhibition (IC50, nM) 85 ± 5 130 ± 1 35 ± 7 No effect No effect
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EAAT-1–3.13 Compound 18 was also tested for its
EAAT-2 uptake inhibitory effect on MDCK cells in an
effort to benchmark its potency with TBOA series.7 It
showed potent inhibition of EAAT-2 uptake with an
IC50 < 10 nM, which is comparable with the best TBOA
analogs reported to date.


Overall, both aspartamide and diaminopropionamide
series routinely elicited high EAAT-2 inhibitory potency
in HEK cells with an IC50 < 100 nM (3, 8, 16, and 18).
Linear arrangement of amino acid fragment with respect
to distal aromatic ring is a prerequisite for potency in
diaminopropionamide series (weakly active 24). The
selectivity proved to be an elusive and complex issue.
As exemplified by compounds 26, 27, and 28, breaking
of aryl–aryl bond with concomitant loss of rigidity did
not deteriorate EAAT-2 inhibition but gave rise to some
selectivity (10- to 20-fold) versus EAAT-1 and EAAT-3.
On the other hand, fluorenone 28, not only lost EAAT-2
potency, but also reversed the sense of inhibitory prefer-
ence. The best results achieved in diaminopropionamide
series are represented by analogs 20 and 25. Possessing
significant EAAT-2 potency, they also showed excellent
separation for EAAT-1 (60- to 300-fold) and a moderate
one for EAAT-3 (�10-fold). Linear, in respect to amino
acid residue, arrangement in biaryl analogs, while lack-
ing selectivity, revealed a uniformly high blocking poten-
cy against EAAT-2 transporter in both series
(aspartamides- and diaminopropionamides). Planarity
derived from the conversion of biaryls into fluorenes
(8–12, 27) did not affect the properties, leaving them po-
tent non-selective inhibitors (with the exception of 12) of
EAAT-2 transporter. On the other hand, perturbations
in the proximity of aryl–aryl linkage in some cases (1,
20–22) produced the desired selectivity trend. Our at-
tempts to exploit these results led to the synthesis and
evaluation of the ethers 13–16. While potent EAAT-2
blockers dibenzofuran 13 and phenoxazine 14 showed
no selectivity, less rigid ethers 15 and, especially, 16
showed both increased potency and desired inhibitory
preference. In addition to being the most potent com-
pound, bromo-ether 16 (EAAT-2 IC50 � 85 nM) was
the most selective with 59- and 45-fold selectivity over
EAAT-1 and EAAT-3, respectively. Because of superior
combination of potency and selectivity, the compound
16 was fully characterized pharmacologically. It showed
high potency in rat cortical synaptosomes and EAAT-2
expressing oocytes (Table 2). In addition, the compound
did not show cross-receptor reactivity (failed to activate
both ionotropic and metabotropic glutamate receptors)
and proved to be a competitive non-substrate inhibitor
of EAAT-2 (by failure to activate transporter-like cur-
rent when applied to oocytes expressing EAAT-1–3
transporters14).


In conclusion, we have designed and characterized a novel
series of EAAT-blockers, exemplified by 16 (N4-[4-(2-

bromo-4,5-difluorophenoxy)phenyl]-LL-asparagine)—a
potent, selective, competitive non-substrate inhibitor of
EAAT-2. As one of the most potent and selective
EAAT-2 inhibitors identified to date, compound 16 repre-
sents a unique addition to the arsenal of pharmacological
toolswhich can beused to elucidate further the role of spe-
cific EAAT subtypes and to improve our understanding
of hyperglutamatergic and neurodegenerative disorders.
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Abstract—Structure–activity relationship studies on the phenyl ring of 3-(5-pyridin-2-yl-2H-tetrazol-2-yl)benzonitrile 2 led to the
discovery that small, non-hydrogen bond donor substituents at the 3-position led to a substantial increase in in vitro potency. In
particular, 3-fluoro-5-(5-pyridin-2-yl-2H-tetrazol-2-yl)benzonitrile (7) is a highly potent and selective mGlu5 receptor antagonist
with good rat pharmacokinetics, brain penetration, and in vivo receptor occupancy.
� 2005 Elsevier Ltd. All rights reserved.

The excitatory neurotransmitter glutamate activates
both ionotropic receptors and G protein-coupled metab-
otropic glutamate (mGlu) receptors. To date, eight
mGlu receptors have been identified and they are catego-
rized as follows: Group I includes mGlu1 and mGlu5
receptors, Group II comprises mGlu2 and mGlu3 recep-
tors, and Group III encompasses the mGlu4 and
mGlu6–8 subtypes.1 The Group I receptors activate
phospholipase C, which results in the mobilization of
intracellular calcium.2 A number of reports have indicat-
ed that selective antagonism of mGlu5 receptors may im-
prove disease states, such as anxiety and depression,3–8


pain,9 drug dependence,10 and mental retardation.11
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Recent publications from this laboratory have described
the discovery of MTEP (1), a potent and selective
mGlu5 receptor antagonist.12 In a continuing search
for alternative structural series to diaryl-alkynes deriva-
tives, such as MTEP, we developed a series of heteroa-
romatic azoles.13 Of the 16 N-linked azoles examined,
tetrazole 2 was found to be the most promising in terms
of potency, selectivity,14 brain penetration, and rat
pharmacokinetics. However, tetrazole 2 showed only
moderate in vitro potency and binding affinity. With
the goal of improving the potency of this novel class
of compounds further, we herein describe the struc-
ture–activity relationship studies (SAR) around the
phenyl ring of 2.


The tetrazole derivatives described herein were con-
structed, as outlined in Scheme 1. Thus, a 1,3-dipolar
cycloaddition was employed between a diazonium salt
(derived from the corresponding 3-aminobenzonitrile)
and a tosyl hydrazone (derived from condensation of
2-pyridylaldehyde with tosyl hydrazide—Scheme 1).15


Those 3-aminobenzonitriles that were not commercially
available were synthesized by installing the nitrile on the
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Table 1. In vitro data for mGlu5 receptor antagonists


Compound Structure mGlu5 Ca2+


flux IC50
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Scheme 1. Reagents and conditions: (a) Tosyl hydrazide, EtOH, rt. (b)


NaNO2, HCl, H2O, EtOH, 0 �C. (c) NaOH, 0 �C.
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corresponding bromide using palladium catalyzed cya-
nation with Zn(CN)2. An example is shown in Scheme
2 for the preparation of the key intermediate 3-amino-
5-fluorobenzonitrile.


Those derivatives with an alkoxy substituent were pre-
pared by nucleophilic displacement of the fluoro substi-
tuent of 7 with an alcohol in the presence of cesium
carbonate at an elevated temperature (Scheme 3).


The in vitro functional activity of mGlu5 receptor
antagonists was determined using a cell-based, high-
throughput assay that measured the changes in cytosolic
Ca2+ concentrations by fluorescence detection.16 Com-
pounds were also tested in a binding assay that mea-
sured the displacement of [H3]3-methoxy-5-(pyridin-2-
ylethynyl)pyridine from rat cortical membranes.17 The
mGlu5 receptor potency data for the initial set of tetra-
zole derivatives synthesized are shown in Table 1.


We initially examined the effect of chloride substitution
at different positions around the phenyl ring of 2, while
maintaining the 5-nitrile substituent. Thus, derivatives 3,
5, and 6 all lost potency, relative to the parent 2; howev-
er, 4 with a 3-chloro-5-nitrile orientation showed a sub-
stantial improvement in potency (mGlu5 Ki = 26 nM).
Encouraged by this, we decided to focus on the 3,5-ori-
entation and to investigate the effect of other substitu-
ents at the 3-position, while fixing the nitrile group at
the 5-position.
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a b


Scheme 2. Reagents and conditions: (a)—(i) acetamide, CuI, trans-1,2-


diaminocyclohexane, K2CO3, toluene, 130 �C, 18 h (76%); (ii) NaOH


(99%). (b) Zn(CN)2, Pd2dba3, dppf, DMF, 90 �C, 18 h (85%).
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Scheme 3. Reagents and conditions: (a) ROH, Cs2CO3, DMF, 140 �C,
16 h.
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Table 3. Rat occupancy and brain penetration for 2 and 7


Plasma


levels (lM)


Brain


levels (lM)


Brain/


plasma (%)


Occ ED50


(mg/kg ip)


Occ ED50


(mg/kg po)


2 10a 15a 150 3.0b 3.0c


7 2.7d 2.4d 90 1.3b 3.6e


aMeasured at 1 h following 10 mg/kg dose ip.
bMeasured 1 h post-administration (n = 5–6 Sprague–Dawley rats/


group).
cMeasured 30 min post-administration (n = 6–7 Sprague–Dawley rats/


group).
dMeasured at 1 h following 3 mg/kg dose ip.
eMeasured 2 h post-administration (n = 5–7 Sprague–Dawley rats/


group).


Table 1 (continued)


Compound Structure mGlu5 Ca2+


flux IC50


(nM)a


mGlu5


Ki (nM)b


14


O


N
N


N N


N


N


975 271


15


N N
N


N


OCH2Ph


N


N


>1000 >600


16 N


N N
N


N


N


O
N


15 16


aUsing glutamate (10 lM) as agonist.
b Displacement by test compounds of [3H]3-methoxy-5-(pyridin-2-


ylethynyl)pyridine from rat cortical membranes.
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Thus, it was found that small, non-hydrogen bond do-
nor groups at the 3-position, such as fluorine (7), ni-
trile (8), methyl (10), and methoxy (11), all had good
levels of mGlu5 receptor antagonist activity (mGlu5
Ki = 6–18 nM). Further, electronic nature of the substi-
tuent was not important, as an electron-donating
methoxy substituent 11 (Ki = 6 nM) and an electron-
withdrawing nitrile 8 (Ki = 18 nM) are both potent.
However, introduction of a hydrogen bond donor
group at the 3-substituent led to a loss of potency
against the mGlu5 receptor. Thus, aniline 12
(Ki = 95 nM) or phenol 13 (Ki = 318 nM) both lost sig-
nificant potency compared to 4. Similarly, increasing
the steric bulk of the alkoxy substituent of 11
(Ki = 6 nM) to methylenecyclopropyl 14 (Ki = 271 nM)
or benzyl 15 (Ki = >600 nM) both resulted in a loss of
potency. One interesting exception to the loss of
potency with increasing steric bulk was the 3-pyridyl-
oxy derivative 16 (Ki = 16 nM). The unexpected activ-
ity of this compound probably reflects the fact that
the 3-pyridyloxy group is a potent nitrile replacement
in this series of mGlu5 receptor antagonists, as dis-
closed previously.18


Having shown that a significant increase in in vitro
potency against the mGlu5 receptor may be achieved
with derivatives, such as 7 and 10, we next sought to

Table 2. Rat pharmacokinetic data for 2, 7, and 10


Clp (mL/min/kg)a Vd (L/kg)a t1/2 (h)
a F%b Cmax (lM)b


2 33 5.0 6.9 100 5.8


7 17 1.1 2.9 26 2.5


10 50 1.4 0.4 15 0.8


a 2 mg/kg dosed iv (n = 2 Sprague–Dawley rats/group).
b 10 mg/kg dosed po (n = 3 Sprague–Dawley rats/group).

profile these compounds in terms of rat pharmacokinet-
ics (Table 2).


Although not as impressive as parent tetrazole 2, fluoro-
derivative 7 still exhibits promising pharmacokinetics
with good bioavailability and half-life in rats
(F = 26%; t1/2 = 2.9 h). Methyl derivative 10 is also bio-
available in rats (F = 15%); however, it suffers from high
clearance and a short half-life.


With its excellent in vitro potency against the mGlu5
receptor (Ca2+ flux = 4 nM; Ki = 14 nM) and encourag-
ing rat pharmacokinetics, we next profiled 7 in terms of
rat brain penetration and in vivo receptor occupancy
(Table 3).19,20


Similar to the parent tetrazole 2, fluoro-derivative 7 has
good rat brain penetration (90% for 7) with measured
drug levels in the brain of 2.4 lM, following a 3 mg/kg
ip dose. Together with the high in vitro potency against
the mGlu5 receptor, this leads to an excellent occupancy
ED50 of 1.3 mg/kg ip for 7 (for 2, ED50 = 3.0 mg/kg ip).
When examining the po dosing route, reflecting its oral
bioavailability of 26%, 7 has an ED50 of 3.6 mg/kg po,
while the parent tetrazole 2 with 100% bioavailability
has an ED50 of 3.0 mg/kg po.


Having shown the beneficial effect of substituting 2 with
a 3-fluoro substituent on in vitro potency, we next
attempted to apply this SAR to related series of mGlu5
receptor antagonists (Table 4).


Thus, substitution of imidazole 17 (Ki = 34 nM),21 pyr-
role 19 (Ki = >600 nM),13 and bi-aryl 21 (Ki = 69 nM),22


with a 3-fluoro substituent on the phenyl ring to give 18
(Ki = 9.3 nM), 20 (Ki = 5 nM), and 22 (Ki = 37 nM),
respectively, led in each case to an increase in mGlu5
receptor potency.


In conclusion, SAR studies on the phenyl ring of 2 have
shown that small, non-hydrogen bond donor groups at
the 3-position increase in vitro potency against the
mGlu5 receptor. Specifically, the 3-fluoro derivative 7
shows excellent in vitro potency, good rat pharmacoki-
netics, and excellent in vivo rat receptor occupancy
and brain penetration. Subsequent studies have shown
that installation of a 3-fluoro substituent in other scaf-
folds also leads to an improvement in in vitro potency.







Table 4. In vitro data for mGlu5 receptor antagonists


Compound Structure mGlu5 Ca2+


flux IC50 (nM)a
mGlu5


Ki (nM)b


17


N N
N


N


N


N


N 77 34


18


N N


N
N


N


N


N


F


47 9.3


19


N


N


N


190 >600


20
N


N


N


F


3 5


21


N N
N


N
N


N


63 69


22


N N
N


N
N


N


F


12 37


aUsing glutamate (10 lM) as agonist.
b Displacement by test compounds of [3H]3-methoxy-5-(pyridin-2-yl


ethynyl)pyridine from rat cortical membranes.


5064 L. R. Tehrani et al. / Bioorg. Med. Chem. Lett. 15 (2005) 5061–5064

Acknowledgment


The authors thank Grace Reyes-Manalo for expert tech-
nical assistance.

References and notes


1. Siegel, G. J.; Aganoff, B. W.; Albers, R. W.; Fisher, S. K.;
Uhler, M. D. Basic Neurochemistry: Molecular Cellular
and Medicinal Aspects, 6th ed.; Lippincott/Williams and
Wilkins: Philadelphia/Baltimore, MD, 1998.


2. Pin, J.-P.; Acher, F. Curr. Drug Targets: CNS Neurol.
Disord. 2002, 1, 297.


3. Brodkin, J.; Busse, C.; Sukoff, S. J.; Varney, M. A.
Pharmacol. Biochem. Behav. 2002, 73, 359.


4. Spooren, W. P. J. M.; Vassout, A.; Neijt, H. C.; Kuhn, R.;
Gasparini, F.; Roux, S.; Porsolt, R. D.; Gentsch, C. J.
Pharmacol. Exp. Ther. 2000, 295, 1267.

5. Schulz, B.; Fendt, M.; Gasparini, F.; Lingenhöhl,
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Abstract—A new bis(indole) alkaloid (9) of the hamacanthin class along with the previously reported compounds of the related
structural classes, topsentin class (1–4) and hamacanthin class (5–8), was isolated from the marine sponge Spongosorites sp. and their
inhibitory activities toward sortase A (SrtA) that play key roles in cell-wall protein anchoring and virulence in Staphylococcus aureus
were evaluated. Our studies have identified a series of SrtA inhibitors, providing the basis for further development of potent inhib-
itors. The preliminary structure–activity relationship, to elucidate the essential structural requirements, has been described. The
fibronectin-binding activity data highlight the potential of these compounds for the treatment of S. aureus infections via inhibition
of SrtA activity.
� 2005 Elsevier Ltd. All rights reserved.

Gram-positive pathogenic bacteria display surface pro-
teins that play pivotal roles in the adhesion to specific
organ tissues, invasion of host cells, or the evasion of
host-immune responses.1 These virulence-associated
proteins are covalently anchored to bacterial cell wall
peptidoglycan through a general sorting mechanism
catalyzed by a superfamily of membrane-associated
transpeptidases termed sortases.2 In the case of Staphy-
lococcus aureus, sortase A (SrtA) plays a critical role in
the pathogenesis by modulating the ability of the bacte-
rium to adhere to host tissue via the covalent anchoring
of adhesions and other virulence-associated proteins to
cell wall peptidoglycan.3,4 S. aureus mutants lacking
SrtA fail to display surface proteins and are defective
in the establishment of infections without affecting
microbial viability.5 Therefore, inhibitors of SrtA might
consequently be promising candidates for the treatment
and/or prevention of gram-positive bacterial infections.
Currently, there have only been a few reports in the lit-
erature describing inhibitors of sortase,6–9 due, in part,
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to the fact that importance of sortase as a new target
has only recently been acknowledged.


Indole-containing alkaloids have been frequently isolat-
ed from diverse marine invertebrates including bryozo-
ans, coelenterates, sponges, and tunicates. Bis(indole)
alkaloids, consisting of two indole moieties connected
to each other via heterocyclic units, have been particu-
larly abundant within sponges. Since topsentin (=top-
sentin B1), a bis(indolyl)imidazole, and its analogs
were isolated from the sponge Topsentia genitrix
(=Spongosorites genitrix),10–12 metabolites containing
bis(indole) moiety have been found with various carbon
skeletons and functionalities.13–20 These compounds
exhibited a wide spectrum of pharmacological activities
such as cytotoxic, antiviral, antimicrobial, and antiin-
flammatory activities as well as binding to a1 adrenergic
receptor that made bis(indole) alkaloids attractive
targets for biomedical and synthetic studies21–26 (see
Fig. 1).


During the course of our search for SrtA inhibitors from
marine organisms, we encountered the bright yellow
sponge Spongosorites sp. (Order Halichondrida, Family
Halichondriidae) whose crude extract exhibited signifi-
cant inhibitory activity (IC50 45 lg/mL) toward SrtA.27







Figure 1. Structures of bis(indole) alkaloids.
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Bioassay-guided separation of the crude extract using
various chromatographic techniques yielded several in-
dole-containing compounds. Herein, we report the isola-
tion and structure determination of a new metabolite of
the hamacanthin class. In addition, biological activities
of these compounds along with previously reported
bis(indole) alkaloids are described.


Spongosorites sp. was collected by SCUBA at 15–20 m
depth off the shore of Chuja-Do (Island), South-western
Korea, in October 2003. The specimens were small piec-
es (55 · 30 · 25 mm) and associated with other sponges.
The color was bright yellow in life and turned into dark
brown in alcohol. Texture was hard and compressible.
Dense ectosomal crust has many small oxeas (70–
250 · 4–8 mm). Choanosome consists of mainly large
oxea (380–1000 · 8–20 mm). The fresh collection was

immediately frozen and kept at �25 �C until chemically
investigated.


The specimens were lyophilized (dry wt 0.49 kg), macer-
ated, and repeatedly extracted with MeOH (2 L · 2) and
CH2Cl2 (2 L · 2). The combined crude extract (24.4 g)
was partitioned between n-BuOH and H2O, and then
the former layer (7.0 g) was re-partitioned between
15% aqueous MeOH and n-hexane. The aqueous MeOH
layer (5.4 g) was separated by C18 reversed-phase vacu-
um flash chromatography using sequential mixtures of
MeOH and H2O as eluents. The combined fractions
(920 mg) eluted with 30 and 20% aqueous MeOH were
separated by C18 reversed-phase HPLC (YMC ODS-A
column, 35% aqueous MeOH) to yield in the order of
elution, compounds 3, 1, 6, 4, 9, and 8 as yellow amor-
phous solids, which were then re-purified by reversed-
phase HPLC (50, 45, and 35% aqueous MeCN for 3
and 9, 1, and 4 and 6, respectively). The combined frac-
tions (890 mg) eluted with 10% aqueous MeOH and
100% MeOH from vacuum flash chromatography was
separated by reversed-phase HPLC (20% aqueous
MeOH) to afford in the order of elution 3, 1, 6, 9, 8,
2, 7, and 5, and then re-purified by reversed-phase
HPLC (20% aqueous MeCN for 2, 5, and 7). The overall
purified metabolites were isolated in the following
amounts: 517.4, 320.3, 37.0, 16.8, 18.1, 12.9, 22.0,
10.7, and 7.0 mg for 1–9, respectively.


Based upon the results of combined spectral analyses
and comparison of spectral data with those of known
compounds, the major metabolites were identified to
be deoxytopsentin (1)11,12 and bromodeoxytopsentin
(2).19,20 The minor metabolites were also identified as
bromotopsentin (3),11,12 4,5-dihydro-600-deoxybromo-
topsentin (4),12 hamacanthin A (5),16 trans-4,5-dihydro-
hamacanthin A (6),20 and hamacanthin B (7).16 Spectral
data for these compounds were in good agreement with
those reported previously.


Compound 8 was isolated as an optically active amor-
phous solid (mp 155–157 �C; ½a�25D �19.8� (c 0.3,
MeOH)) which was analyzed for C20H15BrN4O by the
HRFABMS analysis. The presence of two indole moie-
ties was evident from the observation of 16 carbon sig-
nals in the region of d 140–110 in the 13C NMR data
as well as the corresponding proton signals at d 8.4–
7.1 in the 1H NMR data (Table 1). A combination of
1H COSY, gHSQC, and gHMBC experiments revealed
that the indoles were 3-substituted and 6-bromo-3-
substituted indoles, respectively.


The remaining portion of the molecule, having the unit
formula of C4H4N2O, was determined to form the par-
tial structure of 3,6-disubstituted-5,6-dihydro-1(2H)-
pyrazinone by combined 2D NMR analysis. Long-range
couplings between the ring protons and nearby indole
carbons in the gHMBC data located the indole and
6-bromoindole moiety at C-3 and C-6 of the pyrazinone
ring, respectively. Thus, the structure of compound 8
was determined to be the 600-debromo derivative of ham-
acanthin A (5).16 Based upon the comparison of the
specific rotation with those of other metabolites, the







Table 2. Inhibitory effects of compounds 1–9 on the activity of SrtA


enzyme and bacterial growth of S. aureus strain Newman


Compounds SrtA IC50


(lg/mL)a
MIC


(lg/mL)


1 15.67 ± 0.54 6.25


2 19.44 ± 0.02 100


3 16.70 ± 0.53 25


4 >100 >100


5 86.34 ± 1.23 3.12


6 >100 12.5


7 68.98 ± 0.69 6.25


8 34.04 ± 0.08 6.25


9 >100 100


b-Sitosterol-3-O-glucopyranoside 18.3 ± 0.37 200


a IC50 values are means ± SD (n = 3).


Table 1. 1H and 13C NMR assignments for compounds 8 and 9


Position 8 9


dH dC dH dC


2 160.6 C 169.1 C


3 159.5 C 160.5 C


5 4.21, dd (16.2, 4.9) 54.8 CH2 3.76, dd (13.0, 4.7) 45.1 CH2


4.14, dd (16.2, 9.9) 3.59, dd (13.0, 9.5)


6 5.05, dd (9.9, 4.9) 48.4 CH 5.30, dd (9.5, 4.7) 55.6 CH


2 0 7.30, br s 125.2 CH 7.27, d (0.6) 124.7 CH


3 0 114.0 C 116.1 C


3a 0 126.0 C 126.5 C


4 0 7.61, d (8.5) 121.3 CH 7.64, d (8.5) 121.5 CH


5 0 7.17, dd (8.5, 1.6) 123.4 CH 7.15, dd (8.5, 1.5) 123.1 CH


6 0 116.3 C 116.1 C


7 0 7.55, d (1.6) 115.5 CH 7.56, d (1.5) 115.4 CH


7a 0 139.2 C 139.4 C


200 8.32, s 132.9 CH 8.35, s 132.9 CH


300 112.6 C 112.7 C


3a00 127.5 C 127.5 C


400 8.33, br d (8.0) 123.4 CH 8.44, br d (8.0) 123.8 CH


500 7.12, ddd (8.0, 8.0, 0.9) 121.9 CH 7.09, ddd (8.1, 8.0, 0.9) 121.9 CH


600 7.18, ddd (8.1, 8.0, 1.0) 123.6 CH 7.17, br dd (8.1, 8.1) 123.6 CH


700 7.41, br d (8.1) 112.4 CH 7.41, br d (8.1) 112.4 CH


7a00 138.0 C 138.1 C


Measured in CD3OD solutions. Assignments were aided by a combination of 1H COSY, gHSQC, and gHMBC experiments.
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stereochemistry at C-6 asymmetric center was assigned
as R.16,20 However, literature survey revealed that this
compound was reported as a metabolite of the sponge
Spongosorites sp. during the preparation of this
manuscript.26


The molecular formula of compound 9, an amorphous
yellow solid (mp 210–212 �C; ½a�25D �100.0� (c 0.2,
MeOH)), was deduced as C20H15BrN4O on the basis
of combined HRFABMS and 13C NMR analyses.
The spectral data for this compound were very similar
to those obtained for compound 8; IR (NaCl) mmax


3400 (broad), 1655, 1570 cm�1; UV kmax (log e) 217
(4.00), 224 (3.94), 274 (3.46), 328 (3.70) nm. In partic-
ular, signals of protons and carbons of the indole moi-
eties in the NMR data were almost identical to each
other, indicating the presence of the same 3-substituted
and 6-bromo-3-substituted indoles as 8 in 9 (Table 1).
The most noticeable differences in the NMR data were
the chemical shifts of the protons and carbons at C-5
and C-6 of the pyrazinone ring. A combination of
2D NMR analyses revealed that the pyrazinone moiety
of 9 was indeed 5,6-dihydro-4(2H)-pyrazinone bearing
the carbonyl carbon at C-3 of the ring. The crucial evi-
dence for this interpretation was the gHMBC correla-
tions between the carbons at d 160.5 (C-3) and 159.1
(C-2), and the protons at d 3.76 (H-5) and 5.30 (H-
6), respectively. Long-range correlations of the ring
carbons with H-2 0 and H-200 of the indole moieties
established the attachment of the indole and 6-bromo-
indole at C-2 and C-6, respectively, of the pyrazinone
moiety. Thus, the structure of compound 9 was deter-
mined to be the 600-debromo derivative of hamacanthin
B (7).16 Stereochemistry at the C-6 asymmetric
center was assigned as R on the basis of comparison
of the specific rotation with those of other
hamacanthins.16,20,26

The compounds 1–9 were evaluated for their inhibitory
activities toward S. aureus SrtA according to a previous-
ly documented procedure.9,28 The inhibitory potencies,
expressed as the IC50 values, of the tested compounds
are shown in Table 2 and are compared with that of a
known SrtA inhibitor, b-sitosterol-3-O-glucopyranoside
(IC50: 18.3 ± 0.37 lg/mL).8 The results in the present
study demonstrated that three bis(indole) alkaloids (1,
2, and 3) exhibited almost the same inhibitory activity
upon SrtA as the b-sitosterol-3-O-glucopyranoside,
whereas three compounds (4, 6, and 9) showed little
activity (IC50 > 100 lg/mL).


Among the topsentins (1–4), deoxytopsentin (1) showed
the most potent SrtA inhibitory activity (IC50:
15.67 ± 0.54 lg/mL). Interestingly, the 4,5-dihydrogena-
tion of imidazole ring (compound 4) led to a total loss of
SrtA inhibitory activity (>100 lg/mL). These results
suggest that the SrtA inhibitory activities of the topsen-
tins are greatly affected by the substitution on the







Figure 2. Staphylococcus aureus adhesion to fibronectin via fibronec-


tin-binding protein. (A) Adhesion of S. aureus strain Newman (srtA+)


as well as its isogenic knockout mutant SKM12 (srtA�) to fibronectin.


(B) Inhibition of S. aureus (strain Newman) adhesion to fibronectin by


bromodeoxytopsentin (2). The values are means ± SD (n = 3).
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imidazole ring. Bis(indole) compounds of the hamacan-
thin class (5–9) also exhibited SrtA inhibitory activity.
600-Debromohamacanthin A (8) showed moderate inhib-
itory activity (IC50: 34.04 ± 0.08 lg/mL). However,
insertion of a bromine atom at the C-600 position (com-
pound 5) resulted in a dramatic decrease of inhibitory
activity (IC50: 86.34 ± 1.23 lg/mL). In addition, the
3,4-dihydrogenation of the pyrazinone ring (compound
6) led to a total loss of activity (>100 lg/mL). Com-
pound 8 containing a 3,6-disubstituted pyrazinone ring
was significantly more active than 9 containing a 3,5-di-
substituted pyrazinone ring. These results also demon-
strate that, the presence of 3,6-disubstituted-5,
6-dihydro-1(2H)-pyrazinone skeleton and the substitu-
tion on the indole ring are important factors for the
SrtA inhibitory activity of the compounds of the ham-
acanthin class.


An active sortase enzyme is required for the attach-
ment of S. aureus to eukaryotic cell matrices. Mutant
S. aureus strains lacking a functional sortase cannot
bind to cell–matrix proteins, such as fibrinogen and
fibronectin, and also cannot effect protein A-mediated
binding of IgG in vitro.29 We hypothesized that SrtA
inhibitor should inhibit SrtA activity in vivo and in
turn reduce fibronectin-binding protein surface display.
To test this hypothesis, we employed an assay30,31 in
which cell adhesion to fibronectin-coated plates was
quantified by measuring the absorbance following
staining with crystal violet. It is also well known that
SrtA inhibitors should act as antiinfective agents and
disrupt the pathogenesis of bacterial infections without
affecting microbial viability.5 To rule out effects of test
compounds on S. aureus (strain Newman) cell adhesion
to fibronectin due to inhibition of cell growth, the min-
imal inhibitory concentration (MIC) was determined
by the microtiter broth dilution method.32 From the
MIC test data (Table 1), compound 2 (MIC: 100 lg/
mL) was selected and used in the fibronectin-binding
assay. To begin with, the capacities of S. aureus strains
Newman (srtA+) as well as its isogenic knockout mu-
tant SKM12 (srtA�) to adhere to fibronectin-coated
surfaces were investigated.33 As shown in Fig. 2A,
the fibronectin-binding activity of SKM12 was signifi-
cantly reduced as compared with that of wild
type (Newman). Treatment of strain Newman with
bromodeoxytopsentin (2) reduced the capacity of the
bacterium to adhere to fibronectin-coated surfaces in
a dose-dependent manner (0–40 lg/mL) (Fig. 2B). It
is important to note that the onset and magnitude of
inhibition of fibronectin-binding in S. aureus treated
with bromodeoxytopsentin (2) (>20 lg/mL) is compa-
rable to the behavior of untreated SKM12.


In conclusion, bis(indole) alkaloids of the topsentin and
hamacanthin classes were evaluated for their SrtA inhib-
itory activities. The imidazole and pyrazinone skeletons
proved to be important factors for SrtA activity, chang-
ing selectivities and IC50s, when compared with the
structures of isolated bisindole alkaloids. The fibronec-
tin-binding activity data highlight the potential of these
compounds for the treatment of S. aureus infections via
inhibition of sortase activity.
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Abstract—The synthesis of a novel iron(III)-selective hydroxypyridinone hexadentate-terminated dendritic chelator based on a
benzene tricarbonyl core polyamine dendrimer is described. The iron-chelating ability of the dendritic chelator was demonstrated
by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) and UV–vis spectroscopy.
The physicochemical properties of the isolated hexadentate unit were also investigated. The dendrimer was found to possess an
extremely high affinity for iron(III), namely logK = 34.8, pFe3+ = 30.6.
� 2005 Elsevier Ltd. All rights reserved.

The most frequent treatment of haemoglobinopathic
disorders, such as b-thalassaemia major, is to maintain
high levels of haemoglobin by regular blood transfusion.
Because man lacks the physiological means of eliminat-
ing excess iron, iron associated with transfused red cells
progressively accumulates, in the liver and other highly
perfused organs, leading to tissue damage, organ failure,
and eventual death.1 Complications associated with
elevated iron levels can be largely avoided by the use
of iron-specific chelators. As a result of our interest in
the design and synthesis of orally active iron(III)-selec-
tive chelators centred on hydroxypyridinones,2 we previ-
ously reported the synthesis of a range of dendritic
chelators by conjugating amino functionalized hydrox-
ypyridinones to carboxyl group-terminated dendrimers.3


Dendrimers, by virtue of their relatively high molecular
weight, are not absorbed by the mammalian gastrointes-
tinal tract, thus by chelating iron from the lumen of the
intestine their presence will decrease iron availability for
absorption into the blood supply. The particular attrac-
tion of dendrimers is that, unlike polymers, they have a
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unique molecular structure and are therefore amenable
to precise quality control. Alternative approaches to
the synthesis of dendrimers of this type offer structural
flexibility and the potential to incorporate modified
properties. To this end, we report the synthesis, charac-
terization and iron-chelating properties of a novel
hexadentate 3-hydroxypyridinone-terminated dendri-
mer by coupling hydroxypyridinone containing activat-
ed carboxyl functions to the amino group-terminated
dendrimer.

The 3-hydroxypyridinone hexadentate ligand 44 was
synthesized by attaching three bidentate ligands 2 pre-
pared from maltol in eight steps5 to a tripodal molecule
triamine 1, followed by the removal of benzyl groups
(Scheme 1). The 2-amido group adjacent to the
3-hydroxyl group in the hydroxypyridinone moieties
can form a coplanar intramolecular hydrogen bond, as
there is no N-alkyl substitution in the ring. This results
in an increase in the stability of the iron complex at pH
7.4.6 Such an intramolecular hydrogen bond is not so
well favoured in the presence of N-alkyl substitution,
as appreciable steric repulsion exists between the 1-alkyl
group and the amide oxygen atom.5 To obtain a
hydroxypyridinone chelator with an extremely high
affinity for iron(III), a dendritic chelator containing
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three of the above hexadentate ligand analogues was
synthesized by a divergent strategy (Scheme 2).7 In this
approach, we selected benzenetricarbonyl trichloride 5
as a core, and the amine 6, which was synthesized from
4-(2-cyanoethyl)-4-nitroheptanedinitrile in three steps,7b


as a building block. The reaction of 5 and 6 afforded the
BOC-protected nonamine 7, which was followed by the
hydrolysis in formic acid and neutralization with dilute
sodium hydroxide to generate the nonamine dendrimer
8. The coupling of 8 and activated pyridinone 2 pro-
duced the benzyl group protected dendritic chelator 9,8


which was then subjected to deprotection in boron tri-
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Scheme 2. Synthesis of dendritic chelator. Reagents and conditions: (i) CH2


DMF, rt, 3 d, 83% yield; (iv) BCl3, CH2Cl2, 0 �C–rt, 2 d, 88% yield.

chloride to give the hydrochloric acid salt of dendritic
chelator 10.9


To estimate the ligand affinity of the dendritic chelator
10, both pKa values of 4 and stability constant of the
corresponding iron(III) complex were evaluated using
an automated titration system.10


The pH dependence UV spectra of 4 (Fig. 1) demon-
strate a clear shift in kmax over the pH range 1.75–
12.1, which displays the pH dependence of the ligand
ionization equilibrium. The pKa values obtained from
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non-linear least-squares regression analysis are 9.40,
9.07, 8.91, 4.01, 3.86, and 1.39. The stability constant
of the 4–iron(III) complex was determined spectropho-
tometrically by competition with the well-characterized
aminocarboxylate hexadentate ligand, HBED. The
absolute stability constant (logK) for the iron(III) com-
plex of 4 was determined to be 35.0 ± 0.1, as compared
with HBED (logK = 39.7).11 All the above investiga-
tions were undertaken in aqueous DMSO solutions
(50%, v/v).


The speciation plot of compound 4–iron(III) complexes
(Fig. 2) demonstrates that the 1:1 ligand–iron(III) com-
plex is the dominant species over the pH range 2–12.
The pFe3+ value, defined as the negative logarithm of
concentration of the free iron(III) in solution, is a more
suitable comparator than the stability constant since it
takes into account the effect of ligand basicity, denticity,
degree of protonation and difference in metal–ligand
stoichiometries.12 Under biological conditions, pFe3+


values are typically calculated for total [li-
gand] = 10�5 M and total [iron] = 10�6 M at pH 7.45.
Chelators with high pFe3+ values are predicted to
scavenge iron more efficiently at low ligand concentra-
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Figure 2. Speciation plot of 4 in the presence of iron(III). The pFe3+


value was determined by calculating the equilibrium concentration of


free hexa-aquoiron(III) in a solution of pH 7.45 containing 10�6 M


iron(III) and 10�5 M ligand.

tions. The pFe3+ value of 4 is 30.9 at pH 7.45, which
is over 8 log units higher than that of the bidentate
ligand analogue 3-hydroxy-N-(2-hydroxyethyl)-4-oxo-
1,4-dihydropyridine-2-carboxamide (pFe3+ value at pH
7.45 = 22.0).5


The iron(III) affinity of dendrimer 10 was directly inves-
tigated by both dendrimer 10 and hexadentate 4 compet-
ing with a fluorescent probe CP691,13 which is capable
of binding iron(III) with high affinity. The fluorescence
of CP691 is strongly quenched in the presence of
iron(III). To ensure that chelators 10 and 4 possess the
same amounts of iron-binding site in the iron competi-
tion studies, the final concentrations of chelators 10
and 4 were 2 and 6 lM, respectively. The iron-free
CP691 fluorescence was set at 100% probe fluorescence
intensity, and the fluorescence intensity of CP691 in
the presence of equimolar amount of iron(III) was set
at 0%. When CP691 was mixed with iron, the fluores-
cence intensity was quenched to a low level. However
with an addition of a competing ligand, the fluorescence
gradually increased. After the competition reached equi-
librium (typically three days), the relative fluorescence
intensity of the two solutions was found to be similar
(Table 1), which indicated that the hexadentate moieties
on dendrimer 10 possess a similar affinity for iron(III) as
the hexadentate ligand 4. As the hexadentate moieties
on dendrimer 10 are composed of the same pyridinone
bidentate ligands as hexadentate 4, it is assumed that
these hexadentate moieties possess the same pKa values
as those of 4, the iron(III) affinity of the hexadentate
pyridinone moieties on 10 can be calculated, namely
logK = 34.8, pFe3+ = 30.6.


As described above, the three 3-hydroxypyridin-4-one
ligands with the 2-position groups attached to the same
building block could effectively constitute one hexaden-
tate ligand. The dendritic chelator 10 effectively contains
three such hexadentate centres, indeed the existence of
the one-to-three dendrimer–iron complex was confirmed
by using MALDI-TOF mass spectrometry. The MAL-
DI-TOF mass spectrum obtained from a one-to-three
mixture of dendritic chelator 10 and iron contains one
signal at m/z 2155.6, which corresponds to the proton
adduct of one-to-three dendrimer–iron complex also
annotated as [M+(FeIII�3H)3+H]+ (Fig. 3). Evidently,

Table 1. Comparison of the affinities of 4 and 10 for iron(III) by the


fluorescence method


Time Relative fluorescence intensity (%)


CP691 + Fe(III) + 4 CP691 + Fe(III) + 10


3 h 49.8 48.3


1 d 64.5 60.4


2 d 66.8 63.4


3 d 69.2 65.7


4 d 71.7 67.2


5 d 71.9 67.6


Experimental conditions: DMSO solutions of either 4 (600 lM) or 10


(200 lM) were added to a solution of CP691 and FeCl3 in MOPS


buffer (50% aqueous DMSO, v/v, pH 7.4). The final concentrations in


50% aqueous DMSO (v/v): [CP691] 6 lM, [Fe(III)] 6 lM, [4] 6 lM,


[10] 2 lM.







5010 T. Zhou et al. / Bioorg. Med. Chem. Lett. 15 (2005) 5007–5011

three protons are released upon complexation of each
iron(III). No evidence for the 1:2 and 1:1 dendrimer–
iron complexes was obtained, indicating ideal stereo-
chemistry of the nine hydroxypyridinones.


To further evaluate the iron(III) binding properties of
dendrimer 10, UV–vis spectra of a range of solutions
containing different dendrimer and iron(III) ratios were
determined scanning between 300 and 600 nm (Fig. 4).
The intensity of absorbance at 400 nm increased until a
3:1 ratio of iron(III): 10 was obtained. With the
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Figure 4. (a) UV–vis spectrophotometric titrations scanned between


300 and 600 nm; (b) plots of absorbance versus equivalent ratios of


iron(III) to dendrimer 10 at 400 nm. Experimental conditions: a range


of different ratio mixtures of dendrimer 10 and iron(III) were prepared


by adding an iron solution (100 lM, 500 lM NTA in DMSO) to


dendrimer (0.5 mL,100 lM in DMSO), followed by the addition of


DMSO to a total volume of 3.5 mL, pyridine (0.3 mL) was added as a


base. All samples were equilibrated at room temperature for 5 h.


Figure 3. MALDI-TOF mass spectrum of the proton adduct of the 1:3


dendrimer–iron(III) complex [M+(FeIII�3H)3+H]+ recorded from a


MBT matrix.

iron(III): 10 ratios less than 3, the line is linear, confirm-
ing that chelator 10 possesses a high affinity for iron(III).


In summary, a novel iron(III)-selective hydroxypyridi-
none hexadentate-terminated dendritic chelator has
been demonstrated to possess a high affinity for
iron(III). The potential of this molecule in iron-
overload therapy is currently under investigation.
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9H), 8.37 (br, NH, 3H). 13C NMR (DMDO-d6, 90 MHz) d
23.5 (CCH2CH2CH2NH), 32.5 (CCH2CH2CH2NH), 39.6
(CCH2CH2CH2NH), 70.4 (PhCH2O), 75.4 (PhCH2O),
110.9 (C-5H in pyridine ring), 128.2 (CH in Ar), 128.4
(CH in Ar), 128.5 (CH in Ar), 128.9 (CH in Ar), 136.2 (C
in Ar), 137.5 (C in Ar), 142.9 (C-2 in pyridine ring), 145.6
(C-6H in pyridine ring), 148.3 (C-3 in pyridine ring), 158.8
(C-4 in pyridine ring), 165.2 (CO). ESIMS m/z calcd
for C219H213N21O30 (M), 3619.2; found: m/z 1810.7
[M+2H]2+, 1207.9 [M+3H]3+.


9. The hydrochloric acid salt of the dendritic chelator 10: In
the atmosphere of nitrogen, 1 M boron trichloride in
dichloromethane (27 mL, 27 mmol) was added slowly
dropwise into an ice-bath cooled solution of 9 (0.5 mmol)
in dichloromethane (10 mL). The mixture was stirred at
room temperature for 2 days. Methanol (20 mL) was
added to quench the reaction. After removal of the
solvent, the residue was precipitated with methanol/
acetone three times to afford hydrochloric acid salt of
the dendritic chelator 10 as a white powder (88% yield).1H
NMR (DMDO-d6, 360 MHz) d 1.54 (br, CH2, 18H), 1.84
(br, CH2, 18H), 3.34 (br, CH2, 18H), 6.82 (br, OH), 7.22
(d, J = 5.9Hz, pyridinoneC5-H, 9H), 7.94 (d, J = 5.9Hz,
total 12H; pyridinoneC6-H, 9H, 3ArH are buried), 8.37 (s,

CONH, 3H), 8.97 (s, CONH, 9H). 13C NMR (DMDO-d6,
100 MHz) d 23.0 (CCH2CH2CH2NH), 31.8 (CCH2CH2


CH2NH), 39.5 (CCH2CH2CH2NH), 58.6 (NHC), 112.4
(C-5H in pyridine ring), 127.0 (C-2 in pyridine ring), 129.2
(CH in Ar), 135.1 (C in Ar), 135.9 (C-6H in pyridine ring),
147.2 (C-3 in pyridine ring), 161.6 (C-4 in pyridine ring),
162.0 (CO), 165.5 (ArCO). ESIMS m/z calcd for
C93H105N21O30 (M), 1997.0; found: m/z 1997.7 [M+H]+,
999.7 [M+2H]2+.


10. (a) Liu, Z. D.; Khodr, H. H.; Liu, D. Y.; Lu, S. L.; Hider,
R. C. J. Med. Chem. 1999, 42, 4814; (b) Dobbin, P. S.;
Hider, R. C.; Hall, A. D.; Taylor, P. D.; Sarpong, P.;
Porter, J. B.; Xiao, G.; van der Helm, D. J. Med. Chem.
1993, 36, 2448; (c) Rai, B. L.; Dekhordi, L. S.; Khodr, H.
H.; Jin, Y.; Liu, Z. D.; Hider, R. C. J. Med. Chem. 1998,
41, 3347.


11. L�Eplattenier, F.; Murase, I.; Martell, A. E. J. Am. Chem.
Soc. 1967, 89, 837.


12. (a) Raymond, K. N.; Muller, G.; Matzanke, B. F. Top.
Curr. Chem. 1984, 58, 49; (b) Hider, R. C.; Liu, Z. D.;
Piyamongkol, S. Transfus. Sci. 2000, 23, 201.


13. CP691 was supplied by Yong Min Ma. The compound
(>95% purity) is a hexadentate pyridinone and has been
fully characterized by 1H NMR, mass spectroscopy, and
elemental analysis.
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Abstract—Necroptosis is a regulated caspase-independent cell death mechanism that results in morphological features resembling
necrosis. It can be induced in a FADD-deficient variant of human Jurkat T cells treated with TNF-a. 5-(1H-Indol-3-ylmethyl)-2-
thiohydantoins and 5-(1H-indol-3-ylmethyl)hydantoins were found to be potent necroptosis inhibitors (called necrostatins). A
SAR study revealed that several positions of the indole were intolerant of substitution, while small substituents at the 7-position
resulted in increased inhibitory activity. The hydantoin ring was also quite sensitive to structural modifications. A representative
member of this compound class demonstrated moderate pharmacokinetic characteristics and readily entered the central nervous
system upon intravenous administration.
� 2005 Elsevier Ltd. All rights reserved.

Cells die in several morphologically distinct ways.1 One
of these processes, called apoptosis, is characterized by a
number of conserved and highly regulated steps includ-
ing concomitant nucleus and cytoplasm condensation,
DNA degradation, membrane blebbing, and caspase-
mediated cleavage of various cellular proteins. Apopto-
sis culminates in the formation of apoptotic bodies that
are phagocytosed by adjacent cells including macro-
phages in the periphery and microglial cells in the cen-
tral nervous system (CNS). This efficient process
prevents the accumulation of extracellular debris and
consequently does not lead to an inflammatory
response. Apoptosis is a genetically regulated process
that is necessary both during development and for main-
taining an organism�s homeostasis.2 However, under
certain pathological conditions this process, which
would normally be suppressed, is activated, leading to
cell death and dysfunction. Many key cellular targets
in this biochemical cascade have been identified and
some of them serve as potential targets for therapeutic
intervention, including caspases.3

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


doi:10.1016/j.bmcl.2005.07.077


Keywords: Necrosis; Necroptosis; Caspase-independent cell death;


Stroke; SAR; Ischemic brain injury; Indoles; Hydantoin; Central


nervous system.
* Corresponding author. Tel.: +1 617 768 8640; fax: + 1 617 768


8606; e-mail: gcuny@rics.bwh.harvard.edu

A second morphologically distinct way that cells die,
called necrosis, is characterized by cell membrane and
organelle disruption, cell swelling, mitochondria impair-
ment, followed by cell lyses, which is accompanied by a
host inflammatory response.4 Unlike apoptosis, the
underlying biochemical events in necrosis are not well
understood. However, necrosis is known to play a
prominent role in many pathological conditions,5a


including ischemia (i.e., stroke5b and myocardial infarc-
tion5c), trauma, and possibly some forms of neurodegen-
eration.5d Recent studies also suggest that apoptosis
inhibition in many cases does not completely block cell
death, but rather results in a change from an apoptotic
to regulated caspase-independent cell death mechanisms
with morphological features resembling necrosis.6 One
of these mechanisms, called necroptosis, has recently
been described.7 Identifying and preparing low molecu-
lar weight molecules capable of inhibiting necroptosis
can assist in elucidating its role in the patho-physiology
of diseases and can provide lead compounds (i.e.,
necrostatins) for therapeutic development.
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Recently, the 5-(1H-indol-3-ylmethyl)-2-thiohydantoin
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Scheme 2. Reagents and conditions: (a) 37% aq CH2O, Me2NH,


AcOH, rt, 16 h (86%); (b) (EtO2C)2CHNHCHO, NaOH, toluene, D,
3 d (65%); (c) MeI, KOH, DMSO, 0 �C, 4 h (77%); (d) aq NaOH,


THF, rt, 24 h, then AcOH, D, 24 h, then 3 N HCl, D, 24 h, then pH


adjusted to 6.0 with 2 N KOH (63%); (e) SOCl2, MeOH, D, 2 h (100%);


(f) MeNCS, Et3N, DCM, rt, 3 h (98%).
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Scheme 3. Reagents and conditions: (a) CH2@CHMgBr, THF,


�40 �C, 20 min (40–65%); (b) POCl3, DMF, 0 �C to rt, 2 h (40–


98%); (c) piperidine, 110 �C, 4 h; (d) CoCl2 (2 equiv), NaBH4


(20 equiv), MeOH/THF (1:1), rt, 24 h (25–50% for two steps).

1, termed necrostatin-1 (or Nec-1), was reported to
inhibit necroptosis induced by tumor necrosis factor
alpha (TNF-a).7 Furthermore, derivatives of this com-
pound demonstrated in vivo efficacy following intracere-
bralventricular (icv) administration in the transient
middle cerebral artery occlusion (MCAO)model of ische-
mic brain injury. Herein, we report a structure–activity
relationship (SAR) study of 5-(1H-indol-3-yl-methyl)-2-
thiohydantoin and 5-(1H-indol-3-ylmethyl)hydantoin
necrostatins. In addition, we report physical–chemical
data, and in vivo pharmacokinetic and brain penetration
evaluations of a represented member of this compound
class.


The 5-(1H-indol-3-ylmethyl)-2-thiohydantoins were pre-
pared from tryptophans or tryptophan methyl esters,
according to Scheme 1. For example, tryptophan, 2,
was treated with methyl isothiocyanate in the presence
of aqueous pyridine and sodium hydroxide to give the
desired product 1 in low yield.8 However, the yield
was greatly enhanced by treating tryptophan methyl
ester, 3, with methyl isothiocyanate in the presence of
triethylamine in dichloromethane (DCM).


Several tryptophan methyl esters were prepared from in-
doles, according to the method described by Rapoport
and co-workers.9 For example, 7-chloroindole, 4, was
treated with aqueous formaldehyde and dimethylamine
to give 7-chlorogramine, 5, (Scheme 2). The amine deriv-
ative was converted to 6 and then allowed to react with
diethyl 2-formylaminomalonate in the presence of sodi-
um hydroxide. Subsequently, the indole nitrogen was
alkylated upon treatment with methyl iodide to give 7.
Next, the 7-chlorotryptophans 8 and 9 were generated
from 6 and 7, respectively, by a sequence of reactions
involving base hydrolysis, acid-mediated de-carboxyla-
tion, followed by acid-mediated N-de-formylation. The
resulting amino acids were converted to methyl esters
10 and 11, with thionyl chloride in methanol. These
materials were cyclized to 1210 and 13, respectively, in
the presence of methyl isothiocyanate and triethylamine.


Many of the 5-(1H-indol-3-ylmethyl)hydantoins were
prepared according to Scheme 3. Indole-3-carboxalde-
hydes, 16, were condensed with 3-alkylhydantoins in
piperidine at 110 �C to give 17. Noncommercial
indole-3-carboxaldehydes were prepared from indoles
utilizing the Vilsmeier–Haack reaction. Noncommercial
indoles were prepared from nitrobenzene derivatives in
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Scheme 1. Reagents and conditions: (a) MeNCS, 50% aqueous


pyridine, 0.5 N NaOH, rt, 1 h, then concd HCl (pH 1), rt, 2 d (8%);


(b) MeNCS, Et3N, DCM, rt, 1 h (89%).

the presence of vinyl magnesium bromide.11 7-Ben-
zyloxyindole was prepared by a sequence of reactions
described by Harada et al.12 This material was converted
to 7-n-butoxyindole via removal of the benzyl group by
hydrogenation (10% Pd/C, EtOH, rt, 6 h) and subse-
quent alkylation (n-BuI, K2CO3, methyl ethyl ketone,
55 �C, 12 h). 1-Methyl-7-chloroindole was prepared by
alkylating 7-chloroindole (NaH, DMF, 0 �C to rt, then
MeI, 24 h). The 3-alkylhydantoins (Me, Et, n-Bu, and
i-Pr) were prepared utilizing published methods.13 3,5-
Dimethylhydantoin was prepared from 3-methylhydan-
toin by alkylation (MeI, MeOH, 10 N NaOH, reflux,
4 h). The alkenes 17 were then reduced with excess sodi-
um borohydride in the presence of cobalt dichloride to
give the desired products 18.


The enantiomers 25 and 26 were prepared, according to
the procedure outlined in Scheme 4. Initially, 7-chloro-
indole, 4, was converted to the N-acetyltryptophan
derivative 19 upon treatment with serine in AcOH and
Ac2O. Kinetic resolution of this compound with DD-ami-
noacylase in the presence of cobalt dichloride gave the
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Scheme 4. Reagents and conditions: (a) Ac2O, AcOH, 75 �C, 2 h


(40%); (b) DD-aminoacylase, phosphate buffer (pH 7.8), CoCl2, 37 �C,
48 h (100%); (c) 3 N HCl, D, 6 h (100%); (d) SOCl2, MeOH, 0 �C to rt


(100%); (e) MeNH2, MeOH, 24 h (96%); (f) triphosgene, Et3N, DCM,


0 �C, 2 h, (34%).
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(R)-tryptophan derivative 20 and (S)-N-acetyl trypto-
phan derivative 21, which were readily separated.14


The amino acid 20 was then converted to its correspond-
ing methyl ester with thionyl chloride in methanol. The
ester 23 upon treatment with methyl amine in methanol
provided amide 24. Finally, cyclization of the amide
with triphosgene in the presence Et3N in DCM gave
25.15 The (S)-N-acetyl tryptophan derivative 21
was hydrolyzed in 3 N HCl to give 22. This material
was converted to 26 in a similar manner as the R-
enantiomer.15


Derivative 31, which altered the linker between the
indole and hydantoin rings, was prepared according to
Scheme 5.16 Nitrile 27 was first converted to N-Boc
derivative 28. The cyclobutane ring was installed by
treating 28 with 1,3-dibromopropane in the presence
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Scheme 5. Reagents and conditions: (a) Boc2O, DMAP, CH2Cl2, rt


(76%); (b) NaH, Br(CH2)3Br, DMSO, 0 �C to rt, 16 h (75%); (c)


DIBAL, toluene, �50 �C then Et2O–NH4Cl (1:1) then 2 N H2SO4


(68%); (d) (NH4)2CO3, KCN, EtOH, H2O, 80 �C (63%); (e) DMA–


DMA, toluene/DMF (5:1), 110 �C, 2 h (98%).

of sodium hydride to give 29. Next, the nitrile was re-
duced to an aldehyde with diisobutylaluminum hydride
(DIBAL), followed by acidification. The resulting alde-
hyde was converted to hydantoin 30 with ammonium
carbonate and potassium cyanide. Finally, regioselective
alkylation of 30 with dimethylacetamide–dimethylacetal
(DMA–DMA) gave 31.14 Derivative 36, which extends
the linker between the indole and hydantoin ring, was
prepared, according to Scheme 6. The a-keto ester
3217 was reduced with lithium aluminum hydride
(LAH). The resulting alcohol was converted to its
corresponding iodide and then displaced with cyanide
to give 33. The nitrile was reduced to aldehyde 34. This
aldehyde was cyclized to hydantoin 35 and then
alkylated regioselectively to give 36.


Several other compounds were prepared that altered the
hydantoin portion of the molecule. 7-Chloroindole, 4,
was converted to the a-hydroxy acid 38 in low yield
(Scheme 7).18 This material was transformed to its cor-
responding N-methylamide utilizing HBTU19 coupling,
followed by cyclization in the presence of CDI to give
39. Tryptophan derivative 8 was converted to 40 by first
protecting the amine with a Boc group and then convert-
ing the carboxylate to a Weinreb amide. The amide 40
was reduced with LAH to aldehyde 41. Following
reductive amination with methylamine, removal of the
carbamate-protecting group with HCl in methanol and
then cyclization in the presence of CDI 43 was obtained.


N-Acetyltryptophan derivative 19 was also converted
to 45, as shown in Scheme 8. Initially, the acid was
reduced to alcohol 44 with BH3ÆTHF. Then, the acetyl
group was removed by hydrolysis. Finally, cyclization
with CDI provided 45.


Evaluation of necroptosis inhibitory activities was
performed using a FADD-deficient variant of human
Jurkat T cells treated with TNF-a, as previously
described.7 Under these conditions, the cells efficiently
underwent necroptosis, which was completely and
selectively inhibited by 1. For EC50 value determina-
tions, cells were treated with 10 ng/mL of human TNFa
in the presence of increasing concentrations of test
compounds for 24 h followed by an ATP-based viability
assessment.20
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Scheme 8. Reagents and conditions: (a) BH3ÆTHF, �5 �C to rt, 4 h
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Table 1. EC50 determinations for inhibition of necroptosis in FADD-


deficient Jurkat T cells treated with TNF-a


Y
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R1


4


7


2


R2O


Compound R1 R2 X Y EC50 (lM)


1 H Me S NH 0.49


46 H Me S NMe >10


47 H Me S S 4.8


48 H H S NH >10


12 7-Cl Me S NH 0.18


13 7-Cl Me S NMe >10


49 6-Cl Me S NH >10


50 7-Br Me S NH 0.16


51 7-F Me S NH 0.26


52 7-OMe Me S NH 0.63


53 H Me O NH 1.3


54 H H O NH >10


55 H Me O S 5.6


56 2-Me Me O NH >10


57 4-Cl Me O NH 9.2


58 5-OMe Me O NH >10


59 7-OMe Me O NH 0.71


60 7-OBn Me O NH >10


61 7-O-n-Bu Me O NH 0.27


62 7-Me Me O NH 0.33


63 6-Cl Me O NH 5.7


64 7-F Me O NH 0.59


65 5,7-di-Cl Me O NH >10


66 7-Cl Me O NH 0.21


67 7-Cl Me O NMe 3.8
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Nec-1 (1) had an EC50 value of 0.49 lM (Table 1). Sub-
stitution of the indole nitrogen (46 and 13), introduction
of a chlorine substituent to the indole 6-position (49),
replacement of the indole with a benzothiophene (47),
or removal of the imide methyl on the thiohydantoin
(48)21 was detrimental to necroptosis inhibitory activity.
However, introduction of an electron-withdrawing (e.g.,
51, 12, 50) or an electron-donating substituent (e.g., 52)
to the indole 7-position increased the activity.


Although 5-(1H-indol-3-ylmethyl)-2-thiohydantoins
were capable of protecting cells from necroptosis, cyto-
toxicity was observed at higher concentrations
(�100 lM). We attribute this toxicity to the thiohydan-
toin portion of the molecules and hypothesize that
cytotoxicity is mechanistically distinct from the anti-nec-
roptosis activity.22 An approach to reduce the cytotoxic-
ity of the compounds without compromising on the
desired activity would be to replace the thiohydantoin
with a hydantoin. Although such a change resulted in
a 3-fold decrease in activity (1 vs 53), no cytotoxicity

was observed at the highest compound concentrations
employed. In general, the SAR of the hydantoins was
similar to that of the thiohydantoins. Introduction of
small electron-withdrawing (e.g., 66) or electron-donat-
ing (e.g., 59) substituents to the indole 7-position
increased necroptosis inhibitory activity. Furthermore,
substitution at the 2, 4, 5, or 6-positions of the indole
was detrimental. Interestingly, the 5,7-dichloro deriva-
tive 65 was also inactive. Removing the substituent on
the imide nitrogen of the hydantoin (54)21 was also
detrimental to activity.


Next, the SAR of the hydantoin ring was examined in
more detail (Table 2). In this SAR study, the 7-chloroin-
dole was held constant. First, the (R)-enantiomer (25)
was found to be �4-fold more active than the (S)-enan-
tiomer (26). In addition, small alkyl substituents (e.g., 66
and 68) were best on the imide nitrogen compared to
larger groups (e.g., 69 and 70). Substitution of the amide
nitrogen (71) also resulted in loss of activity. However,
replacement of the hydantoin ring with an N-methyl
oxazolidine-2,4-dione (39) only resulted in a slight
decrease in activity. Removal of a carbonyl group to
give either a cyclic urea (43) or a cyclic carbamate (45)
resulted in complete loss of activity.


The bridge between the indole and the hydantoin was
briefly evaluated. Increasing the steric bulk of the meth-







Table 2. EC50 determinations for inhibition of necroptosis in FADD-


deficient Jurkat T cells treated with TNF-a


N
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X


YZ


O
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Compound (R or S) X Y Z EC50 (lM)


26 S NH NMe C@O 0.23


25 R NH NMe C@O 0.05


68 R NH NEt C@O 0.18


69 R/S NH N-n-Bu C@O 0.85


70 R/S NH N-i-Pr C@O >10


71 R/S NMe NMe C@O >10


39 R/S O NMe C@O 0.38


43 R/S NH NMe CH2 >10


45 R/S NH O CH2 >10
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ylene bridge (31) and extending the linker between the
indole and the hydantoin (36) were both found to be
detrimental for necroptosis inhibitory activity
(EC50 > 10 lM).


A representative member of the 5-(1H-indol-3-ylmethyl)
hydantoins (66)23 was characterized further. This
compound exhibited 78.7% protein binding in human
plasma, had a LogD7.4 of 1.90, and solubility in phos-
phate buffer (pH 7.4) of 130 lg/mL. The pharmacoki-
netics of 66, following intravenous administration to
mice, is shown in Table 3. 24 Gender-specific differences
were noted with more rapid clearance from females.
This difference may be due to gender-specific differences
in compound metabolism.25 The brain concentration
and brain- to -plasma ratio of 66 were also determined
in male mice following intravenous administration.
These results are shown in Table 4.24 Compound 66 par-
titions into the brain resulting in a brain- to -plasma ra-
tio of 2.4 to 1. However, the compound was cleared
from both the brain and plasma within 180 min post-
injection.

Table 4. Brain concentration and brain to plasma ratio of 66 following


intravenous administration to male mice


Post-injection


time


(min)


Brain


concentration


(lM)


Plasma


concentration


(lM)


Brain to


plasma


ratio


30 0.74 0.31 2.4


180 0 0.003 —


Table 3. Pharmacokinetic data for 66 following intravenous admin-


istration to mice


Gender AUC8h


(min ng/mL)


Cmax


(ng/L)


T1/2


(min)


Vss


(mL/kg)


CLs


(mL/min/kg)


Male 16461 873 67 2495 61


Female 9921 573 <60 3345 100

In conclusion, 5-(1H-indol-3-ylmethyl)-2-thiohydanto-
ins and 5-(1H-indol-3-ylmethyl)hydantoins were found
to be potent necrostatins. A SAR study revealed that
several positions of the indole were intolerant of substi-
tution, while smaller, substituents (i.e., OMe or Cl) at
the 7-position resulted in increased activity. The hydan-
toin ring was also quite sensitive to structural modifica-
tions. A representative member (66) of this compound
class demonstrated moderate pharmacokinetic charac-
teristics and readily entered the CNS upon intravenous
administration. Studies are currently underway to eval-
uate further these compounds in other in vivo animal
models of disease where necroptosis is likely to play a
substantial role. Furthermore, these compounds can
serve as molecular tools to interrogate further the
mechanism of necroptotic cell death.
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Abstract—LL-Threonine 2 was converted in seven steps into the protected aminomercaptoalcohol 8, a threonine mimic. This com-
pound 8 was coupled to various oligopeptides to produce two different tetrapeptide analogues, for example, 11 and 17, which were
shown to inhibit the Sortase enzymes (SrtA and SrtB) via covalent attachment of the thiol groups of 11 and 17 to the catalytically
active cysteine residue of the Sortase enzymes.
� 2005 Elsevier Ltd. All rights reserved.

Many surface proteins on Gram-positive bacteria are
covalently anchored to the cell wall by sortase enzymes,
a family of novel cysteine transpeptidases.1 The sortase
A (SrtA) protein from Staphylococcus aureus is required
for bacterial virulence and is the best studied member of
this enzyme family. It �sorts� proteins to the cell wall by
processing a conserved C-terminally located LPXTG
motif, cleaving the threonine–glycine peptide bond,
and attaching the threonine carbonyl to the amine group
of lipid II.2 This lipid–protein intermediate is then incor-
porated into the peptidoglycan via transglycosylation
and transpeptidation reactions of cell wall synthesis.
Sortases are an attractive target for new antibacterial
agents, since they are widely distributed in a diverse
set of pathogens3 where they are frequently required
for virulence.4 In our ongoing investigations of the
structure and function of these enzymes, structures of
the apo-SrtA enzyme have been solved,5 the LPXTG
binding site has been coarsely defined,6 residues critical
for catalysis have been identified,7 and calcium has been
shown to activate SrtA by promoting the closure of an
active site loop that contacts the substrate.8 At present,
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it is not known how these enzymes recognize and pro-
cess their sorting signals, which can vary dramatically
in sequence.3 For example, although the distantly relat-
ed sortase B (SrtB) also cleaves the acyl threonine pep-
tide bond, it recognizes a very distinct sorting signal
containing the amino acid sequence NPQTN.4c To aid
in structural studies designed to elucidate the molecular
basis of substrate specificity, we have previously pre-
pared several oligopeptides that contain threonine ana-
logues that covalently bind to the thiol of Cys184.
These compounds, for example, the vinyl nitrile and
vinyl sulfone analogues of threonine, have indeed been
useful, but have not yet yielded modified enzymes that
are sufficiently homogeneous for detailed structural
studies.6b Therefore, we have developed a new threonine
analogue, which can bind covalently to both SrtA and
SrtB by a different mechanism, namely via a disulfide
bond. We report the synthesis of (2R,3S) 3-amino-4-
mercapto-2-butanol in the doubly protected form 8
and its incorporation into the two distinct target tetra-
peptide sequences for SrtA and SrtB, compounds 11
and 17, respectively. We also report the binding data
for these peptide analogues versus the target enzymes.


Of the many possible protected threonine
mercaptomethyl analogues,9 we chose compound 8 in
which the alcohol and thiol functionalities were protect-
ed with silyl groups, since the removal of protecting
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groups should be mild enough as to cause no racemiza-
tion of any peptide bond. Hydrogen sulfide was convert-
ed (Scheme 1) into the tert-butyldiphenylsilyl (TBDPS)
thiolate 1 in two steps in 72% yield.10 LL-Threonine 2
was converted via standard methods into the silyl-pro-
tected methyl ester 3 in an unoptimized yield of 37%.
Protection of the amine as the Boc derivative 4 and hy-
dride reduction gave the alcohol 5 in 45% yield. Conver-
sion to the bromide 6 (50%), followed by SN2
displacement using the thiolate 1, gave the bis-silylated
carbamate 7 in 96% yield. Final Boc removal was quite
difficult on account the sensitivity of the TBDPS-protect-
ing groups. Normal acidic conditions removed one or
both of the silyl groups in addition to the Boc group.
Finally, the following set of conditions were found to
work well and reproducibly, namely treatment of 7 with
gaseous HCl in anhydrous ethyl acetate at 23 �C for
20 min to afford the desired bis-silylated amine 8 in
82% yield.11


With the bis-protected amine in hand, we studied its
incorporation into the desired tetrapeptide sequences
for SrtA and SrtB. The tripeptide cbz-LPA (leucine-pro-
line-alanine) 9 was prepared in seven steps using stan-
dard solution-phase peptide synthesis methodology
(Scheme 2). Coupling of 8 with the tripeptide 9 using
EDCI and DMAP gave the desired bis-protected SrtA
tetrapeptide analogue 10 in good yield. Final deprotec-
tion of the two silyl groups with fluoride (TBAF) gave
the tetrapeptide analogue 11 in which the carbonyl
group of threonine has been replaced with a mercaptom-
ethyl (CH2SH) unit.
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pentane, 0 �C, 2 h, 72%; (iii) SOCl2, MeOH, 0 �C! 23 �C, 18 h; (iv)
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20 min, 82%.

Due to the somewhat higher reactivity of the amino acid
side chains, for example, the amides of the Asn and Gln
groups, in the tetrapeptide analogue of the SrtB se-
quence, a different strategy was used to prepare the SrtB
analogue 17 (Scheme 3). Coupling of the bis-silylated
amine 8 with a-N-Boc glutamine 12 gave the dipeptide
analogue 13 in 61% yield. Removal of the Boc group,
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again using the conditions utilized earlier, for example,
HCl in ethyl acetate, gave the amine 14 in 73% yield.
The Cbz-protected dipeptide (Asn-Pro) 15 was prepared
in four steps using standard solution-phase peptide syn-
thesis methodology. Coupling of the dipeptide analogue
14 to 15 using PyBOP and Hunig�s base gave the desired
tetrapeptide analogue 16 in 74% yield. Final removal of
the two silyl groups with fluoride ion gave the SrtB tet-
rapeptide analogue 17 in 54% yield. This analogue again
has the mercaptomethyl (CH2SH) group in place of the
carbonyl unit of threonine.


To test the viability of these compounds as possible
covalent binders, the SrtA tetrapeptide analogue 11
(5 M excess) was added to SrtA (5 lL of 20 lM solu-
tion) in a pH 8 buffer (50 mM Tris–HCl, 100 mM NaCl)
with and without CaCl2 and incubated at room temper-
ature. Samples were removed periodically and analyzed
using reverse-phase HPLC on a C18 column. After 20 h,
a large new peak appears, while the original peak for
SrtA disappears (Fig. 1). Likewise, when the SrtB tetra-
peptide analogue 17 was added to SrtB under similar
conditions, a new peak again appears in the reverse-
phase HPLC along with the concomitant disappearance
of the original peak due to SrtB.

Figure 1. (a) Reverse-phase (C18) HPLC traces of sortase A alone


(SrtA alone) and treated with a 10-fold excess of 11 (SrtA-SH). (b)


Reverse-phase (C18) HPLC traces of sortase B alone (SrtB alone) and


treated with a 5-fold excess of 17 after 12 h at pH 7 (modified SrtB).

In summary, we have developed an efficient method for
the synthesis of the bis-protected LL-threonine analogue 8
and have used it in the preparation of two tetrapeptide
analogues of the sorting sequence for SrtA and SrtB,
compounds 11 and 17, respectively. These compounds
covalently modified their respective enzymes at reason-
able concentrations. The use of these new covalently
bound sortase analogues for the determination of the
three-dimensional structure of a bound sortase is cur-
rently under study in our laboratories.
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Abstract—Based on the known coumarin-based prodrug system, a new meptazinol (Z)-3-[2-(propionyloxy) phenyl]-2-propenoic
ester (3) was designed and synthesized as prodrug to minimize the first-pass effect of meptazinol (1) and improve the oral bioavail-
ability. The prodrug (3) showed a 4-fold increase in oral bioavailability over the parent drug meptazinol in rats.
� 2005 Elsevier Ltd. All rights reserved.

Acting as a mixed agonist/antagonist opioid analgesic,
meptazinol ((±)-3-(3-ethyl-1-methyl-hexahydro-1H-aze-
pin-3-yl) phenol, 1) has been marketed by Wyeth for
the treatment of moderate to severe pain since 19831


and included in the British Pharmacopoeia in 1998.2 Un-
like other typical opiates, meptazinol showed less respi-
ratory depression and lower addictive potential.3–5


However, the clinical uses of meptazinol were still
restricted by its low oral bioavailability (8.69%).6 Simi-
lar to some drugs with phenol groups, meptazinol was
easily metabolized by enzymes in liver and caused seri-
ous first-pass effect. New clinical applications, pharma-
cophores, and analgesic mechanism of meptazinol
were reported recently7–10 both from Qiu�s group and
other researchers.


As part of a continuing effort in our laboratory to devel-
op novel meptazinol prodrugs as potential therapeutic
agents, Qiu and co-workers recently reported the syn-
thesis of three benzoyl esters (I–III) as meptazinol pro-
drugs. Among these three esters, analogue III showed
enhanced bioavailability presumably due to an en-
hanced lipophilicity and metabolic stability.11 A couma-
rin-based esterase-sensitive prodrug system and its
application for the preparation of prodrugs of amines
and cyclic prodrugs of peptides12–28 have been reported
recently. The design utilized an esterase-triggering intra-
molecular lactonization of cis-coumarinic acid to release

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


doi:10.1016/j.bmcl.2005.08.016


Keywords: Meptazinol; Coumarin-based prodrug; Synthesis;


Bioavailability.
* Corresponding author. Tel.: +86 021 54237595; fax: +86 021


54237264; e-mail: zbqiu@shmu.edu.cn

the parent drug and coumarin.29–31 The major outstand-
ing advantage of the prodrug system is that the hydroly-
sate coumarin has been found to be relatively nontoxic
in many clinical and laboratory studies.


It was of considerable interest to apply the coumarin-
based prodrug system for masking the phenol group of
meptazinol (1) for protection against the enzyme metab-
olism. Among the several previously reported carboxyl-
ated phenyl propenoic acid as masked coumarin
carriers, the propionyloxy group-substituted phenyl
propenoic acid (2) was specifically chosen as our carrier
molecule simply because it could be prepared mostly
efficiently among all the known acetyl, iso-propionyl,
and tert-butyryl coumarin carriers as described in the lit-
erature13 and the corresponding results of esterase kinet-
ics indicated that variations of the steric bulkiness of the
acyl group did not significantly affect the rate of the
release of the parent drug. Therefore, we designed and
synthesized meptazinol (Z)-3-[2-(propionyloxy)phenyl]-
2-propenoic ester (3) as a potential prodrug to explore
this potential. Coumarin was converted into (Z)-3-[2-
(propionyloxy)phenyl]-2-propenoic acid (2) in six steps
using a modification of literature procedures13 with the
total productivity of 20.4% (Fig. 1). The spectrum of
(2) has confirmed a Z-configuration of double bond
based on a J value of 12.2 Hz,32 which matched well
with the data reported in Ref. 13.


Coupling of meptazinol (1) with (Z)-3-[2-(propionyl-
oxy)phenyl]-2-propenoic acid (2) was accomplished in
the presence of 1,3-dicyclohexyl carbodiimide (DCC)
and 4-dimethylaminopyridine (DMAP) to give the
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Figure 1. Synthesis of the carrier molecule (2). TBDMS, tert-butyldimethyl silyl; DMAP, 4-dimethylaminopyridine.
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phenol ester (3) in 69% yield.33 The synthetic route is
outlined below (Fig. 2). The structures of the base and
hydrochloride of this prodrug were determined by
NMR, IR, and HR-ESI.34


As suggested by Franklin et al.35 a good correlation was
observed between meptazinol�s analgesic potency and its
plasma concentration. Thus in our hand, oral bioavail-
ability, which in turn indicated the bioactivity, of the
prodrug and of the parent drug was measured in rats,
respectively.


The bioavailability evaluation was designed as a three-
way cross-over study. Six rats were divided into three
groups randomly and evenly. During each period, there
is a 7 days� wash-out time. The routes of administration
in each period for each rat were listed in Table 1.

CH3CH2COO
HOOCOH


N
CH3


(1)DCC


(2)HC


1 2


+


Figure 2. Synthetic route of the meptazinol prodrug (3).


Table 1. The routes of administration in each period for each rat


No 1 2


Period I A A


Period II B B


Period III C C


A, iv 29.7 lmol/kg meptazinol; B, ig 92.8 lmol/kg meptazinol; C, ig 92.8 lm


Table 2. AUC and absolute bioavailability of meptazinol and prodrug


(n = 6) Meptazinol (iv)


29.7 lmol/kg


Mean SD


AUC0!10 (ng h/ml) 1985.53 533.82


F%a


a F% = (AUC0!10 (ig)/92.8)/(AUC0!10 (iv)/29.7).

As known to us, the prodrug can be hydrolyzed to mep-
tazinol by the plasma esterase in vitro after the blood
sample is collected, which can result in the concentration
of meptazinol determined to be higher than the actual
concentration. To prevent the above case occurring,
the esterase inhibitor Na2S2O5 was quantitatively added
to the plasma sample immediately after blood sample
was collected and centrifuged.36 The HPLC system
was optimized on Frost.37


Listed in Table 2 are the area under curve (AUC)
and absolute bioavailability (F%) of meptazinol via
intravenous (iv) versus intragastric (ig) administration
as well as that of the meptazinol prodrug via ig
administration. The corresponding mean plasma
meptazinol concentration–time curves are shown in
Figure 3.

/DMAP


l-ether


CH3CH2COO
C


O


N
CH3


O


HCl


3


3 4 5 6


B B C C


C C A A


A A B B


ol/kg prodrug.


Meptazinol (ig) Prodrug (ig)


92.8 lmol/kg 92.8 lmol/kg


Mean SD Mean SD


712.63 118.69 2631.78 1385.30


12.12 3.57 51.75 32.99







Figure 3. Mean plasma meptazinol concentration–time curves after iv


and ig administration of meptazinol and ig administration of prodrug


in rats.
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The absolute bioavailability of meptazinol prodrug (3)
via ig administration was 51.75% ± 32.99% (n = 6). This
indicated a more than 4-fold increase over the value ob-
tained for meptazinol, 12.12% ± 3.57%. Based on the
two sides t-test (P < 0.01), differences in the values of
AUC0!10 and F% between the two groups suggested
great statistical significance.


propionyloxy)phenyl]-2-propenoic meptazinol ester
hydrochloride (3), was designed and synthesized to
minimize the first-pass effect of meptazinol and en-
hance the oral bioavailability. Biological evaluation
data indicated that there was a 4-fold increase in oral
bioavailability of this prodrug compared to the parent
drug meptazinol. This coumarin-based prodrug showed
a superior oral bioavailability to the earlier reported
meptazinol benzoyl esters.11 These results highlight
the potential of using coumarin-based esterase-sensitive
system as a prodrug template for other drug molecules
besides meptazinol.
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Abstract—Cell penetrating peptide TAT was introduced into doxorubicin structure. Synthesized doxorubicin–TAT conjugate
showed different intracellular distribution pattern and cell killing activity from those of free doxorubicin. Unlike free doxorubicin,
doxorubicin–TAT conjugate was highly permeable to drug-resistant cells and was able to kill drug-resistant tumor cells efficiently.
� 2005 Published by Elsevier Ltd.

Clinical resistance to anticancer drugs is the major rea-
son for cancer treatment failure. Now nearly 50% of hu-
man cancers are either completely resistant to
chemotherapy or respond only transiently, after which
they are no longer affected by commonly used antican-
cer drugs. This phenomenon is generally referred to as
multidrug resistance (MDR).1 Various mechanisms are
presumed to be responsible for the MDR phenotype
of a cell including intracellular conversion of a toxic
drug into less harmful metabolites and decreased expres-
sion of topoisomerase II in MDR tumor cells. By far the
best characterized mechanism leading to decreased
intracellular drug levels is the over-expression of ener-
gy-dependent drug efflux pump proteins such as P-gly-
coprotein (Pgp). This integral membrane protein is
able to remove drugs from the cytoplasm and thus re-
duce intracellular anticancer drug concentrations.2


Recently, several peptides have been demonstrated to
translocate across the plasma membrane of eukaryotic
cells by a very efficient and energy-independent path-
way.3 These peptides, termed as cell penetrating peptides
(CPPs), have been used successfully for the intracellular
delivery of molecules with various molecular weights.4


Recent research shows that hybrids consisting of a cell
penetrating sequence and a brain impermeable com-
pound can cross blood–brain barrier (BBB), a P-glyco-
protein highly expressed endothelial cell layer, to get
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into the brain.5 The objective of this study was to
examine if cell penetrating peptide could also bring cell
impermeable drug into P-glycoprotein highly expressed
drug-resistant tumor cells to overcome drug resistance
in cancer therapy.


Conjugate from a common anticancer drug, doxorubi-
cin, and a well-known cell penetrating peptide, TAT
peptide, was synthesized. The cell penetration as well
as tumor killing activity of doxorubicin–TAT conjugate
was examined on both drug-sensitive and drug-resistant
tumor cells.


Doxorubicin was dissolved in DMSO and then dispersed
in a phosphate buffer solution (3.0 ml, pH 8.0) at a
concentration of 0.3 mg/ml. After addition of 20 ll of tri-
ethylamine (TEA), 200 ll of succinimidyl-4-(N-maleimi-
domethyl)cyclohexane-1-carboxylate (SMCC, 10 mg/
ml) was added. The mixture was incubated at room
temperature for 2 h.After adjusting the pHof themixture
to 5.5, 300 ll of synthesized TAT peptide (CGGGYGR
KKRRQRRR) solution (15 mg/ml) was added. The mix-
ture was kept at room temperature for another 2 h.
SMCC is a widely used cross-linker for the conjugation
of compounds with amino and thiol groups, respectively,
especially in protein/peptide related conjugation.6 A
scheme of doxorubicin–TAT conjugate synthesis is dem-
onstrated in Figure 1.


Unreacted doxorubicin, SMCC and TEA, were removed
by passing the reaction mixture through a heparin col-
umn connected to FPLC and washed with PBS. Because
TAT is a positively charged peptide, TAT peptide and



mailto:jliang2@stevens.edu





+ C


O


O


O O


O


NN O CH2


2


3


+


pH=8.0


HS-CGGGYGRKKRRQRRR


4


5


pH=5.5


C


O
O


O


NCH2


C


O
O


O


NCH2


S-CGGGYGRKKRRQRRR


1


+ C


O


O


O O


O


NN O CH2


2


3


+


pH=8.0


HS-CGGGYGRKKRRQRRR


4


5


pH=5.5


C


O
O


O


NCH2


C


O
O


O


NCH2


S-CGGGYGRKKRRQRR 


1


O


O


O


O


O


O O


O


O


O


O O


O


O


O


OH


H3CO


H3CO


H3CO


H3C


H3C


H3C


OH


OH


OH


OH


OH


OH


OH


OH


OH


NH


NH


NH2


OH


OH


OH


OH


OH


Figure 1. Scheme for doxorubicin–TAT conjugate synthesis. 1, doxorubicin; 2, SMCC; 3, doxorubicin–SMCC; 4, TAT peptide; 5, doxorubicin–TAT


conjugate.
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its conjugation production would show strong affinity to
heparin column. Unreacted TAT peptide and doxorubi-
cin–TAT conjugate were eluted from heparin column
through a linear elution using 2.0 M NaCl (Fig. 2A)
according to established method.7 Peak #2 in Figure
2A had the same retention time as pure TAT peptide
and thus was unreacted TAT peptide. Collected peak
#1 in Figure 2A was subjected to SDS–polyacrylamide
gel electrophoresis (SDS–PAGE) assay7 and two peptide
bands were found (Fig. 2B). The molecular weight of
one band was about 1700 Da, which was slightly higher
than the molecular weight of TAT peptide (1678 Da).
However, the molecular weight of another band was
about 3,500 Da, more than two times higher than that
of TAT peptide. Since doxorubicin is a fluorescent com-
pound, the ultraviolet image of the same SDS–PAGE
gel was generated and is shown in Figure 2C. Unlike
TAT peptide band, both peptide bands from peak #1
in Figure 2A were visible under ultraviolet light, imply-
ing that peptides in these two bands had been already
linked with doxorubicin. This result also excluded the
possibility that the high molecular weight peptide band
was TAT peptide dimer formed by a disulfide bond
(TAT–S–S–TAT). The conjugate mixture was subjected
to a further separation on a C8 reverse-phase HPLC
using a shallow gradient of acetonitrile (10–40% over
40 min) as described previously.7 Two doxorubicin–
TAT conjugates with a molecular ratio of 1:1 (peak

#1) and 1:2 (peak #2) were obtained (Fig. 2D) as con-
firmed by mass spectrometry assay. Yields of these
two products were about 43% and 8% for peak #1
and peak #2, respectively. The additional TAT peptide
in the conjugate with 1:2 doxorubicin/TAT ratio seemed
to be from the direct reaction between the SH group of
TAT peptide and the aromatic or sugar rings of doxoru-
bicin. Since TAT peptide linked to aromatic ring or any
other position of sugar ring might cause anticancer
activity drop of doxorubicin,8 only desired doxorubi-
cin–TAT conjugate (doxorubicin/TAT = 1:1, Fig. 1)
was characterized and used for further studies.


First, both the cell permeability and intracellular distri-
bution pattern of doxorubicin–TAT conjugate were
compared with those of free doxorubicin. MCF-7 breast
cancer cells were incubated with 5.0 lM free doxorubi-
cin or doxorubicin–TAT for 30 min. After washing with
an acidic solution (28 mM NaAC, 120 mM NaCl, and
20 mM barbital, pH 2.5) to remove cell membrane-asso-
ciated doxorubicin–TAT conjugate, cells were examined
by fluorescence microscopy for doxorubicin uptake and
intracellular distribution.9 As shown in Figure 3,
although both free doxorubicin and doxorubicin–TAT
conjugate were permeable to MCF-7 cells, different
intracellular distribution profiles were observed for these
two compounds. Free doxorubicin accumulated at nu-
clei while most of doxorubicin–TAT conjugate located
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Figure 3. MCF-7 cells grown on chamber slides (Nalge Nunc, Naperville, USA). After incubation with drugs for 30 min, cells were washed with


HBSS followed by cold acidic solution (28 mM CH3COONa, 120 mM NaCl, and 20 mM barbital–HCl, pH 3.0) to remove all cell surface-bound


drugs. Cells were fixed with PBS-buffered (pH 7) 4% formaldehyde/1.5% methanol solution. Cell observation was done with an inverted Zeiss laser


scanning microscope (LSM410; Carl Zeiss, Jena, Germany). Maximum excitation was performed by a 488-nm line of internal argon laser, and


fluorescence emission was observed at 590 nm. Images (A and B) are from doxorubicin treated cells, and images (C and D) are from doxorubicin–


TAT conjugate treated cells. (A and C) Contrast and (B and D) fluorescent images, respectively.
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Figure 2. Purification and characterization of doxorubicin–TAT conjugates by heparin affinity FPLC (A), SDS–polyacrylamide gel electrophoresis


(B and C), and C8 reverse-phase HPLC (D). Lanes 1 and 2 in SDS–PAGE are for free TAT peptide and conjugation mixture (peak #1 in A). (B and


C) Electrophoresis images obtained under white and ultraviolet light, respectively. Please refer to Ref. 7 for detailed experimental conditions.
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in either perinuclear region or cytoplasm (Fig. 3D).
Obviously, linked TAT peptide changed the intracellular
distribution pattern of doxorubicin in doxorubicin–
TAT conjugate.


Next, we compared tumor killing ability of doxorubi-
cin–TAT conjugate with that of free doxorubicin. Cells
were seeded in 96-well plates at a density of 103 cells
per well. After incubation with various concentrations
of doxorubicin–TAT or free doxorubicin for 48 h, cell
viability was assessed by the MTT assay.9 Fluorescence
intensity measurement of doxorubicin (kex = 470 nm;
kem = 590 nm) in both doxorubicin–TAT conjugate

and free doxorubicin solutions was used to determine
and adjust drug concentrations. Cytotoxicity assay was
first performed on drug-sensitive cells, MCF-7. As
shown in Figure 4A, both doxorubicin–TAT conjugate
and free doxorubicin showed dose-dependent growth
inhibitory effects on MCF-7 cells. Interestingly, even
though doxorubicin–TAT had different intracellular dis-
tribution pattern from that of free doxorubicin (Fig. 3D,
Table 1), it showed the same MCF-7 killing ability as
free doxorubicin (Fig. 4A, Table 1). Recent research
shows that in addition to inhibiting DNA synthesis in
nuclei, doxorubicin can also kill cells by interacting with
cytoplasm components or apparatus and cause cell







Table 1. Cell permeability and killing activity of doxorubicin–TAT conjugate


Intracellular concentration (%) IC50 (lM)


Free Dox Dox–TAT Free Dox Dox–TAT Verapamil (10 lM)


Free Dox Dox–TAT


MCF7 92.3 84.6 0.25 0.28 ND ND


MCF7/ADR 4.5 58.4 45.2 5.8 6.7 5.2


AT3B-1 7.9 49.3 167.5 23.4 42.4 23.8


1 10 100
0


20


40


60


80


100


120


 Dox
 Dox-TAT


A


B


100 1000
0


20


40


60


80


100


120


 Dox
 Dox-TATC


el
l s


ur
vi


va
l (


%
)


C
el


l s
ur


vi
va


l (
%


)


Drug concentration(nM)


Drug concentration (µM)


Figure 4. Cytotoxicity of free doxorubicin (Dox) and doxorubicin–


TAT (Dox–TAT) to drug-sensitive (A) and -resistant (B) MCF-7 cells.


Cells were seeded in 96-well plates at a density of 103 cells/well.


Twenty-four hours later, cells were continuously exposed to free


doxorubicin, doxorubicin–TAT for 48 h. Cell viability was then


assessed by the MTT assay.
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apoptosis.10 Therefore, multiple intracellular acting sites
of doxorubicin should be the reason why doxorubicin–
TAT conjugate and free doxorubicin had the same cell
killing activity (Table 1), even though they showed total
different intracellular distribution profiles (Fig. 3).


Cell killing activities of doxorubicin–TAT conjugate and
free doxorubicin were then tested on drug-resistant
MCF-7 cells (MCF-7/ADR). Unlike on drug-sensitive
cells, doxorubicin–TAT conjugate was much more po-
tent than free doxorubicin in killing drug-resistant cells
(Fig. 4B). The IC50 of doxorubicin–TAT conjugate
was 8–10 times less than that of free doxorubicin (Table
1). The same result was also observed on another
drug-resistant cell line, AT3B-1. Obviously, linked
TAT peptide greatly enhanced the drug-resistant cell
killing ability of doxorubicin.

To clarify drug-resistant cell killing mechanism of doxo-
rubicin–TAT conjugate, intracellular doxorubicin con-
centrations in doxorubicin–TAT conjugate and free
doxorubicin treated cells were compared. Intracellular
doxorubicin was extracted by incubating cells with
extraction solution (isopropyl alcohol solution contain-
ing 0.075 N HCl) at 4 �C overnight. Doxorubicin con-
centrations in extractives were determined using
spectrofluorimeter by setting the excitation and emission
wavelengths at 470 and 590 nm, respectively. As shown
in Table 1, although nearly 90% of free doxorubicin
could get into drug-sensitive cells, this number dropped
to about 5% in drug-resistant cells, suggesting that
doxorubicin lost its cell permeability because of the pres-
ence of the P-glycoprotein efflux pump in drug-resistant
cell membrane. On the contrary, doxorubicin–TAT con-
jugate was insensitive to P-glycoprotein efflux pump,
and doxorubicin–TAT conjugate was still highly perme-
able (58.6%) to drug-resistant cells. Since only doxorubi-
cin–TAT but not a simple mixture of doxorubicin and
TAT peptide killed drug-resistant cell efficiently (data
not shown), TAT peptide inhibition of P-glycoprotein
activity could not be the reason for the drug resistance
overcoming ability of doxorubicin–TAT conjugate. In
addition, P-glycoprotein inhibitor (verapamil) could
partially resume free doxorubicin� toxicity to drug-resis-
tant cells but it did not affect the overall cell killing abil-
ity of doxorubicin–TAT conjugate (Table 1). Therefore,
it seemed that doxorubicin–TAT conjugate overcame
drug resistance through a �bypass� but not P-glycopro-
tein inhibition mechanism.


In conclusion, this study demonstrates that cell penetrat-
ing peptide-linked doxorubicin can bypass P-glycopro-
tein efflux pump and is able to kill drug-resistant cells.
This finding shed the new light for more potent antican-
cer drug development.
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Abstract—A novel class of anthranilic diamides has been discovered with exceptional insecticidal activity on a range of Lepidoptera.
These compounds have been found to exhibit their action by release of intracellular Ca2+ stores mediated by the ryanodine receptor.
The discovery, synthesis, structure–activity, and biological results are presented.
� 2005 Elsevier Ltd. All rights reserved.
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The safe and effective use of insecticides to fight serious
crop damage from harmful pests is an essential element
in both defense of the food supply and prevention of dis-
ease transmission. Due to the ability of insects to rapidly
develop resistance, the discovery of agents that act on
new biochemical targets is an important tool for effective
pest management.


Calcium channels represent a novel target for insect con-
trol. Calcium homeostasis plays a key role in multiple
cell functions with particular importance in muscle con-
trol. Coordinated muscle contraction involves activation
of two distinct classes of calcium channels: voltage-gated
channels, which allow external calcium entry, and ryan-
odine receptor channels, which regulate release of inter-
nal calcium stores.1 Ryanodine receptor channels,
located in the sarcoplasmic reticulum, derive their name
from the plant metabolite ryanodine, a natural insecti-
cide found to affect calcium release by locking channels
in a partially opened state.2 A new class of insecticidal
anthranilic diamides has been found which exhibit their
action by binding to ryanodine receptors and activating
the uncontrolled release of calcium stores.3,4 Whole
organism symptoms include feeding cessation, lethargy,
paralysis, and death.
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The discovery of the anthranilic diamides followed from
work related to the emerging class of insecticidal phthal-
ic diamides.5 Flubendiamide, a new insecticide from this
class, is active on a broad range of Lepidoptera (Fig. 1).
Reports now indicate the mechanism of action is also
that of ryanodine receptor activation, consistent with
our findings for anthranilic diamides.6 Data suggest that
the phthalic diamides constitute a broad chemical class
of crop protection agents. Optimum levels of activity ap-
pear to be associated with several key structural frag-
ments. Two of these include the presence of an ortho-
halo substituent adjacent to the alkyl amide and the
presence of an ortho-methyl substituent on the aniline
ring. The alkylsulfonylamide and heptafluoroisopropyl
group are also unique features of this molecule. We

NHI
S


O O


NH


Flubendiamide DP-23


Figure 1. Diamide insecticides flubendiamide and DP-23.
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now report the discovery of a new class of insecticides,
the anthranilic diamides, which exhibit their action
through activation of the ryanodine receptor, culminat-
ing in exceptionally potent derivatives such as DP-23
(see Fig. 1).


Schemes 1–7 illustrate the routes by which the anthranil-
ic diamides were prepared. Our initial targets consisted
of a set of substituted derivatives of formula 5. They
were prepared directly by coupling of an anthranilamide
3 with a substituted benzoyl chloride 4 in the presence of
base (Scheme 1). Anthranilamides 3 were prepared in
two steps from 2-nitrobenzoic acids by treatment with
ethyl chloroformate, triethylamine, and the correspond-
ing amines (R2NH2) followed by reduction of the nitro
group.


The benzoyl chloride 11 (compound 4 where R3 is meth-
yl) was prepared as outlined in Scheme 2. Ortho-alkyl-
ation of oxazoline 8, by sequential treatment with
n-butyl lithium and methyl iodide at �50 �C, followed
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Scheme 1. Reagents and conditions: (a) (i) EtOCOCl, Et3N, THF, 10 �C (ii)


CHCl3, 60–80%.
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Scheme 2. Reagents and conditions: (a) (i) Et3N, THF (ii) SOCl2, 15 �C (ii


quant.; (c) concd HCl, H2O, reflux, 40%; (d) SOCl2, PhMe, reflux, 80%.

by hydrolysis of the oxazoline, afforded 2-methyl-4-tri-
fluoromethylbenzoic acid 10 in good yield.7


Pyridine analogs 17 were prepared as outlined in Scheme
3. Acetoacetate derivatives of formula 13 were con-
densed with 4-amino-1,1,1-trifluorobuten-2-one 12
containing an equivalent of trifluoroacetic acid in tolu-
ene to afford 2-trifluoromethyl-5-carbomethoxy-pyri-
dines 14 by the method of Okada.8 Results for both
the ethyl and isopropyl analogs (14, R3 = Et, i-Pr) were
consistent with reported data for the methyl analog (14,
R3 = Me) and afforded exclusively the 2-trifluoromethyl
pyridine isomers. Condensation of the acid chloride
16 with anthranilamide 3 afforded pyridine anthranilic
diamides 17.


The isosteric pyrimidine analogs 23 were prepared as
outlined in Scheme 4.9 Condensation of trifluorometh-
yl-acetamidine 18 with methoxymethylene-b-ketoesters
19 afforded 2-trifluoromethyl-5-carbomethoxypyrimi-
dines 20. Condensation of the derived acid chlorides
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22 with anthranilamides 3 afforded pyrimidine anthra-
nilic diamides 23.


Five-membered heterocyclic analogs were of interest to
explore the effect of ring size. Pyrazole analogs 28 were

prepared as outlined in Scheme 5. Alkylation of 3-triflu-
oromethyl pyrazole with alkyl iodides in DMF afforded
the N-alkyl pyrazoles 25. Regioselective lithiation of 25
with lithium diisopropyl amide at �78 �C afforded
exclusively the 5-lithio derivatives in accord with
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published results.10 Quenching with carbon dioxide pro-
vided the 5-carboxy-pyrazoles 26 in good yield.
Condensation of the derived acid chlorides 27 with
anthranilamides 3 afforded the target pyrazole anthra-
nilic diamides 28.

The phenylpyrazole acids 31 were prepared by the meth-
od shown in Scheme 6. Condensation of 1,1,1-trifluo-
ropentanedione with substituted phenyl hydrazines
provided the 3-trifluoromethyl-1-phenyl-pyrazoles 30,
with varying amounts (20–40%) of the isomeric
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5-trifluoromethyl-1-phenylpyrazoles. The acids 31 were
prepared by oxidation with potassium permanganate
under phase transfer conditions,11 albeit in generally
low yield (10–20%).


The 2-furanyl derivatives provided better results consis-
tent with literature precedence.12 Condensation of 4,4,4-
trifluoro-1-(2-furanyl)-1,3-butanedione with substituted
phenyl hydrazines afforded the 3-trifluoromethyl-1-
phenylpyrazoles 30 as the principal product, with lesser
amounts of the 5-trifluoromethyl-1-phenylpyrazoles (5–
10%). Sodium chlorite oxidation of the furanyl group
provided the acids 31 in 70–90% yield. Conversion to
anthranilic diamides 35 was achieved using a two-step
benzoxazinone route. Condensation of the acid chloride
32 with isatoic anhydrides 33 in pyridine afforded the
benzoxazinones 34 directly.13 Treatment of the benzox-
azinone with amines in THF at room temperature affor-
ded the N-phenyl pyrazole anthranilic diamides 35 in
good yield.


The pyridylpyrazole analogs 41 were prepared follow-
ing the sequence outlined in Scheme 7. Reaction of
3-trifluoromethyl pyrazole with 2,3-dichloropyridine
in DMF afforded exclusively the pyridylpyrazole 37.
As with the alkylpyrazoles 25, the pyridylpyrazole
underwent selective lithiation at the 5-position to af-
ford the corresponding acid upon carbon dioxide
quench.

A useful procedure for benzoxazinone 40 formation
was employed involving sequential treatment of 38
with one equivalent of triethylamine and metha-
nesulfonyl chloride, followed by the anthranilic acid
39, then followed with a second equivalent of triethyl-
amine and methanesulfonyl chloride. The intermediate
4-chloro-6-methyl-anthranilic acid 39 (R4 = Cl) was
prepared by chlorination of 6-methylanthranilic acid
with N-chlorosuccinimide. The benzoxazinones 40
were converted to the corresponding pyridylpyrazole
anthranilic diamides 41 in good yield by treatment
with amines.


The insecticidal activity of anthranilic diamides is sum-
marized in Tables 1 and 2. Compounds were tested
against a series of Lepidoptera under standard laborato-
ry procedures.14 Potency on diamondback moth (Plutel-
la xylostella, Px), fall armyworm (Spodoptera
frugiperda, Sf), and tobacco budworm (Heliothis vires-
cens, Hv) was evaluated. Insecticidal potency is reported
as an LC50 in ppm, the lethal concentration required for
50% mortality. A subset of compounds was also tested
in a calcium mobilization assay, using neurons from
the American cockroach, Periplaneta americana, to as-
sess activity at the insect ryanodine receptor.15 This as-
say demonstrates the ability of anthranilic diamides to
release internal calcium stores while failing to activate
voltage-gated calcium channels. Furthermore, the calci-
um mobilization induced by anthranilic diamides was







Table 1. Insecticidal potency and calcium mobilization threshold (CMT) of anthranilic diamides
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Entry Series R1 R2 R3 LC50 (ppm) CMT (lM)a


Sfa Pxa Hva


DP-01 I H i-Pr Me >500 27.3b >500 39.3c


DP-02 I 6-Me i-Pr H 68.9 16.9 >500


DP-03 I 6-Me Me Me 154.9c 60.1 >500


DP-04 I 6-Me Et Me 210.4b 32.8b >500


DP-05 I 6-Me i-Pr Me 20.4 20.7 255.5b


DP-06 I 3-Me i-Pr Me >500 77.0b >500


DP-07 II 6-Me i-Pr Me 45.2 20.7 326.9c


DP-08 II 6-Me i-Pr Et 51.3b 9.7 77.5b 20.6


DP-09 II 6-Me i-Pr i-Pr 53.0b 9.6 55.5


DP-10 III 6-Me i-Pr Me 70.2 11.6 102.4


DP-11 III 6-Me i-Pr Et 193.8b 9.0 41.0


DP-12 III 6-Me i-Pr i-Pr 45.2 9.8 42.3 26.6


DP-13 IV 6-Me i-Pr Me 48.8b 29.6 130.1b 119.7


DP-14 IV 6-Me i-Pr Et 88.2 34.8 158.1b


DP-15 IV 6-Me i-Pr i-Pr 22.8 11.1 36.4


Insect LC50�s (ppm) on diamondback moth (Px, Plutella xylostella), fall armyworm (Sf, Spodoptera frugiperda), and tobacco budworm (Hv,Heliothis


virescens).
aMortality and Ca2+ mobilization values were obtained for multiple test rates, each tested in replicate (nP 16 for LC50 values), (nP 11 for CMT


values). LC50 and CMT calculations, with confidence intervals, were determined by Probit analysis using a maximum quasi-likelihood curve fitting


algorithm.16 For each of the values listed the range between the calculated LC50 and CMT values, and the corresponding lower or upper 90%-


confidence interval value is less than 50% of the calculated value unless otherwise noted.
b The range for the upper and/or lower 90%-confidence interval is less than 100% of the calculated value.
c The range for the upper and/or lower 90%-confidence interval is less than 250% of the calculated value.
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blocked following ryanodine (1 lM) treatment, consis-
tent with action at the ryanodine receptor. The calcium
mobilization threshold (CMT) is recorded in Tables 1
and 2. Insecticidal activity was found to correlate with
potency in mobilizing calcium (Chart 1). These studies
have confirmed the mode of action for anthranilic dia-
mides to be RyR activation and this chemistry has been
found to exhibit selectivity for insect receptors.4


Initial studies were conducted on benzoyl anthra-
nilamides of series I (Table 1). These compounds
showed their highest levels of potency on P. xylostella
and were only marginally effective on H. virescens. In
fact, P. xylostella was consistently the most sensitive
species to all anthranilic diamides of series I–V.


For the series I compounds several key structural fea-
tures were identified as important for insecticidal activi-
ty. Anthranilic diamides lacking an R1 substituent at the
6-position were found to be low in activity. The unsub-
stituted analog DP-01 was effective on only the single
species Px with an LC50 of 27.3 ppm. A substantial
improvement was achieved by incorporation of a methyl
group at the 6-position of the anthranilamide; the LC50

on Px was reduced to 16.9 ppm and Sf showed a greater
relative improvement to 68.9 ppm. Comparison of the 3-
methyl and 6-methyl positional isomers, DP-05 and DP-
06, provided an interesting observation relevant to the
relationship with phthalic diamides such as flubendia-
mide. While the 6-methyl isomer was the most active
of series I, the corresponding 3-methyl isomer was the
weakest. This seems to contrast with phthalic diamides
where the R1 substituent appears preferentially located
ortho to the alkyl amide, as inferred from the citations
of Ref. 5, and suggests a divergent structure–activity
profile for these two classes of chemistry. The presence
of a methyl substituent at R3 provides an increase in
activity versus the corresponding unsubstituted analogs
as can be seen by comparison of compounds DP-02
and DP-05, where activity is improved better than 2-fold
on Hv and greater than 3-fold on Sf. This observation
appears consistent with phthalic diamide structure–ac-
tivity, where incorporation of an ortho-methyl group
on the aniline ring increases activity for this class.


The pyridines and pyrimidines of series II and III
showed similar levels of activity and were also compara-
ble to the phenyl analogs of series I. Comparison of







Table 2. Insecticidal potency and calcium mobilization threshold (CMT) of series V 1-arylpyrazolyl anthranilic diamides
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Entry Series R1 R4 R5 X LC50 (ppm) CMTa (lM)


Sfa Pxa Hva


DP-16 V Me H H CH 48.3 26.0 353.6c


DP-17 V Me H 2-Cl CH 0.2 0.05b 3.4 0.2


DP-18 V Cl H 2-Cl CH 0.4 0.1 3.0 0.3


DP-19 V Me H 3-Cl CH >500 >500 >500


DP-20 V Me H 4-Cl CH >500 >500 >500


DP-21 V Cl H 2-Cl N 0.1 0.1 0.4


DP-22 V Me H 2-Cl N 0.1c 0.1 0.4 0.3


DP-23 V Me Cl 2-Cl N 0.03 0.01b 0.02c 0.1


Cypermethrin 5.3 2.1 13.5 na


Indoxacarb 0.3 0.5 1.5 na


Insect LC50�s in ppm on diamondback moth (Px, Plutella xylostella), fall armyworm (Sf, Spodoptera frugiperda), and tobacco budworm (Hv,


Heliothis virescens).
aMortality and Ca2+ mobilization values were obtained for multiple test rates, each tested in replicate (nP 16 for LC50 values), (nP 11 for CMT


values). LC50 and CMT calculations, with confidence intervals, were determined by Probit analysis using a maximum quasi-likelihood curve fitting


algorithm.16 For each of the values listed the range between the calculated LC50 and CMT values and the corresponding lower or upper 90%-


confidence interval value is less than 50% of the calculated value unless otherwise noted (na, not applicable).
b Range for the upper and/or lower 90%-confidence interval is less than 100% of the calculated value.
c Range for the upper and/or lower 90%-confidence interval is less than 250% of the calculated value.
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DP-05, DP-07, and DP-10 shows the pyrimidine DP-10
to be slightly more active on Sf and Px, and somewhat
less active on Hv. Comparative data at the R3 position
showed improved activity with increasing size across
the series methyl, ethyl, and isopropyl. This trend was
confirmed for both the pyridines (DP-07, DP-08, and
DP-09) and pyrimidines (DP-10, DP-11, and DP-12).
On balance the isopropyl analogs DP-09 and DP-12
were the most active for each set by a small margin.
Replacement of the heteroaryl group with a pyrazole
(series IV) showed a slight net activity improvement in
comparison to the pyridines and pyrimidines. The 1-iso-
propyl pyrazole DP-15 was the most active alkylpyraz-
ole, with activity comparable to those of DP-09 and
DP-12 on both Px and Hv, and with twice the potency
on Sf.


Activity for the series V aryl pyrazoles is shown in
Table 2. The unsubstituted phenyl pyrazole DP-16
showed relatively modest activity, but was of interest
based on its departure from perceived structure–activity
relationships. It was less active than the isopropyl ana-
log DP-15 with rates twofold higher on Sf and Px,
and with a more substantial loss of activity on Hv. In
contrast, the ortho-Cl-phenyl analog DP-17 showed a
remarkable 100-fold improvement in activity against
all three species of Lepidoptera and a dramatic reduc-
tion in the Ca2+ mobilization threshold.

The 6-Cl anthranilamide DP-18 also showed an equiv-
alent increase in activity, confirming the trend for
ortho-Cl-phenylpyrazoles. Activity for both DP-17
and DP-18 was significantly better than that of the
commercial standard cypermethrin and was compara-
ble to that of the standard indoxacarb. In contrast,
the isomeric meta-Cl and para-Cl analogs, DP-19 and
DP-20, respectively, showed a substantial activity loss.
It is possible that the large increase in activity for
DP-17 and DP-18 is the result of an ortho steric
interaction favoring a more preferred out of plane
conformation.


A variety of heterocyclic derivatives of the phenyl pyraz-
ole were investigated and optimum potency was ob-
served for analogs containing the 2-pyridylpyrazole
group, such as DP-21 and DP-22. Both compounds
showed significantly better activity than their phenyl
pyrazole analogs DP-17 and DP-18, particularly on
Hv. Activity in the Ca2+ mobilization assay was compa-
rable for all four compounds, suggesting that the in-
crease in efficacy for pyridylpyrazoles was due in part
to improved properties of leaf penetration, plant trans-
port or other aspects of delivery.


Optimization to the 4-chloroanthranilic diamide DP-23
produced a compound unmatched in potency and
spectrum for Lepidoptera.17,18 High levels of activity
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were observed on each of the three species of Lepidop-
tera at rates in the range of 0.01–0.03 ppm. Compari-
son of these data with the commercial standards
cypermethrin and indoxacarb (Table 2) indicates a
potency increase in the range of one to two orders
of magnitude. Results from the Ca2+ mobilization as-
say were consistent with insect data showing an IC50


of 0.1 lM, the most active compound of the series
by a substantial margin.


Comparison of the insecticidal activity on P. xylostella,
S. frugiperda, and H. virescens against data from the
Ca2+ mobilization assay (Chart 1) illustrates the strong
relationship between whole organism insect activity
and Ca2+ mobilization. The relative susceptibility of in-
sect species follows from the trendline P. xylostella > S.
frugiperda > H. virescens. Additionally, the clear distinc-
tion between the relative activity of series V phenyl and
pyridyl pyrazoles and the remaining series I–IV anthra-
nilic diamides is evident.


In summary a novel class of anthranilic diamides has
been discovered with exceptional insecticidal activity
on a broad spectrum of Lepidoptera. These compounds
have been found to exhibit their action by release of
intracellular Ca2+ stores mediated by the ryanodine
receptor. The 4-chloroanthranilic diamide DP-23 dem-
onstrates activity on each of the three species of Lepi-
doptera at rates in the range of 0.01–0.03 ppm. This
level of activity is significantly better than current stan-
dards with remarkable consistency across a broad insect
spectrum. These compounds combine a new mode of
action with outstanding insecticidal properties and
promise to be a valuable addition to the chemistry of
crop protection.
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Abstract—A series of novel aryl indole-2-carboxylic acids has been identified as potent selective PPARc modulators. Their chemical
synthesis and in vitro activities are discussed. Compound 5 was selected for in vivo testing in the db/db mouse model of type 2
diabetes and resulted in reduction of hyperglycemia at comparable plasma exposure when compared to rosiglitazone.
� 2005 Elsevier Ltd. All rights reserved.
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The peroxisome proliferator-activated receptor c
(PPARc) is a member of the nuclear hormone receptor
superfamily of ligand-dependent transcription factors
and has been shown to be intimately involved in the
regulation of adipogenesis, insulin action, and glucose
homeostasis.1,2 PPARc is also the target protein for
two drugs currently marketed for the treatment of type
2 diabetes, rosiglitazone and pioglitazone.3,4 These
PPARc full agonists modestly ameliorate hyperglyce-
mia. However, undesirable side effects are also associat-
ed with these agents.5,6 The most significant side effects,
including peripheral edema and weight gain, are serious
enough to limit their clinical use in some diabetic
patients. Recent work in the drug discovery community
has focused on identifying selective PPARc modulators
(SPPARcMs). Such ligands are typical partial agonists
in cell-based PPARc transcriptional assays. The clinical
application of the SPPARcMs promises to surpass that
of the currently available PPARc full agonists if their
desirable efficacy profile can be maintained, while their
negative side effects are minimized.7–9


Research in our laboratories was initiated based on
a class of indole-2-carboxylates, which was identified
as a screening lead in the infancy of this project.
Compound 1a is a novel SPPARcM and was highly
selective for PPARc versus the other PPAR isoforms,
namely PPARa and PPARd.10 However, compound 1a
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lacks useful in vivo activity in our db/db mouse efficacy
model, presumably due to its poor pharmacokinetic
(PK) properties. A medicinal chemistry effort was
initiated based on the interesting biological profile of
compound 1a. The initial goal was to retain the
indole-2-carboxylate core while introducing chemical
diversity in a fashion that would result in unique
compounds with improved PK profiles. To this end,
two major structural changes have been introduced to
compound 1a to create the new scaffolding represented
by compound 1b (Fig. 1). First, the benzyl linkage of
compound 1a was eliminated in an effort to remove a
potentially metabolically labile moiety. Second, the
thioether linkage was replaced with an oxygen linkage
not only to eliminate another potential metabolic liabil-
ity but also to distinguish this class from the indole
compounds patented recently by Bayer.11 These efforts
have led to the identification of a new class of potent
SPPARcMs with improved in vivo efficacy. Herein, we
report the synthesis, structure–activity relationships
(SAR), and in vivo activity of this new class of
compounds.
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Figure 1. Screening lead and chosen scaffold.
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The synthetic route for the preparation of compounds
5–19 is shown in Scheme 1. Commercially available
anthranilates were converted to the 3-hydroxy-indole
core 3 in two steps.12 Sequential N-arylation and O-
arylation of compound 3 by two consecutive copper-cat-
alyzed coupling reactions using various arylboronic
acids were used as key steps for the introduction of aryl
groups on the top and bottom of the molecule. Since
there was no differentiation of reactivity between the
hydroxy and NH groups, a protection strategy was
developed to allow selective manipulation at each site.
The 3-hydroxyl group was protected as the methyl ether
by treatment with diazomethane (note: use of trimethyl-
silyldiazomethane gave no conversion). Subsequent
N-arylation was readily accomplished by a copper-cata-
lyzed coupling reaction with arylboronic acids to give
compound 4. To our knowledge, this is the first applica-
tion of this copper-mediated coupling reaction to the
arylation on an indole nitrogen.13 The 3-hydroxy group
in 4 was then deprotected and a second copper-mediated
coupling reaction was performed on the hydroxyl group.
The final step was the simple hydrolysis of the ethyl
ester, which gave final products 5–19.


To investigate the effects of chemical diversity at the 5
position of the indole scaffold, compound 20 (obtained
as an intermediate from Scheme 1) was used for further
derivatization. It was found that the 3-methyl ether in 20
could be selectively demethylated at �78 �C in the pres-
ence of the 5-methyl ether, which could then be removed
at 0 �C. The 5-hydroxyl group was either arylated
or alkylated using boronic acid coupling or halide
displacement chemistry, respectively. This route led to
5-position variants that include compounds 23–29 (see
Scheme 2).


A series of azaindoles was prepared to create further
chemical diversity by incorporating a heteroatom,

namely nitrogen, into the indole core. The synthesis of
this new aza-construct is shown in Scheme 3. Alkylation
of 4-t-butylaniline with ethyl bromoacetate, followed by
cyclocondensation with the appropriate chloropyridines
(31), afforded the hydroxyazaindole core (32). The latter
was converted to compounds 33–39 using either the
previously discussed copper coupling or halide
displacement chemistry.


The newly synthesized compounds were evaluated in the
PPAR SPA binding assay to ascertain c and a binding
profiles. The active analogs were also tested for function-
al activity in a PPAR-GAL4 transactivation (TA) assay,
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where EC50 values, as well as percent maximal activa-
tion, were measured. One of the early compounds that
emerged from our SAR studies was compound 5, which
gave very potent c binding and transactivation activity
(Table 1) and showed modest in vivo glucose lowering
activity (vide infra). Compound 5 quickly established it-
self as a comparator for future SAR studies. Notably,
para substitution different than tBu at R3 (e.g., 9 and
10) resulted in diminished binding and functional activi-
ties. The combination of a lipophilic trifluoromethoxy
group at R2 and a chlorine at R4 (e.g., 14) led to a similar
erosion of activity when compared to compound 5. Chlo-
ro substitution at R1 or R2 retained the same binding
potency as compound 5, but a 5-fold loss in functional
activity was observed. The pyridyl analogs at R1 (e.g.,
28 and 29) were the most potent compounds prepared
in this series with respect to intrinsic in vitro activity.
Unfortunately, 28 and 29 suffered from poor PK and
low bioavailability (dose normalized AUC = 0.0 and
0.3 lM h, t1/2 = 0.8 and 1.8 h, F = 2.4% and 9.8% for

Table 1. In vitro activities of compounds 5–19 and 23–29


Compound R1 R2 R3 R4


Rosiglitazone


1a


5 H H p-tBu m-CF3


6 H H p-tBu p-OCF3


7 H H p-tBu m-OEt


8 H H p-tBu m-OH


9 H H p-OMe m-CF3


10 H H p-CF3 m-CF3


11 H H m-iPr m-CF3


12 H H m-iPr p-CF3


13 H H m-iPr m-OH


14 H OCF3 p-tBu p-Cl


15 H Cl p-tBu m-CF3


16 H Cl p-tBu m-iPr


17 Cl H p-tBu m-CF3


18 Cl H p-tBu 3,5 di-C


19 Cl H p-tBu 3-CF3,


23 CH3 H p-tBu m-CF3


24 H H p-tBu m-CF3


25 Et H p-tBu m-CF3


26 iBu H p-tBu m-CF3


27 pyr-2-yl H p-tBu m-CF3


28 4-CF3-pyr-2-yl H p-tBu m-CF3


29 4-Cl-pyr-2-yl H p-tBu m-CF3


Note: No d activity <50 lM and thus not shown here.
a Binding affinities were measured using radioligands following published pr
b Agonist activities were measured in a PPAR-GAL4 construct following pub


50% response relative to the standard; partial agonism percentages are giv
* No EC50 was obtained; no plateau reached in titration; maximal activity o


Table 2. In vitro activity of compounds 33–39


Compound R1 R2 hPPAR


33 H m-CF3 0.075/>5


34 H 4-CF3-pyr-2-yl 0.251/>5


35 Cl m-CF3 0.021/>1


36 OCH3 m-CF3 0.100/>1


37 Cl m-OCH3 0.104/>1


38 Cl m-SO2CH3 0.202/>5


39 Cl 4-CF3-pyr-2-yl 0.058/>5


*No EC50 was obtained; no plateau reached in titration; maximal activity o

28 and 29, respectively) and thus were not extensively
studied. The detailed SAR is given in Table 1.


Observations of the potency enhancing features of a pyr-
idyl moiety in the previous set of compounds prompted
the introduction of nitrogen directly into the core. A ser-
ies of azaindoles was prepared and the SAR of analogs
33–39 is shown in Table 2. It was found that chlorine
substitution at R1 led to potency comparable to that
of compound 5. Also, as with the previous group of
compounds, the pyridyl analogs (34 and 39) again
showed the best in vitro potency. However, in the
db/db mouse model, compounds 33, 35, and 39 at
30 mpk showed no efficacy and subsequent exposure
measurements revealed that drug levels were below the
limits of detection.


Since compound 5 appeared to possess the most inter-
esting biological profile, as well as desirable pharmaco-
kinetic properties (dose normalized AUC = 9.19 lM h,

hPPAR c/a SPA binding


IC50 (lM)a
hPPAR c TA EC50 (lM)b


(%max at 3 lM)


0.210 0.022 (168%)


0.026/>15 0.055 (31%)


0.012/10.575 0.013 (31%)


0.049/3.577 (13%)*


0.049/>50 0.233 (30%)


0.078/>50 0.161 (22%)


0.115/>50 0.334 (25%)


0.107/3.197 NT


0.060/>15 NT


0.120/>15 NT


0.102/>50 NT


0.298/>15 0.411 (22%)


0.027/>15 0.106 (27%)


0.019/>15 NT


0.017/>15 0.136 (37%)


F3 0.083/>15 (53%)*


4-Cl 0.013/4.482 (45%)*


0.039/>15 (41%)*


0.318/>50 NT


0.018/6.271 0.034 (21%)


0.018/4.154 0.091 (34%)


0.011/9.024 0.126 (32%)


0.005/11.475 0.006 (42%)


0.002/>15 0.002 (20%)


ocedures.14


lished procedures.14 The EC50 refers to the concentration which yields a


en in parentheses.


nly reported. NT = not tested.


c/a IC50 (lM) hPPAR c TA EC50 (lM) (%max at 3 lM)


0 0.464 (30%)


0 0.034 (56%)


5 0.176 (23%)


5 0.299 (31%)


5 0.755 (19%)


0 (29%)*


0 0.095 (7%)


nly reported. NT = not tested.
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Figure 2. Effects of test compounds on plasma glucose levels in db/db mice. Male db/db mice (11–13 weeks old) and lean mice were dosed daily for 11


days by gavage with vehicle or the indicated doses of test compounds. Plasma glucose levels were measured before each dosing at days 4, 7, and 11.


Each data point represents the mean value (±SD) of seven individual mice.
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t1/2 = 0.5 h), our efforts were directed back to further
profile compound 5 in our in vivo model.


Compound 5 was evaluated in the db/db mouse model,
using rosiglitazone as the comparator. Compound 5
was shown to effectively lower glucose by 54% at
30 mpk in the 11-day study with 5% body weight increase
vs the vehicle group. Rosiglitazone exhibited a lowering
of 70% glucose at 10 mpk with 8% body weight increase.
Pharmacokinetic measurements after the termination of
the study showed that compound 5 gave a plasma expo-
sure of 275 lM h. The exposure of rosiglitazone was not
measured in this assay, but it typically gave an exposure
of 300 lM h, derived from averaging values from six pre-
vious assays. Thus, compound 5 demonstrated about
80% of the glucose-lowering efficacy of rosiglitazone at
comparable plasma exposure (see Fig. 2).


In summary, chemical modifications of the indole-2-car-
boxylate core led to novel and intrinsically potent
SPPARcMs. The synthetic highlight was the extension
of copper-catalyzed boronic acid coupling to include
the indole nitrogen. This arylation strategy enabled
rapid analoging and introduction of chemical diversity
to evaluate this class better. The SAR was expanded
to include insertion of a heterocycle into the core result-
ing in an azaindole core; however, these compounds
were submitted for in vivo evaluation and showed no
measurable plasma exposure. Compound 5 was evaluat-
ed in the db/db mouse model and resulted in comparable
lowering of glucose at a similar plasma concentration as
rosiglitazone.
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Abstract—Classic physicochemical and topological indices have been largely used in small molecules QSAR but less in proteins
QSAR. In this study, a Markov model is used to calculate, for the first time, average electrostatic potentials nk for an indirect inter-
action between aminoacids placed at topologic distances k within a given protein backbone. The short-term average stochastic
potential n1 for 53 Arc repressor mutants was used to model the effect of Alanine scanning on thermal stability. The Arc repressor
is a model protein of relevance for biochemical studies on bioorganics and medicinal chemistry. A linear discriminant analysis model
developed correctly classified 43 out of 53, 81.1% of proteins according to their thermal stability. More specifically, the model clas-
sified 20/28, 71.4% of proteins with near wild-type stability and 23/25, 92.0% of proteins with reduced stability. Moreover, predict-
ability in cross-validation procedures was of 81.0%. Expansion of the electrostatic potential in the series n0, n1, n2, and n3, justified
the use of the abrupt truncation approach, being the overall accuracy >70.0% for n0 but equal for n1, n2, and n3.The n1 model com-
pared favorably with respect to others based on D-Fire potential, surface area, volume, partition coefficient, and molar refractivity,
with less than 77.0% of accuracy [Ramos de Armas, R.; González-Dı́az, H.; Molina, R.; Uriarte, E. Protein Struct. Func. Bioinf.
2004, 56, 715]. The n1 model also has more tractable interpretation than others based on Markovian negentropies and stochastic
moments. Finally, the model is notably simpler than the two models based on quadratic and linear indices. Both models, reported
by Marrero-Ponce et al., use four-to-five time more descriptors. Introduction of average stochastic potentials may be useful for
QSAR applications; having nk amenable physical interpretation and being very effective.
� 2005 Elsevier Ltd. All rights reserved.

In general, the search novel molecular descriptors to seek
quantitative-structure–activity-relationships QSAR1


nowadays constitutes a widely covered field with more
than 1000 molecular descriptors introduced.2 Neverthe-
less, the search for newer molecular descriptors for pro-
teins can be classified as an emerging area, being a
pioneering work the one on the radius of gyration report-
ed by Flory.3 More recently, other approaches have been
put forward as potential sources for successful biopoly-
mer descriptors, such as Roy et al.,4 Casanovas et al.,5


and Leong and Mogenthaler representations;6 Arteca�s
average over crossing number,7,8 Randic�s band average
widths,9,10 the sequence-order-coupling numbers,11,12 a-
helix-propensity descriptors, Emini surface index, the
SDA sum of cosines of dihedral angles, andKyle–Doolit-
tle hydrophobicity.13 One of the most promising applica-
tions of QSAR techniques in biochemistry relates to the

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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prediction of protein stability. Proteins must remain sta-
ble during biochemistry research and/or biotechnology-
related processes.14


Numerous researchers worldwide have worked out
models to predict the stability of mutants of a wild pro-
tein. As shown in Zhou and Zhou�s excellent work, a
total of 35 proteins with their respective 1023 mutants
have been studied, which include all of the examples out-
lined above.15–27


A great deal of work is currently underway to determine
the contribution of individual residues to the overall fold
and stability of a protein.28,29 Particularly, great atten-
tion has been focused on the Arc repressors. This protein
provides an attractive system with which to address this
issue because it is a small 53 aa and is amenable to bio-
chemistry and biophysical studies. The system is a
homodimer protein with a globular domain formed by
the intertwining of their monomers. The secondary
structure consists of two anti-parallel b-sheets from res-
idues 8 to 14 and a-helices formed by residues 15–30 and
32–48.30
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Nevertheless, neither Zhou and Zhou�s work nor, other
previous studies any reported in the literature have
attempted to predict the stability of Arc repressors be-
fore 2003.15–27 Until our concern, Ramos de Armas
et al. reported for the first time a QSAR predicting sta-
bility for Arc mutants.31 The model is relatively simple
in statistical terms, with only one variable, but the
molecular descriptor has to be interpreted in terms of
Shannon entropy in such a way that it is not very ame-
nable. A second model reported to predict the thermal
stability of Arc mutants has been just introduced by
Gonzalez-Dı́az et al.32 The model is also simple but does
not process a very sound physical interpretation based
on stochastic spectral moments. In the present work,
we have addressed this aspect and other issues such as
introducing a new Markov model with high accuracy
but having direct physical interpretation in terms of elec-
trostatic potential.


This approach used a Markov chain (MC) model33 to
codify information about the proteins� molecular struc-
ture and constitutes one generalization of other molecu-
lar descriptors derived with the so-called MARCH-
INSIDE MARkovian CHemicals IN SIlico DEsign ap-
proach.34 A precise definition of different molecular
descriptors generated by this methodology can be found
in the literature.35,36


Herein, the method uses as a source of molecular
descriptor the 1P matrix the short-term electrostatic
interaction matrix built up as a squared matrix n · n,
being n the number of aminoacids aa in the protein.
One can consider a hypothetical situation in which every
jth-aa has an electrostatic potential /j at an arbitrary
initial time t0. All these potentials can be listed as ele-
ments of the vector 0/. It can be supposed that, after this
initial situation, all the amino acids interact with electro-
static energy 1Eij with every other aaj in the protein. For
the sake of simplicity, a truncation function aij is applied
in such a way that short-term electrostatic interaction
takes place only between neighboring amino acids
aij = 1. Otherwise, the electrostatic interaction banished
aij = 0.37


Ignoring direct interaction between distant amino acids
does not prevent any that electrostatic interactions
from propagating between those amino acids within
the protein backbone in an indirect manner. Thus, by
using the MC theory it is possible to develop a simpler
model to calculate the average electrostatic potentials
nk for the indirect interaction between any aaj and
the others aai placed at a distance k within the protein
backbone:38


nk ¼
Xn


j¼1


ApkðjÞ � uj ¼ 0pT � kP � 0u


¼ 0pT � ð1PÞk � 0u ð1Þ


It is remarkable that the average electrostatic potentials
nk depend on the absolute probabilities Apk(j) with
which the amino acids interact with other amino acids
placed at distance k. The potential nk also depends on

the initially unperturbed electrostatic potential of the
aminoacid. In matrix form represented above, the Apk(j)
are calculated with the vector 0p, of absolute initial
probabilities, and the matrix 1P using the Chapman–
Kolgomorov equations.39 In particular, the evaluation
of such expansions for k = 0 gives the initial average
unperturbed electrostatic potential n0, for k = 1 the
short-range potential n1, for k = 2 the middle-range po-
tential n2, and for k = 3 the long-range one. We illus-
trate, this expansion for the tripeptide Ala-Val-Trp
(AVW) as follows:


n0 ¼ Ap0ðAÞ; Ap0ðVÞ; Ap0ðWÞ
� �


�
1 0 0


0 1 0
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2
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75 �
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¼Ap0ðAÞ � uA þ Ap0ðVÞ � uV þ Ap0ðWÞ � uW ð2aÞ
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n3 ¼ Ap0ðAÞ; Ap0ðVÞ; Ap0ðWÞ
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To carry out the calculations referred to in Eq. 1 and
detailed in Eqs. 2a–2d, and the elements 1pij of


1P and
the absolute initial probabilities Apk (j) were calculated
as: 40,41


1pij ¼
aij � EijPdþ1


m¼1aim � Eij


¼
aij �


qi �qj
d2ijPdþ1


m¼1aim � qi�qm
d2ij


¼
aij � qi �


qj
d2ij


qi �
Pdþ1


m¼1aim � qm
d2ij


¼
aij � qjPdþ1


m¼1aim � qm
ð3Þ


Ap0ðjÞ ¼
qjPn
m¼1qm


ð4Þ
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where, for the ith-aa and the jth-aa: the neighborhood
relationship truncation function aij = 1 turned if there
were a peptidic or hydrogen bond, dij = 1 is the topolog-
ic distance, and qi and qj are the electronic charges.


42 All
calculations of molecular indices for Arc mutants were
carried out with our software BIOMARKS 1.0� (BIOin-
formatics MARKovian Studio), see Figure 1.43


Electrostatics is the theory of a static configuration of
charges. Protein electrostatics is a very covered field
nowadays with incidence in different aspects of biochem-
istry.44 For instance, the nature of electrostatic barrier
for proton transport in aquaporins has been analyzed
by semimacroscopic and microscopic models recently.45


In this sense, the truncation of the electrostatic field is
usually applied to simplify all the calculations in large
biologic systems as proteins are.46–49 The review after
Norbeg and Nilsson constitutes a seminar work on the
topic.50 Truncation is usually applied in molecular
dynamic studies together with spectroscopy for protein
structure characterization as in the works by Celda�s
group.51–53


On the other hand, MC models are well-known tools for
analyzing biological sequence data.54,55 Another use of
these models is data-based searching and multiple
sequence alignment of protein families.56 Protein-turn
types,57 sub-cellular locations,58,59 and secondary struc-
ture60 have been successfully predicted. Krogh et al.61


have also proposed a hidden Markov Model architec-
ture in bioinformatics. In addition, Markov�s stochastic
process has been used for protein folding recognition62


and prediction of protein signal sequences.63,64 Seminar
works after Choucan be found to be related to the appli-
cation of MC theory in biochemistry and bioinformat-
ics.65–68


In this work, we used the MC model to derive average
electrostatic potentials considering non-interacting

Figure 1. Arc wild type protein depicted at BIOMARKS interface.

aminoacids n0, short-range n1, middle-range n2, and
long-range electrostatic interactions n3 for 53 Arc
repressor mutants. All the 53 mutants and its classifica-
tion within near wild type (nwt) or decreased stability
(ds) group were taken from the literature.30–32 These
aforementioned descriptors were used to carry out a lin-
ear discriminant analysis (LDA) analysis to classify each
mutant with respect to its thermal stability and the best
model found was:


Stability ¼ �1.86� n1 þ 0.06 ð5Þ


N ¼ 53 k ¼ 0.63 F ð2; 50Þ ¼ 29.57 p < 0.001;


% ¼ 81.1 %þ ¼ 71.4 %� ¼ 92.0;


whereN is the number of proteins used in the study includ-
ing alanine-mutants and the wild-type Arc (wtArc)
repressor. The statistical parameters of the above equa-
tion were also shown including Wilk�s statistic k, Fischer
ratio F, and significance level p.69 The discriminant func-
tion classified correctly 43 out of 53 mutant proteins
according to their relative stability related to wild-type
protein. This provides a level of accuracy of 81.1%. More
specifically, themodel classified 20/28 proteins�nwt stabil-
ity, 71.4%+ and 23/25, 92.0%� proteins within ds group.
Table 1 shows the respective classification matrices for
training, as well as cross-validation.


A cross-validation procedure was subsequently per-
formed for assess model predictability. This cross-
validation was carried out by using the average of a
resubstitution technique composed by some main stages.
First, we single out at random 25% of the compounds
and constitute the first predicting series cv1. Afterwards,
compounds in predicting series are interactively inter-
changed with those in training ones, creating three
additional predicting series cv2, cv3, and cv4. Finally,







Table 1. Accuracy for training set and resubstitution cross-validation


using n1


% nwt ds


Train


nwt 71.4 20 8


ds 92 2 23


Total 81.1


cv-average


nwt 71.2 15 6


ds 92.1 2 17


Total 81.0


cv1


nwt 68.2 15 7


ds 88.9 2 16


Total 77.5


cv2


nwt 73.7 14 5


ds 90.0 2 18


Total 82.1


cv3


nwt 66.7 14 7


ds 94.7 1 18


Total 80.0


cv4


nwt 77.3 17 5


ds 94.4 1 17


Total 85.0


nwt: near-wild-type proteins, ds: decreased stability proteins. %:


accuracy.
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we reported the accuracy, and classification matrices for
each series, and averaged results. The present model has
shown quite a good average predictability (cv-average)
of 81.0 %. In particular, the model showed a very high

Table 2. Comparative study with other nine stability scoring functions


Stata Physicochemical parameters


DFb SAc Vd logPe M


Nmd 1 1 1 1


RP �5.5 �14.7 �30.2 �37.5 �
%T 76.9 70.7 62.3 59.0


%nwt 92.9 63.6 53.6 80.8


%RS 58.3 78.9 72.0 15.4


%Tcv 71.8 61.5 56.4 48.7


p 0.001 0.001 0.001 0.5


a Statistical parameters verifying model quality are: the number of molecul


(%nwt), reduced stability group (%DS), and average cross-validation (%Tc
b D-Fire potential DF.
c Surface area SA.
d Volume V.
e Logarithm of the partition coefficient logP.
f Molar refractivity MR.
g These very complicated models are based on four-to-five times more molec


and Z2q2(vm)), for the first model, and linear indices (Z1f0(vm),
Z2f0(vm),


HP


direct physical sense.
hMarkovian negentropies.
i Stochastic moments.

average accuracy of 92.1%, predicting the stability class
of ds mutants. Near-wild-type mutants are predicted
with a slightly lower average accuracy 71.2%, which is,
however, a significant result. The present level of accura-
cy has usually been considered as very good for
researchers using molecular descriptors used in LDA
in QSAR studies, as were the cases of Cabrera-Pérez
et al.,70,71 Molina et al.,72 and González et al.73 The
importance of this result also relates to the simplicity
of the present topologic methodology, which does not
need any 3D exhaustive structural information. The
present result coincides with that reported by Ramos
de Armas et al. on the use of MC models to encode pro-
teins and peptide structure in QSAR studies.74,75 Tables
1 and 2, presented as supplementary materials, show de-
tailed results for each protein, in connection with the ob-
served classification versus predicted training, and cross-
validation probabilities. Figure 2 graphically illustrates
the average overall predictability results.


Finally, the physical interpretation of the present MC
model may be of major interest. First, a direct inspection
of Eq. 5 shows a unitary increase in n1 decreased 1.86
times negative coefficient the possibilities of a protein
to remain stable. This fact can be explained taking into
consideration that those protein mutants with very high
electrostatic interactions more easily lose stability.76 Sec-
ond, we derived equations similar to 5 for n0, n2, and n3.
The model considered does not interact with amino
acids n0 presenting less than 70% of overall accuracy,
indicating that electrostatic interactions, in fact, play
an important role Arc repressors in stability. On the
other hand, the results for middle-range n2 and long-
range potentials n3 justified the use of the abrupt trunca-
tion function aij77 in the study of Arc repressors, given
that no additional improvement of the model was
found. The present model diverges in physical terms
than others reported by Ramos de Armas et al. that
use stochastic entropies DH0, ignoring at all the possibil-
ity of interaction between aminoacids.31 However, this

Algebraic forms Markov indices


R
f qg fg DH0


h SRp1
i n1


1 4 5 1 1 1


35.2 5.0 16.9 0.0 �2.4 0.0


60.0 85.4 97.6 81.1 79.2 81.1


77.3 85.0 95.2 71.4 67.8 71.4


38.9 85.7 100 92.0 92.0 92.0


61.5 80.5 91.7 79.5 79.2 81.1


0.2 0.01 0.01 0.0 0.0 0.0


ar descriptors in the model (nmd), total (%T), near wild-type group


v) percentages of good classification.


ular descriptors named: quadratic indices (Z3q0(vm),
Z2q7(vm),


Z1q1(vm),
If1(vm),


HSAf15(vm), and ECIf0(vm)), for the second one, which lack any







Figure 2. Overall average predictability of the model in terms of predicted probability (y) for each kind of mutation versus protein backbone position


(x). Upper half shows nwt group and bottom half ds group. Observed probabilities (in black) are shown for the purpose of comparison being set


equal to 100% (certainty of occurrence) predicted probabilities are depicted in gray.
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model coincides with the others reported by González-
Dı́az et al.,32 which have taken into consideration
short-range interaction moments SRp1, see Table 2.


In closing, we carried out a comparison of the present
model with other models predicting the stability of
Arc repressor mutants. As shown in Table 2 in general
one-descriptor models based on classic physicochemical
and geometric parameters, such as surface area SA, vol-
ume V, partition coefficient logP, molar refractivityMR,
and D-Fire potential DF, presented a weak linear rela-
tionship with Arc repressor stability compared to MC
models. The parameters DF, SA, and V have shown less
than 77% percentages of good classification compared
with more than 80% of the MC models. On the other
hand, logP and MR didnot present any significant rela-
tionship with Arc repressor stability p > 0.05.31,32,78


Finally, the present model very favorably compares in
terms of simplicity with other two models that have been
very recently reported by Marrero-Ponce et al.79,80


These very complicated models are based on four qua-
dratic indices (Z3q0(vm),


Z2q7(vm),
Z1q1(vm), and


Z2q2(vm)) for the first model,79 and five linear indices
(Z1f0(vm),


Z2f0(vm),
HPIf1(vm),


HSAf15(vm), and
ECIf0(vm))


for the second one.80 In Table 2, one can note that all
the one-variable models have a much more decreased
relative predictability (RP) than our model. Conversely,
the models reported by Marrero-Ponce et al. using five-
to-four time more molecular descriptors than the one-
variable (n1) model increase the overall predictability
by only 5.0% or 16.9%, respectively. The RP values were
determined with respect to the model�s overall predict-
ability as RP = (%T � 81.1)*100/%T (see Table 2).
These results indicate that these models seem to be
over-fitted with respect to the others due to the very
large number of parameters used versus a �poor�
improvement of accuracy.


As a sort of concluding remarks in first instance, the
present work introduces, for the first time, a method

to derive average electrostatic potentials nk with MC
models for proteins QSAR in bioorganic chemistry.
The paper also introduces a novel method to classify
Arc repressor mutants with respect to their stability.
The present model in a more precise physical theoretic
context gives a higher importance to electrostatic inter-
actions for the stability of Arc repressor than that
reported by Ramos de Armas.31 However, it confirms
the necessity of truncation approaches dispensing with
the calculation of long-range electrostatic interac-
tions.49–53 This result coincides in spirit with those of
Gonzalez and Morales et al.,81–83 on the application of
QSAR to problems at the border line between bioorgan-
ic chemistry and polymer sciences. After a visual inspec-
tion of nk equations, one can detect a vector–matrix–
vector form that determines certain contact points with
classic topologic indices.84,85 However, this work lays
specific emphasis on expanding the possibilities, outlined
before, of MC models to derive molecular descrip-
tors86–88 making use of physicochemical theories, such
as thermodynamics and/or electrostatics,89,90 in this
case.37,38,91

References and notes


1. Kubinyi, H.; Taylor, J.; Ramdsen, C. Quant. Drug Des. In
Hansch, C., Ed.; Compr. Med. Chem.; Pergamon press:
New York, 1990; Vol. 4, pp 589–643.


2. Todeschini, R.; Consonni, V. Handbook of Molecular
Descriptors; Wiley VCH: Weinheim, Germany, 2000.


3. Flory, P. J. Principles of Polymer Chemistry; Cornell
University Press: Itaha, 1953.


4. Roy, A.; Raychaudhury, C.; Nandy, A. J. Biosci. 1998, 23,
55.


5. Casanovas, J.; Miro-Julia, J.; Rosselló, F. J. Math. Biol.
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40. González-Dı́az, H.; Uriarte, E. Biopolymers 2005, 77, 296.
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81. González, M. P.; Morales, A. H.; Molina, R. Polymer
2004, 45, 2773.
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Polymer 2004, 45, 2073.
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Uriarte, E. J. Mol. Mod. 2005, 11, 116.
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Abstract—Twenty-six new hydrophilic chiral 2-alkoxy-1,4-butanediamine platinum (II) complexes having a seven-membered ring
structure between a bidentate carrier ligand and a platinum atom have been synthesized and most of them were evaluated for their
in vitro cytotoxicity toward A549 human non-small cell lung carcinoma and HCT-116 human colon cancer cell lines. The cytotox-
icities of platinum complexes are related to the nature of the carrier ligand and leaving group. Complex 5 0b, viz. cis-dichloro[(2R)-
ethoxy-1,4-butanediamine] platinum (II), exhibits the greatest potency among those 21 tested platinum complexes in both cell lines.
� 2005 Elsevier Ltd. All rights reserved.

Cisplatin, cis-[Pt(NH3)2Cl2], is one of the most widely
used clinical agents in the treatment of a variety of solid
tumors.1,2 However, the clinical usefulness of cisplatin
has been frequently limited by its low aqueous solubility,
serious toxicity, narrow range of activity, and, especial-
ly, by inherent and acquired tumor resistance.3 In
attempt to overcome these drawbacks of cisplatin,
numerous analogues have been synthesized and evaluat-
ed in a search for alternative active agents.4–8 Among
them, carboplatin exhibited higher water solubility and
reduced nephrotoxicity but failed to expand antitumor
activity spectrum and overcome the tumor resistance,
probably due to the fact that they have the same dia-
mine carrier ligand.9–12


Platinum compounds are supposed to express their cyto-
toxic effects by loss of the leaving groups and subsequent
binding of the platinum-AA 0 moiety to DNA. The DNA
double helix is per se a chiral structure, therefore, plati-
num complexes carrying enantiomeric amines are
expected to produce different diastereoisomeric interac-
tions with this helical arrangement. This point of view
leads to the design of platinum antitumor drug focusing
mainly on the chirality of the carrier ligand and various
chiral diamine platinum complexes have been designed,
synthesized, and evaluated for antitumor activity.13–17


Among them, oxaliplatin, SKI-2053R, and lobaplatin
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have received limited approval for use in some countries.
Oxaliplatin, (trans-1R,2R-diaminocyclohexane)(oxala-
to)platinum (II), having a five-membered ring structure
between a bidentate carrier ligand and the metal atom,
is the first clinically approved platinum compound
which demonstrated lack of cross-resistance in some cis-
platin-resistant cell lines. The lack of cross-resistance
was attributed to the chiral 1,2-diaminocyclohexane
carrier ligand.18


Most of the platinum complexes reported to date have
five-membered or six-membered chelating rings between
a bidentate carrier ligand and a platinum atom.19 Recent-
ly, several research groups have reported the synthesis
and antitumor activity evaluation of the platinum com-
plexes with a seven-membered ring structure between a
bidentate carrier ligand and a platinum atom such
as ((R)-2-methyl-1,4-butanediamine) (1,1-cyclobutane
dicarboxylato)platinum(II)(NK-121), cis-[(4R,5R)-4,5-
bis(aminomethyl)-2-isopropyl-1,3-dioxolane](malonato)-
platinum(II) (SKI-2053R), and cis-[trans-1,2-cyclobu-
tanebis(methylamine)][(S)-lactato-O1,O2] platinum(II)
(lobaplatin).18 In addition, we have recently reported a
series of D- and DL-camphorate platinum complexes
which possess (4R,5R)-4,5-bis(aminomethyl)-2-isopro-
pyl-1,3-dioxolane carrier ligand.20a These studies indicate
that such a type of platinum complex displays desirable
antitumor activity and sufficient stability in aqueous solu-
tion.15,20–22


On the basis of these findings, we have designed and syn-
thesized a new series of chiral 2-alkoxy-1,4-butanedi-



mailto:sgou@nju.edu.cn





Figure 1. Structures of (2S)- and (2R)-2-alkoxyl-1,4-butanediamine


(DA1, DA2).
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amine compounds that are represented by the general
structural formulas given below (Fig. 1). Then, these
chiral 2-alkoxy-1,4-butanediamine compunds were
applied to prepare target platinum (II) complexes.


This article describes synthesis and in vitro cytotoxicity
evaluation together with their structure–activity rela-
tionships of a series of novel chiral 2-alkoxy-1, 4-butan-
ediamine platinum (II) complexes which have a

Figure 2. Structures of platinum (II) complexes 1a–5 0b.

seven-membered ring structure between a bidentate car-
rier ligand and a platinum atom. All the target platinum
compound structural formulas are represented in Figure
2. The result showed that the incorporation of oxygen in
the diamino moiety of the platinum complexes enhances
water solubility.


The procedure for synthesis of 2-alkoxy-1,4-butanedi-
amine is outlined in Scheme 1. Starting from malic acid,
malate (I) was prepared by refluxing with ethanol under
acidic condition. Alkoxy substituted malate, IIa and IIb,
were prepared according to the literature.23 Key inter-
mediate 1,4-diol, IIIa and IIIb, were conveniently ob-
tained by LiAlH4 reduction of IIa and IIb in THF24


and then directly transformed by standard methods
(tosylation and reaction with sodium azide in DMF)
into diazide (V).25,26 The diazide (V) was directly used
to undergo catalytical hydrogenation in the presence
of 10% Pd/C27 to get the corresponding diamine (VI)
without purification. Finally, VI was transformed to
the corresponding salt of hydrochloric acid.28 Recrystal-
lization of the salt with ethanol afforded pure white







Scheme 1. Synthesis of 2-methoxy-1,4-butanediamine (VIIa) and 2-ethoxy-1,4-butanediamine (VIIb) from R (or S)-malic acid. Reagents and


conditions: (i) 98% H2SO4, reflux 20 h, 80%; (ii) (a) Ag2O, MeI, reflux 6 h, 87%; (b) Ag2O, EtI, reflux 6 h, 83%; (iii) LiAlH4, THF; (iv) (a)


p-toluenesulfonyl, pyridine, 0 �C, 50%; (b) p-toluenesulfonyl, pyridine, 0 �C, 56%; (v) NaN3, DMF, reflux 8 h; (vi) 5% Pd/C, 76 atm H2, EtOH; (vii)


(a) HCl, acetone, 54%.
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crystalline powders. Transformation of IV to VII was
achieved in 54% (for VIIa) and 60% (for VIIb) overall
yields, without purification of intermediate V. All key
compounds were characterized by means of IR, 1H
NMR, and ESI mass spectra as well as elemental analy-
ses. As expected, all intermediates derived from the
starting material of (R)-malic acid have the same physi-
cal properties as those from (S)-malic acid, except for a
nearly opposite optical rotation.


The general procedure for preparation of chiral 2-alk-
oxy-1,4-butanediamine platinum (II) complexes is
shown in Scheme 2. First, potassium tetrachloroplati-
nate (II) was converted to potassium tetraiodoplatinate

Scheme 2. General method for the synthesis of the platinum (II) complexes.

(II), which was subsequently treated with diamine to
form a diamine–diiodoplatinum (II) complex[Pt(A)I2]
according to the literature method.29 Then, two kinds
of general methods have been applied to prepare the
target platinum complexes containing 2-alkoxy-1,4-
butanediamine, which are described in Scheme 2. One
is involved in the treatment of [Pt(A)(H2O)2](NO3)2
with sodium glycolate or sodium chloride,29 the other
is concerned with the reaction of [Pt(A) I2] with silver
carboxylate.30,31 Complexes 3a–b, 3 0a–b, 4a–b, 4 0a–b,
5a–b, and 5 0a–b with lower water solubility have been
prepared in better yield by using method 1.32 On the
other hand, complexes 1a–d, 1 0a–d, 2a–b, 2 0a–b, 3c,
and 3 0c with higher water solubility have been got in







Table 1. Analytical data of all platinum (II) complexes


Platinum (II) complexes Results and analytical data


cis-(Malonato)[(2S)-methoxy-1,4-butanediamine]


platinum (II) (1a)


1a: Yield 12.0%; white powder; IR (KBr) 3441 (m, br), 3219 (m), 3128 (m), 3155 (m), 2947 (w), 1627 (vs), 1387 (s), 1288 (w), 1240 (m), 1227


(m), 1094 (m) cm�1. 1H NMR (500 MHz, D2O): d 3.93 (m, 1H, 1H of CH of 1,4-diamines), 3.59 (m, 2H, 2H of CH2 of malonato), 3.26


(m, 3H, 3H of CH3 of 1,4-diamines), 2.85 (m, 2H, 2H of CH2CH2NH2 of 1,4-diamines), 2.73–2.67 (m, 2H, 2H of CHCH2NH2 of 1,


4-diamines), 2.15 (m, 2H, 2H of CH2CH2NH2 of 1,4-diamines). ESI-MS m/z [M+Na]+ = 438 (100%). Anal. Calcd for C8H16N2O5Pt: C,


23.14; H, 3.88; N, 6.75. Found: C, 23.32; H, 3.76; N, 6.68. 10a: Yield 24.1%; white powder; spectral data were identical with that of 1a.


cis-(Malonato)[(2R)-methoxy-1,4-butanediamine]


platinum (II) (1 0a)


cis-(Cyclobutane-1,1-dicarboxylato)[(2S)-methoxy-


1,4-butanediamine]platinum (II) (1 0b)
1b: Yield 32.5%; white powder; IR (KBr) 3445 (m, br), 3229 (s), 3138 (m), 2947 (w), 1627 (vs), 1459 (w), 1384 (vs), 1252 (w), 1221 (m),


1115 (m), 1096 (m) cm�1. 1H NMR (500 MHz, D2O): d 3.82 (m, 1H, 1H of CH of 1,4-diamines), 3.27 (m, 3H, 3H of CH3 of 1,4-diamines),


2.87 (m, 2H, 2H of CH2CH2NH2 of 1,4-diamines), 2.82–2.71 (m, 6H, 2H of CHCH2NH2 of 1,4-diamines overlapped with 4H of


CH2CH2CH2 of cyclobutane-1,1-dicarboxylato), 2.15 (m, 2H, 2H of CH2CH2NH2 of 1,4-diamines), 1.77 (m, 2H, 2H of CH2CH2CH2


of cyclobutane-1,1-dicarboxylato). ESI-MS m/z [M+Na]+ = 478 (100%). Anal. Calcd for C11H20N2O5Pt: C, 29.01; H, 4.43; N, 6.15.


Found: C, 29.35; H, 4.31; N, 6.04. 1 0b: Yield 28.6%; white powder; spectral data were identical with that of 1b.


cis-(Cyclobutane-1,1-dicarboxylato)[(2R)-methoxy-


1,4-butanediamine]platinum (II) (1 0b)


cis-(Malonato)[(2S)-ethoxy-1,4-butanediamine]


platinum (II) (1c)


1c: Yield 31.5%; white powder; IR (KBr) 3441 (m, br), 3219 (m), 3128 (m), 3155 (m), 2947 (w), 1627 (vs), 1387 (s), 1288 (w), 1240 (m), 1227


(m), 1094 (m) cm�1. 1H NMR (500 MHz, D2O): d 3.95 (m, 1H, 1H of CH of 1,4-diamines), 3.56–3.49 (m, 4H, 2H of CH2CH3 of 1,


4-diamines overlapped with 2H of CH2 of malonate), 2.85–2.68 (m, 4H, 4H of 2CH2NH2 of 1,4-diamines), 2.12 (m, 2H, 2H of CH2CH2NH2


of 1,4-diamines), 1.07 (m, 3H, 3H of CH2CH3 of 1,4-diamines). ESI-MS m/z [M+H]+ = 430 (100%). Anal. Calcd for C9H18N2O5Pt: C, 25.18;


H, 4.23; N, 6.52. Found: C, 25.37; H, 4.01; N, 6.39. 10c: Yield 24.5%; white powder; spectral data were identical with that of 1c.


cis-(Malonato)[(2R)-ethoxy-1,4-butanediamine]


platinum (II) (1 0c)


cis-(Cyclobutane-1,1-dicarboxylato)[(2S)-ethoxy-


1,4-butanediamine]platinum (II) (1d)


1d: Yield 23.4%; white powder; IR (KBr) 3454 (br), 3237 (sharp), 3109 (m), 2967 (w), 1654 (vs), 1614 (vs), 1374 (vs), 1225 (w), 1112 (m),


1098 (m) cm�1. 1H NMR (500 MHz, D2O): d 3.94 (m, 1H, 1H of CH of 1,4-diamines), 3.46 (m, 2H, 2H of CH2CH3 of 1,4-diamines),


2.86–2.66 (m, 8H, 4H of 2CH2NH2 of 1,4-diamines overlapped with 4H of CH2CH2CH2 of cyclobutane-1,1-dicarboxylato), 2.07–2.02


(m, 2H, 2H of CH2CH2NH2 of 1,4-diamines), 1.73 (m, 2H, 2H of CH2CH2CH2 of cyclobutane-1,1-dicarboxylato), 1.02 (m, 3H, 3H of


CH2CH3 of 1,4-diamines). ESI-MS m/z [M+Na]+ = 492 (100%). Anal. Calcd for C12H22N2O5Pt: C, 30.71; H, 4.72; N, 5.97. Found: C, 30.92;


H, 4.65; N, 5.91. 10d: Yield 23.4%; white powder; spectral data were identical with that of 1d.


cis-(Cyclobutane-1,1-dicarboxylato)[(2R)-ethoxy-


1,4-butanediamine]platinum(II) (1 0d)


cis-(Oxalato)[(2S)-methoxy-1,4-butanediamine]


platinum (II) (2a)


2a: Yield 24.9%; white powder; IR (KBr) 3451 (m, br), 3238 (m), 3193 (m), 3155 (m), 2977 (w), 1692 (s), 1668 (vs), 1388 (s), 1095 (m)


cm�1. 1H NMR (500 MHz, D2O): d 3.83 (m, 1H, 1H of CH of 1,4-diamines), 3.24 (m, 3H, 3H of CH3 of 1,4-diamines), 2.84 (m, 2H, 2H


of CH2CH2NH2 of 1,4-diamines), 2.75–2.67 (m, 2H, 2H of CHCH2NH2 of 1,4-diamines), 2.17–2.10 (m, 2H, 2H of CH2CH2NH2 of 1,


-diamines). ESI-MS m/z [M+Na]+ = 424 (100%). Anal. Calcd for C7H14N2O5Pt: C, 20.95; H, 3.52; N, 6.98. Found: C, 21.09; H, 3.48; N,


6.82. 2 0a: Yield 33.7%; white powder; spectral data were identical with that of 2a.


cis-(Oxalato)[(2R)-methoxy-1,4-butanediamine]


platinum (II) (2 0a)


cis-(Oxalato)[(2S)-ethoxy-1,4-butanediamine]


platinum (II) (2b)


2b: Yield 31.3%; white powder; IR (KBr) 3411 (m, br), 3208 (s), 3112 (m), 3155 (m), 2965 (w), 2921 (w), 1694 (s), 1672 (vs), 1398 (s),


1189 (m), 1098 (m) cm�1. 1H NMR (500 MHz, D2O): d 3.96 (m, 1H, 1H of CH of 1,4-diamines), 3.45 (m, 2H, 2H of CH2CH3 of 1,


4-diamines), 2.85–2.64 (m, 4H, 4H of 2CH2NH2 of 1,4-diamines), 2.17–2.03 (m, 2H, 2H of CH2CH2NH2 of 1,4-diamines), 1.03 (m, 3H,


3H of CH2CH3 of 1,4-diamines). ESI-MS m/z [M+Na]+ = 38 (100%). Anal. Calcd for C8H16N2O5Pt: C, 23.14; H, 3.88; N, 6.75. Found: C,


23.30; H, 3.79; N, 6.71. 20b: Yield 18.1%; white powder; spectral data were identical with that of 2b.


cis-(Oxalato)[(2R)-ethoxy-1,4-butanediamine]


platinum (II) (2 0b)


cis-di(Glycolato)[(2S)-methoxy-1,4-butanediamine]


platinum (II) (3a)


3a: Yield 38.9%. 1H NMR (500 MHz, D2O): d 4.00–3.94 (m, 4H, 4H of 2CH2 of glycolato), 3.88 (m, 1H, 1H of CH of 1,4-diamines), 3.28


(m, 3H, 3H of CH3 of 1,4-diamines), 2.88–2.86 (m, 2H, 2H of CH2CH2NH2 of 1,4-diamines), 2.78–2.66 (m, 2H, 2H of CHCH2NH2 of 1,


4-diamines), 2.26–2.18 (m, 2H, 2H of CH2CH2NH2 of 1,4-diamines). ESI-MS m/z [M+Na]+ = 486 (100%);[M�OCOCH2OH+H2O]+ = 406


(80%). Anal. Calcd for C9H20N2O7Pt: C, 23.33; H, 4.35; N, 6.05. Found: C, 23.47; H, 4.29; N, 5.98. 30a: Yield 34.6%; spectral data were


identical with that of 3a.


cis-di(Glycolato)[(2R)-methoxy-1,4-butanediamine]


platinum (II) (3 0a)


cis-di(Glycolato)[(2S)-ethoxy-1,4-butanediamine]


platinum (II) (3b)


3b: Yield 25.1%. 1H NMR (500 MHz, D2O): d 4.12–3.93 (m, 5H, 1H of CH of 1,4-diamines overlapped with 4H of 2CH2 of glycolato),


3.57–3.45 (m, 2H, 2H of CH2CH3 of 1,4-diamines), 2.89–2.81 (m, 2H, 2H of CH2CH2NH2 of 1,4-diamines), 2.72–2.68 (m, 2H, 2H of


CHCH2NH2 of 1,4-diamines), 2.25–2.15 (m, 2H, 2H of CH2CH2NH2 of 1,4-diamines), 1.11–1.08 (m, 3H, 3H of CH2CH3 of 1,4-diamines).


ESI-MS m/z [M�OCOCH2OH+H2O]+ = 420 (10%); [M+Na]+ = 500 (80%). Anal. Calcd for C10H22N2O7Pt: C, 25.16; H, 4.65; N, 5.87.


Found: C, 25.29; H, 4.60; N, 5.82. 3 0b: Yield 30.1%; spectral data were identical with that of 3b.


cis-di(Glycolato)[(2R)-ethoxy-1, 4-butanediamine]


platinum (II) (3 0b)


(continued on next page)
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Ta 1 (continued)


Pl m (II) complexes Results and analytical data


i(Chloroacetate)[(2S)-ethoxy-1,4-butanediamine]


inum (II) (3c)


3c: Yield 11.6%. 1H NMR (500 MHz, D2O): d 4.11–3.90 (m, 5H, 1H of CH of 1,4-diami overlapped with 4H of 2CH2 of chloroacetate),


3.51–3.44 (m, 2H, 2H of CH2CH3 of 1,4-diamines), 2.86–2.77 (m, 2H, 2H of CH2CH2NH f 1,4-diamines), 2.69–2.67 (m, 2H, 2H of


CHCH2NH2 of 1,4-diamines), 2.26–2.10 (m, 2H, 2H of CH2CH2NH2 of 1,4-diamines), 1 –1.04 (m, 3H, 3H of CH2CH3 of 1,4-diamines).


ESI-MS m/z [M�OCOCH2Cl+H2O]+ = 438 (100%). Anal. Calcd for C10H20Cl2N2O5Pt: C 3.36; H, 3.92; N, 5.45. Found: C, 23.50; H, 3.89;


N, 5.41. 3 0c: Yield 16.5%; spectral data were identical with that of 3c.


i(Chloroacetate)[(2R)-ethoxy-1,4-butanediamine]


inum (II) (3 0c)


Glycolato)[(2S)-methoxy-1,4-butanediamine]


inum (II) (4a)


4a: Yield 34.9%. 1H NMR (500 MHz, D2O): d 4.11–4.10 (m, 2H, 2H of CH2 of glycolato 3.94 (m, 1H, 1H of CH of 1,4-diamines),


3.39 (m, 3H, 3H of CH3 of 1,4-diamines), 3.02–2.95 (m, 2H, 2H of CH2CH2NH2 of 1,4-d ines), 2.91–2.79 (m, 2H, 2H of CHCH2NH2


of 1,4-diamines), 2.35–2.20 (m, 2H, 2H of CH2CH2NH2 of 1,4-diamines). ESI-MS m/z [M a]+ = 410 (100%). Anal. Calcd for


C7H16N2O4Pt: C, 21.71; H, 4.16; N, 7.23. Found: C, 21.87; H, 4.02; N, 7.12. 4 0a: Yield 2 %; spectral data were identical with that of 4a.


Glycolato)[(2R)-methoxy-1,4-butanediamine]


inum (II) (4 0a)


Glycolato)[(2S)-ethoxy-1,4-butanediamine]


inum (II) (4b)


4b: Yield 21.2%. 1H NMR (500 MHz, D2O): d 4.05–3.96 (m, 3H, 2H of CH2 of glycolato erlapped with 1H of CH of 1,4-diamines),


3.51–3.47 (m, 2H, 2H of CH2CH3 of 1,4-diamines), 2.83–2.76 (m, 2H, 2H of CH2CH2NH f 1,4-diamines), 2.67–2.66 (m, 2H, 2H of


CHCH2NH2 of 1,4-diamines), 2.18–2.17 (m, 2H, 2H of CH2CH2NH2 of 1,4-diamines), 1 –1.03 (m, 3H, 3H of CH2CH3 of 1,4-diamines).


ESI-MS m/z [M+H]+ = 402 (100%). Anal. Calcd for C8H18N2O4Pt: C, 23.94; H, 4.52; N, 8. Found: C, 24.11; H, 4.37; N, 6.85. 4 0b:
Yield 31.2%; spectral data were identical with that of 4b.


Glycolato)[(2R)-ethoxy-1, 4-butanediamine]


inum (II) (4 0b)


ichloro[(2S)-methoxy-1,4-butanediamine]


inum (II) (5a)


5a: Yield 26.0%; IR (KBr) 3448 (m, br), 3229 (s), 3202 (s), 3131 (m), 3061 (m), 2931 (m) 95 (m), 1561 (m), 1461 (w), 1330 (m), 1227 (s),


1212 (s), 1107 (s), 1095 (s) cm�1. 1H NMR (500 MHz, D2O): d 3.91 (m, 1H, 1H of CH o ,4-diamines), 3.25 (m, 3H, 3H of CH3 of 1,


-diamines), 2.85 (m, 2H, 2H of CH2CH2NH2 of 1,4-diamines), 2.77–2.68 (m, 2H, 2H of C CH2NH2 of 1,4-diamines), 2.25–2.22 (m, 2H,


2H of CH2CH2NH2 of 1,4-diamines). ESI-MS m/z [M�Cl�+H2O]+ = 366 (100%). Anal. cd for C5H14Cl2N2OPt: C, 15.63; H, 3.67; N,


7.29. Found: C, 15.78; H, 3.59; N, 7.21. 5 0a: Yield 27.3%; spectral data were identical wi hat of 5a.


ichloro[(2R)-methoxy-1, 4-butanediamine]


inum (II) (5 0a)


ichloro[(2S)-ethoxy-1,4-butanediamine]
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5b: Yield 25.1%; IR (KBr) 3444 (m, br), 3255 (s), 3220 (s), 3177 (m), 2971 (w), 1601 (m), 49 (w), 1384 (vs), 1210 (m), 1184 (m), 1094 (m).
1H NMR (500 MHz, D2O): d 4.04 (m, 1H, 1H of CH of 1,4-diamines), 3.48 (m, 2H, 2H CH2CH3 of 1,4-diamines), 2.83 (m, 2H, 2H of


CH2CH2NH2 of 1,4-diamines), 2.76–2.64 (m, 2H, 2H of CHCH2NH2 of 1,4-diamines), 2 –2.06 (m, 2H, 2H of CH2CH2NH2 of 1,


4-diamines), 1.10 (m, 3H, 3H of CH2CH3 of 1,4-diamines). ESI-MS m/z [M�Cl�+H2O]+ 81 (100%). Anal. Calcd for C6H16Cl2N2OPt: C,


18.10; H, 4.05; N, 7.04. Found: C, 18.23; H, 3.98; N, 6.95. 50b: Yield 27.6%; spectral dat ere identical with that of 5b.
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better crop by using method 2.33 Most of the complexes
described in our paper have good aqueous solubility,
except for 5a, 5b, 5 0a, and 5 0b. In particular, complexes
3a–3c, 3 0a–3 0c, 4a–4b, and 4 0a–4 0b were too hygroscopic
to be characterized by infrared spectra. All the resulting
complexes were confirmed by 1H NMR and ESI mass
spectra data listed in Table 1. It is noted that all the
mass spectra of the platinum complexes showed three
protonated molecular ion peaks because of the isotopes
194Pt(33%,), 195Pt(34%), and 196Pt(25%). All spectral
data are compatible to the chemical structures given in
Figure 2.


The in vitro cytotoxicities of 21 novel platinum com-
plexes such as 1a, 1 0a, 1b, 1 0b, 1c, 1 0c, 1d, 1 0d, 2a, 2 0a,
2b, 2 0b, 3a, 3 0a, 3 0b, 3 0c, 4b, 5a, 5 0a, 5b, and 5 0b toward
A549 human non-small cell lung carcinoma and HCT-
116 human colon cancer cell lines were performed by
the National Center for Drug Screening.34–36 Complexes
3a–c, 3 0a–3 0c, 4a–b, and 4 0a–4 0b were so strongly hygro-
scopic and unstable that only part of them was selected
to evaluate. The references were cisplatin and carboplat-
in in A549, and oxaliplatin in HCT-116, respectively.
The results are summarized in Tables 2 and 3.


The order of the cytotoxicities in A549 is cisplatin >
5 0b > 5b > 2b > 3 0c > 5a>4b > 5 0a > 2 0b > 3a > 2a > 1c
> 1 0a > 2 0a > carboplatin > 3 0b > 1a > 1 0c > 1 0b > 1d >
1 0d > 3 0a > 1b. The order of the cytotoxicities in
HCT116 is oxaliplatin > 5 0b > 5a > 5b > 2b > 5 0a >
2 0b > 3 0c > 4b > 1c > 2a > 2 0a > 3 0b > 1a > 1 0a > 1 0c >
3a > 1 0d > 1d > 1 0b > 3 0a > 1b.

Table 2. In vitro cytotoxicity against A549 human non-small cell lung carci


Complex Carrier ligand (diamino)


1a S-meob


1 0a R-meoc


1b S-meob


1 0b R-meoc


1c S-etod


1 0c R-etoe


1d S-etod


1 0d R-etoe


2a S-meob


2 0a R-meoc


2b S-etod


2 0b R-etoe


3a S-meob


3 0a R-meoc


3 0b R-etoe


3 0c R-etoe


4b S-etod


5a S-meob


5 0a R-meoc


5b S-etod


5 0b R-etoe


Cisplatin


Carboplatin


a All IC50 values calculated based on the Pt-content are means ± SD < ±3.0
b S-meo: (2S)-methoxy-1,4-butanediamine.
cR-meo: (2R)-methoxy-1,4-butanediamine.
d S-eto: (2S)-ethoxy-1,4-butanediamine.
eR-eto: (2R)-ethoxy-1,4-butanediamine.

In general, the complexes with diamines of R or RR
absolute configuration are slightly more active than
the complexes with the corresponding diamines owning
S, SS or RS configuration.37 But in this series, most
platinum complexes having a chiral (2S)-methoxy or
(2S)-ethoxy bidentate diamine moiety are more active
than those with (2R)-methoxy or (2R)-ethoxy diamine
counterparts, such as 1c > 1 0c, 1d > 1 0d, 2a > 2 0a,
2b > 2 0b, 3a > 3 0a, and 5a > 5 0a in A549, and 1a > 1 0a,
1c > 1 0c, 2a > 2 0a, 2b > 2 0b, 3a > 3 0a, and 5a > 5 0a in
HCT116. However, among these compounds, there are
some exceptions, for example 1a < 1 0a, 1b < 1 0b, and
5b < 5 0b in A549, and 1b < 1 0b, 1d < 1 0d, and 5b < 5 0b
in HCT116.


From the biological results, it is showed that most of
platinum complexes with (2S)-ethoxy or (2R)-ethoxy
diamine carrier ligand generally have higher cytotoxicity
than those with the corresponding (2S)-methoxy or
(2R)-methoxy carrier ligand, such as 1c > 1a, 1d > 1b,
2b > 2a, 5b > 5a, 2 0b > 2 0a, 3 0b > 3 0a, and 5 0b > 5 0a in
A549, and 1c > 1a, 1d > 1b, 2b > 2a, 1 0d > 1 0b, 2 0b > 2 0a,
3 0b > 3 0a, and 5 0b > 5 0a in HCT116. But there are some
exceptions, for example 1 0c < 1 0a, 1 0d < 1 0b in A549, and
1 0c < 1 0a, 5b < 5a in HCT116.


The cytotoxicities of platinum complexes are also
related to the nature of the leaving group. It is
showed that the same rule in HCT116 is dichlo-
ro > oxalato > malonato > cyclobutane-1,1-dicarboxy-
lato when the carrier ligand was the same. It is also
showed that the same rule in A549 is dichloro >

noma cell lines of selected platinum complexesa


Leaving group IC50 (lM)


Malonato 8.74


Malonato 5.59


Cyclobutane-1,1-dicarboxylato 64.12


Cyclobutane-1,1-dicarboxylato 12.87


Malonato 4.40


Malonato 9.76


Cyclobutane-1,1-dicarboxylato 24.18


Cyclobutane-1,1-dicarboxylato 26.42


Oxalato 3.79


Oxalato 5.81


Oxalato 1.71


Oxalato 3.08


Di(glycolato) 3.37


Di(glycolato) 34.32


Di(glycolato) 7.60


Di(chloroacetato) 1.73


Glycolato 2.14


Dichloro 1.80


Dichloro 2.63


Dichloro 0.90


Dichloro 0.83


0.30


6.95


�10 from at least three separate experiments.







Table 3. In vitro cytotoxicity against HCT-116 human colon cancer cell lines of selected platinum complexesa


Complex Carrier ligand (diamino) Leaving group IC50 (lM)


1a S-meob Malonato 25.04


1 0a R-meoc Malonato 28.00


1b S-meob Cyclobutane-1,1-dicarboxylato 219.61


1 0b R-meoc Cyclobutane-1,1-dicarboxylato 168.88


1c S-etod Malonato 12.65


1 0c R-etoe Malonato 30.75


1d S-etod Cyclobutane-1,1-dicarboxylato 115.26


1 0d R-etoe Cyclobutane-1,1-dicarboxylato 109.29


2a S-meob Oxalato 15.62


2 0a R-meoc Oxalato 15.90


2b S-etod Oxalato 6.33


2 0b R-etoe Oxalato 7.42


3a S-meob Di(glycolato) 55.90


3 0a R-meoc Di(glycolato) 215.82


3 0b R-etoe Di(glycolato) 23.67


3 0c R-etoe Di(chloroacetato) 8.69


4b S-etod Glycolato 11.04


5a S-meob Dichloro 2.03


5 0a R-meoc Dichloro 6.87


5b S-etod Dichloro 2.69


5 0b R-etoe Dichloro 1.78


Oxaliplatin 1.28


a All IC50 values calculated based on the Pt-content are means ± SD < ±3.0 �10 from at least three separate experiments.
b S-meo: (2S)-methoxy-1,4-butanediamine.
cR-meo: (2R)-methoxy-1,4-butanediamine.
d S-eto: (2S)-ethoxy-1,4-butanediamine.
eR-eto: (2R)-ethoxy-1,4-butanediamine.
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oxalato > malonato > cyclobutane-1,1-dicarboxylato when
the carrier ligand was the same such as (2S)-ethoxy, (2R)-
ethoxy, and (2S)-methoxy bidentate diamine. One excep-
tion in A549 was dichloro > malonato > oxalato > cyc-
lobutane-1,1-dicarboxylato for platinum complex with
(2R)-methoxy bidentate diamine.


Complex 5 0b exhibits the greatest potency among these
21 tested platinum complexes in both two cell lines.
Considering its good cytotoxicity and high stability in
aqueous solution, complex 5 0b will be selected as a
promising candidate for further development.
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Abstract—The structure-based design and synthesis of a series of novel biphenyl sulfonamide carboxylic acids as potent MMP-13
inhibitors with selectivity over MMP-1, MMP-2, MMP-3, MMP-7, MMP-8, MMP-9, MMP-14, Aggrecanase 1, and TACE are
described.
� 2005 Elsevier Ltd. All rights reserved.
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MMP-13 (matrix metalloproteinase-13, also known as
collagenase-3) belongs to a large family of zinc-contain-
ing enzymes that are involved in the degradation
and remodeling of extracellular matrix proteins. The
expression of MMP-13 by chondrocytes in human
osteoarthritic cartilage and its activity against type II
collagen, the main structural component of articular
cartilage, suggest that this enzyme plays a crucial role
in the etiology of osteoarthritis,1 and that inhibition of
MMP-13 may provide an effective treatment paradigm
for this disease. The therapeutic potential for potent,
orally active, small molecule inhibitors of MMP-13,
and other MMPs, to treat a variety of pathologies
including arthritis, cancer, and pulmonary disease, has
made them prime targets for drug development.2


Early preclinical testing of non-selective MMP inhibi-
tors has shown that these inhibitors are able to prevent
the destruction of cartilage in some animal models of
osteoarthritis.3 However, clinical trials of broad spec-
trum MMP inhibitors have also been plagued by dose-
limiting toxicity in the form of musculoskeletal side
effects.4 This side effect has been postulated to result
from the inhibition of MMP-1, or MMP-14, or sheddas-
es, such as TACE. As a result, interest in more selective
MMP-13 inhibitors has increased.5–9

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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We have recently disclosed10 compound 1 (Fig. 1)
(R1 = R2 = R3 = H), an early lead compound in our
MMP-13 program, which shows excellent selectivity
for MMP-13 over MMP-1, MMP-9, MMP-14, Aggre-
canase 1 (Agg1), and TACE due to its long, rigid P1 0


group. However, compound 1 lacks selectivity against
some other MMPs, including MMP-2, MMP-3, MMP-
7, and MMP-8.


In an effort to improve the selectivity of 1, available
MMP X-ray data were examined and computer model-
ing analyses of MMP S1 0 subsites were performed.
These studies indicated that the loop region of MMP-2
that forms its S1 0 pocket is two amino acids shorter than
the analogous region in MMP-13. Thus, the S1 0 pocket
of MMP-2 is constricted, relative to that of MMP-13.
Structure-based design indicated that incorporating a
substituent at the 4-position (R2) of the benzofuran
would take advantage of this size difference and enhance
selectivity. This structural analysis also indicated that if

(1) 


Figure 1. Benzofuran amide biphenyl sulfonamide carboxylates.
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selectivity was optimized for MMP-13 over the closely
related MMP-2, we were likely to achieve selectivity
over MMP-3, -7, and -8 as well.11


In fact, compound 1a (R1 = R3 = H, R2 = OCH2(CH3)-
CO2H) had been shown to provide 100-fold selectivity
for MMP-13 over MMP-2.10 A smaller methoxy substi-
tuent at the 4-position of the benzofuran of compound
1b (R1 = R3 = H, R2 = OCH3) still yields a potent
MMP-13 inhibitor, but it is unfortunately only 7-fold
selective, since the methoxy group does not probe deeply
enough into the S1 0 pocket of MMP-2 (Table 1). Simi-
larly, compound 2, the 5-bromobenzofuran derivative,
is non-selective, though extremely potent against
MMP-13. This is in accord with the predicted structure
of 2 bound to MMP-2 and -13, as the 5-position is not
directed at the S1 0 loop region of MMP-2 which differs
from that of MMP-13.


We now report on our efforts to enhance the selectivity
of these inhibitors for MMP-13 over MMP-2 by extend-
ing the SAR of this scaffold to compounds bearing mul-
tiple substituents on the benzofuran P1 0 ring system.
The resulting novel biphenyl sulfonamide carboxylic
acids of general structure 1, bearing a 3,4,5-tri-substitut-

Table 1. Identification of groups that are responsible for the selectivity


Compound No. Ar IC50 (nM)a


MMP-2 MMP-13 MMP-2/


MMP-13


1b


O


MeO


16 2.3 7


2


O


Br


0.91 0.61 1


3


O


MeO
Br


7.1 0.4 18


4


O


MeO
Br


1700 2.3 740


5


O


MeO


1050 9.5 110


6


O


Br


81 3.0 27


7


O


259 5.9 44


a The assays used to obtain the data for this table were performed as


detailed in Ref. 12.

ed benzofuran 2-carboxamide P1 0 moiety, have been
found to be potent and highly selective MMP-13
inhibitors.12


The first disubstituted analog prepared was benzofuran
carboxamide 3, a hybrid of compounds 1b and 2, substi-
tuted at both the 4- and 5-positions. While this deriva-
tive is extremely potent against MMP-13, it still
displays only 18-fold selectivity over MMP-2, not a sub-
stantial improvement. However, we were delighted to
find that when a methyl substituent is appended to the
3-position of 4,5-disubstituted benzofuran 3 to provide
the 3,4,5-trisubstituted benzofuran amide 4, selectivity
improves quite drastically. Thus, compound 4 retains
potency against MMP-13 (IC50 = 2.3 nM), but is also
now more than 700-fold selective over MMP-2. Further-
more, compound 4 is not only very selective over MMP-
2, but also has significantly improved selectivity against
MMP-3 (IC50 = 144 nM), MMP-7 (IC50 = 866 nM),
MMP-8 (IC50 = 73 nM), and maintains the selectivity
over MMP-1 (IC50 = 30 lM), MMP-9 (66% inhibition
at 25 lM), MMP-14 (IC50 = 15 lM), Aggrecanase 1
(IC50 = 5.6 lM), and TACE (IC50 = 34 lM) in accord
with our initial assumption. To assess the origin of this
excellent selectivity, three additional analogs bearing the
3-methyl substituent, 5, 6, and 7, were prepared. Elimi-
nation of the 5-bromo group from analog 4 gave
3-methyl-4-methoxy benzofuran 5 and resulted in a
slightly diminished MMP-13 potency and a concomitant
diminution of selectivity to 110-fold. Deletion of the
4-methoxy group from 4 provided analog 6, essentially
equipotent to 4 against MMP-13, but with a devastating
loss of selectivity to only 27-fold selective over MMP-2.
Finally, the 4,5-unsubstituted 3-methyl benzofuran 7
was 44-fold selective. Therefore, the exceptional selectiv-
ity of compound 4 for MMP-13 over MMP-2 clearly re-
sults from a synergistic effect of all three 3-, 4-, and 5-
substituents on the P1 0 benzofuran.


The potency and selectivity of compound 4 can be ex-
plained on the basis of modeling studies based on
X-ray crystallographic data (Fig. 2). Computational
studies of the 3D conformations of 4 suggest that the
3-methyl group causes the conjugated amide-benzofuran
system to be displaced from planarity by about 20 de-
grees, which helps direct the 4-methoxy substituent
directly toward THR229 of the MMP-2 S1 0 pocket.
The bromine atom at position 5, with its large van der
Waals radius, additionally helps constrain the mobility
of the methoxy group such that, if the molecule were
docked like the unsubstituted benzofuran analog, 1,
the methyl group of the methoxy moiety would lie with-
in 1.8 Å of the THR229 Cb atom. No such steric clash
exists for the benzofuran substituents with the S1 0 pock-
et of MMP-13.


The effect of the configuration of the amino acid portion
of the biphenyl sulfonamide scaffold on potency and
selectivity was investigated. A comparison of the (S)-
and (R)- isomers of three benzofuran P1 0 analogs is
shown in Table 2. The pair of enantiomers, 1 and 8,
bearing the unsubstituted benzofuran P1 0 group has
virtually identical potency against both MMP-13 and







Table 3. SAR of 3-substituted benzofuran 2-carboxamide P1 0


Compound


No.


R1 IC50 (nm)


MMP-2 MMP-13 MMP-2/MMP-13


1 H 5 2.4 2


7 CH3 259 5.9 44


11 CH2CH3 1770 55 32


12 Ph 1200 220 6


Table 2. Comparison of potency and selectivity of (R)- and (S)-


isomers


Ar Compound


No.


IC50 (nm)


* MMP-2 MMP-13 MMP-2/


MMP-13


O


1 (S)- 5 2.4 2


8 (R)- 4.6 2.6 2


O


7 (S)- 259 5.9 44


9 (R)- 164 17 10


O


MeO
Br


4 (S)- 1,700 2.3 739


10 (R)- 688 3.4 202


G248


S250


T229 


Figure 2. A close-up and schematic view of the predicted binding


mode of compound 4 to MMP-13, overlaid with the catalytic domain


of MMP-2. The white tube represents MMP-13, while the cyan tube


represents MMP-2. The blue coloring in the MMP-13 tube highlights


the positions of amino acid differences between the two proteins.
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MMP-2. In contrast, for the pair of enantiomers with
the 3-methylbenzofuran P1 0 terminus, 7 and 9, the (S)-
enantiomer is more potent against MMP-13 and more
selective over MMP-2 than the corresponding (R)-
isomer. A similar SAR exists for (S)-enantiomer 4 and
its epimer, 10. In this case although the MMP-13 activ-
ity is similar for both enantiomers, the (S)-analog is
more than 2-fold less potent against MMP-2.


The optimization of the benzofuran 3-substituent is
shown in Table 3. The potency and selectivity of analogs
bearing groups at the 3-position, ranging in size from a
simple hydrogen atom to a phenyl group, were exam-
ined. Compound 1, the 3-hydrogen derivative, shows
equal activity against MMP-2 and MMP-13. Com-
pound 7, with a methyl substituent, is a 5.9 nM inhibitor
of MMP-13 with 44-fold selectivity for MMP-13 over
MMP-2. However, when the size of the 3-substituent

was increased further, selectivity does not increase pro-
portionately. In addition, the potency of the inhibitors
decreased rapidly as the size of the 3-substituent was in-
creased from methyl to ethyl to phenyl. Compound 11,
with an IC50 of 55 nM, is almost 10-fold less potent than
methyl derivative 7, and the phenyl analog, 12, is more
than 30-fold less potent than 7. Overall, the methyl
group appears to offer the best combination of potency
and high selectivity.


With the 3-position of the benzofuran 2-carboxamide
fixed, the SAR of a variety of 3,4,5-trisubstituted ben-
zofuran 2-carboxamides was examined. As shown in
Table 4, all inhibitors, 13–18, bearing a 4-methoxy
group on the benzofuran are potent against MMP-13.
Selectivity does not vary significantly with the size of
the halogen 5-substituent of compounds 4, 13, and
14, all three analogs providing over 650-fold selectivity.
The lowest levels of selectivity in the 4-methoxy series
are seen with the 5-hydroxymethyl moiety, 15, and
the small 5-cyano group, 17, although both of them
are still well over 100-fold selective. A significant in-
crease in selectivity, with no loss in MMP-13 potency,
is also noted in going from the 5-methyl analog 16 to
5-ethyl derivative 18.


Compound 19 has the lowest selectivity (20-fold)
among the 3,4,5-trisubstituted analogs. We speculate
that an intra-molecular hydrogen bond between the
4-hydroxy and 5-acyl group contributes to reduced
selectivity, although we do not have any direct struc-
tural information. In analog 20, where such an orienta-
tional restriction of the hydroxy is absent, selectivity is
even greater (250-fold). Larger 4-substituents are also
tolerated in the 3,4,5-trisubstituted analogs. Thus, the
isopropyl ethers 22 and 23 maintain reasonable poten-
cy and selectivity for MMP-13 over MMP-2. The 4-
benzyloxy derivative, 21, is only moderately potent
against MMP-13, which results in diminished selectivi-
ty over MMP-2.


The synthesis13 of the biphenyl sulfonamide carboxylic
acid is shown in Scheme 1. The preparation of nitro-bi-
phenyl sulfonamide 24 has been reported.14 Reduction
of the nitro group afforded aniline 25 in very good yield.
After coupling of aniline with the benzofuran carboxylic
acid, ester hydrolysis gave the desired products (2–23).
In some cases, the methyl ester of the amino acid was







Table 4. Selectivity of 3,4,5-trisubstituted benzofuran derivativesa


Comp.


No.


R2 R3 IC50 (nm), or % inhibition at 25 lM


MMP-1 MMP-2 MMP-3 MMP-7 MMP-8 MMP-9 MMP-14 Agg1 TACE MMP-13 MMP-2/MMP-13


4 OMe Br 30,000 1,700 144 866 73 66% 15,000 5,600 34,000 2.3 740


13 OMe I 60,000 1,370 1,060 3,010 404 51% 30,000 15,000 38% 2.1 650


14 OMe Cl 34,000 1,490 — — — — 12,400 — — 1.9 785


15 OMe CH2OH — 1,410 — — — — — — — 7.8 180


16 OMe Me 37,100 1,610 442 534 52 76% 15,000 8,600 39% 4.9 330


17 OMe CN — 522 — — — — — — — 3 175


18 OMe Et 28,000 2,500 561 1,260 101 64% 30,000 >15,000 43% 3.8 660


19 OH COMe — 63 — — — — — — — 3.2 20


20 OH Et 23,400 1,760 492 458 94 55% 15,800 4,400 42% 7.1 250


21 OCH2Ph Et — 4,340 — — — — — — — 67 65


22 O(i-Pr) Et — 7,000 — — — — — — — 27 260


23 O(i-Pr) Cl 37,100 3,010 1,090 1,640 110 51% 50,000 14,300 98% 11 275


a Lines indicate that biological activity data for that MMP are not available.


SO


ButO


O
O NO2


NH


SO


ButO


O
O NH


O O


R1 R2


NH
R3


SO


ButO


O
O NH2


NH


O
HOOC


R2
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NH
R3


24 25


2 - 23
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c


Scheme 1. Reagents and conditions: Preparation of benzofuran


biphenyl sulfonamide carboxylates. (a) H2, Pd/C, 50 psi, rt, 5 h,


(90%); (b) BOP, DIEA, DMF, rt, overnight, (40–80%); (c) TFA/


CH2Cl2 (1:1), rt, 3 h, (70–100%).


Scheme 2. Reagents and conditions: Constructing the benzofuran ring


with desired substitution. (a) BrCH2CO2R (R=Me, Et or But), K2CO3,


rt, (70–90%); (b) MeONa, MeOH, 60 �C (40–90%); (c) NaOEt, EtOH,


70 �C, (70–90%); (d) K2CO3, 130 �C, 1 h (60–90%); (e) LiOH, MeOH,


THF, rt. (70–90%); (f) NaOH, H2O, EtOH, (80–90%); (g) TFA/


CH2Cl2(1:1), rt, 4 h, (70–90%).
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used and a basic (LiOH/MeOH/H2O) hydrolysis was
carried out.


Most of the substituted benzofuran carboxylic acids we
required were not commercially available and were syn-
thesized in one of the two approaches, as shown in
Schemes 2 and 3. The first approach was to construct
the benzofuran ring with desired substitution (Scheme
2). Salicylaldehydes and ketones A, bearing a variety
of substituents R1, R2, and R3, are alkylated with a-
bromoacetic acid esters to give B, which is next cyclized
in the presence of an alkoxide base in alcohol or potas-
sium carbonate in DMF to afford the substituted
benzofurans C. Esters C are hydrolyzed with aqueous
hydroxide or TFA (for R = t-butyl) to give the carbox-
ylic acids 26–33, which, in turn, can be coupled with ani-
line 25 to make the desired final product. Some of these
acids in Schemes 2 and 3 or their esters have been
reported in the literature including 26,15 27,16 28,17


30,18 32,19 33,20 and 34.21

The second approach to the substituted benzofuran
derivatives is shown in Scheme 3. The synthesis of
selected 3,4,5-trisubstituted benzofurans through func-
tionalization (34–39c, 41) and derivatization (42–44) is
presented. Hydroxybenzofuran 30 can be converted to
34 through methylation with methyl iodide in the pres-
ence of potassium carbonate in a polar aprotic solvent,
such as DMF or THF. The reaction of 30 with magne-
sium methoxide, followed by paraformaldehyde, pro-
duces the ortho-formyl phenol, which can be reduced
to the 5-methyl benzofuran or 5-hydroxymethyl benzo-
furan. Subsequent methylations of these benzofuran af-
ford 35 and 36. Phenol 30 and its O-alkylated derivative
34 undergo ortho-acylation with acetyl chloride and
titanium tetrachloride to give acetophenones 38. Com-
pounds of structure 30 are readily halogenated with
N-halogen succinimides to provide 5-halogenated phe-
nol, which, in turn, may be alkylated to give ethers 37
and39. Compound 40 was obtained in the same manner
starting from 33. Palladium catalyzed reaction of 39c
with zinc cyanide, followed by hydrolysis, gives nitrile
41. O-Alkylation of 4-hydroxy-5-ethylbenzofuran 31







OEtO2C


HO


O
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O
HO2C


O


O
HO2C
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31 4342
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38a(R1=Me, R=H)
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34(R1=Me) 35(R1=Me) 36(R1=Me)


37(R1=Me, X=Cl)


39a(R1=Me, X=Cl)
39b(R1=Me, X=Br) 
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30(R1=Me)
33(R1=H)


Scheme 3. Reagents and conditions: Functionalization and derivatiza-


tion of the benzofuran ring. (a) NXS(NCS for 39a, NBS for 39b and 40,


NIS for 39c), CCl4, 0 �C, 6 h, (50–85%); (b) MeI, K2CO3, DMF, rt,


overnight, (80–100%); (c) TFA/CH2Cl2(1:1), rt, 4 h, (70–90%); (d) (i)


(MgOMe)2/MeOH, toluene, reflux, 1 h. (ii) (CH2O)n, reflux, 30 min,


(50%); (e) NaBH3CN, THF, 60 �C, (30–40%); (f) i-PrBr, K2CO3, DMF,


rt, overnight, (80–100%); (g) AcCl, TiCl4, PhCl, 95 �C, pressure tube,


(40–60%); (h) Zn(CN)2, Pd(PPh3)4, DMF, 85 �C, 2 h, (70%); (i) BnBr,


K2CO3, DMF, rt, overnight, (80%); (j) NaOH, H2O, EtOH, (80–90%).
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gives ethers, which are next hydrolyzed in alkoxide base
in alcohol to afford 42, 43, and 44.


In summary, we have described a promising series of
biphenyl sulfonamide carboxylic acids that are potent
inhibitors of MMP-13 that spare MMP-1, MMP-2,
MMP-3, MMP-7, MMP-8, MMP-9, MMP-14, Agg1,
and TACE. By varying the substituents on the benzofu-
ran portion of the molecules, we were able to modulate
the potency and selectivity of this series of inhibitors.
Further development and the in vivo efficacy of this
series of compounds will be reported in due course.
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Abstract—A sulfur-substituted analogue of trigalacturonic acid (3) was synthesized. The synthesis features the application of
3-cyano-3-(tert-butyldimethylsilyl)oxypropylthioether (CSP) as a novel protective group for thiols. This analogue was designed with
the expectation that it would be a stable analogous substrate for endo-polygalacturonase isolated from Stereum purpureum based on
computer modeling experiments. Surface plasmon resonance experiments revealed that 3 forms a stable complex with the target
enzyme.
� 2005 Elsevier Ltd. All rights reserved.

Endo-polygalacturonase (endo-PGs) hydrolyzes the
internal glycosidyl linkages of polygalacturonic acids
(pectic acids) into oligomers. Because oligogalacturonic
acids (low-molecular-sized pectic acids) have recently
attracted attention as functional supplemental foods,1


such as Ca2+ carriers,2 dietary fiber,3 and so on, investi-
gating in detail that the mechanism of endo-PG has
gained importance in the last decade. However, elucida-
tion of the details of the reaction for endo-type glycosi-
dases including endo-PGs generally lags behind those
of exo-glycosidases due to difficulty in designing suitable
molecular probes.4


Recently, Miyairi and Okuno, authors of the present pa-
per, found endo-PG 1 to be the substance responsible for
silver leaf disease on apples from the pathogenic Stere-
um purpureum.5 This glycosidase causes degradation of
pectin in the leaf cell wall, inducing the disease. Interest-
ingly, endo-PG 1 makes single crystallines that provide
an X-ray crystallographic structure of extremely high
quality (less than 0.96 Å resolution, PDB ID: 1K5C).6


However, soaking experiments have not provided the
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complex of endo-PG 1 with the oligogalacturonate as a
reactant, because enzymatic hydrolysis occurred in the
crystalline to afford only the complex with the hydroly-
sates. Thus, we planned to investigate in detail the reac-
tion mechanism of this enzyme employing stable
oligogalacturanate mimics. We report here the design
and synthesis of sulfur-substituted analogue 3, designed
as a stable mimic of natural substrate 2 against
endo-PG 1.


We expected that replacing one acetal oxygen cleaved by
the enzyme would result in tolerance to the enzyme with
minimum structural alteration.7 On the other hand,
Miyairi studied the kinetic properties of endo-PG 1
revealing that the minimum size as a substrate is trimer
2.6 As shown in Figure 1, the enzyme hydrolyzes 2 site-
specifically at the glycoside bond between C4O and C1 0.
Tetramer 1 was hydrolyzed more easily by this enzyme,
but, site specificity decreased, also cleaving the bond
between C4 0O and C100 at a ratio of 10%. This suggests
that the enzyme can slide on the sugar chain. In con-
trast, in these experiments, the terminal pyranose unit
of 2 binds selectively with the subsite +1 in endo-PG 1.
Accordingly, replacement of the glycosidic oxygen
(atom X in Fig. 1) with a sulfur atom would realize resis-
tance to endo-PG 1 with minimum structural alteration,
and this analogue would create a homogeneous complex
with the target enzyme. We expected that replacing only
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one oxygen would not cause serious structural alteration
in complexation.


Prior to the synthesis, we evaluated analogue 3 by
molecular dynamic simulations for the matrix of endo-
PG 1 and 3 including 8633 waters.8 These simulations
suggested that analogue 3 would bind to the enzyme in
almost the same hydrogen-bonding manner (Fig. 2) as
the presumed native complex. This native complex was
constructed based on two X-ray structures, a complex
with two mono-galacturonic acids that bind at the sub-
sites +1 and �1 individually (PDB ID: 1KCD) obtained
by using excess mono-galacturonic acid, and a complex
with a pentamer at subsite �1, �2, �3, �4 prepared by
soaking at higher pH solution in which the enzyme was
inactivated.9 Neither complex involved the glycoside
bonds between �1 and +1 (the reaction subsite).
Although the substituting glycosidyl oxygen to sulfur
did cause a minor conformational alteration, it did not
greatly disturb the network of hydrogen bondings
between the enzyme and the substance as shown in
Figure 2. Accordingly, analogue 3 would be an ideal
molecular probe for mechanistic investigation.


These computer modeling experiments motivated us to
conduct the synthesis. Our preliminary experiments sug-
gested that the glycosylation of thiols using glycosyl tri-
chloroacetimidates provides the desired glycoside only
in low yields despite some successful reports.10 Thus,
we focused on introducing thioglycoside linkage by cou-
pling 1-thioderivative 14 with glucopyranose derivative
7, carrying a trifluoro-methanesulfonate leaving group
at the C4 position.


Triflate 7 was first prepared as shown in Scheme 1.
After acetylation of methyl 4,6-O-(4-methoxy)benzyli-
dene glucopyranoside (4),11 the benzylidene moiety
was removed by acetic acid to provide diol 5 in 90%
yield in two steps. Selective oxidation of the primary
alcohol of 5 was achieved by employing TEMPO
and PhI(OAc)2 under aqueous conditions.12 The fol-
lowing treatment with diazomethane gave methyl ester
6 in 91% in two steps. The C4-OH was then converted
into the sulfonate with Tf2O/pyridine, giving 7 in 89%
yield.

The thiol part was then synthesized. The a-thioacetyl
group was introduced stereoselectively at the anomeric
position via the double inversion of a-galactosyl bro-
mide 8. Treatment of 8 with Bu4NCl in DMPU at room
temperature provided b-chloride 9,13 which was further
treated with potassium thioacetate at 50 �C using a
one-pot procedure to give a-thioacetate 10 stereoselec-
tively in 73% overall yield. Prior to manipulating
2,3,4,6-O-functions, the 1-S-acetyl group was replaced
with a newly developed protective group, 3-cyano-3-
tert-butyldimethylsilylpropyl (abbreviated to CSP
group) thioether. The 1-S-acetyl group of 10 was re-
moved by basic methanolysis at �25 �C to give thiol
11 in 89% yield. Treatment of 11 with acrolein
(1.2 equiv) in DMF resulted in the Michael addition of
thiol group. Following aqueous work-up, the aldehyde
function in the resulting Michael adduct 12 was further
converted into O-silylated cyanohydrin by TBDMSCN
in the presence of KCN in CH3CN to provide 13 in
73% yield in two steps. The 1H NMR spectrum indicat-
ed that 13 is a 1:1 mixture of diastereomers regarding
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the cyanohydrin moiety. This protective function was
found to be stable during the following treatments.
After all acetyl groups in 13 were removed by basic
hydrolysis, the C4- and C6-OH were protected in the
form of p-methoxybenzylidene acetal under the usual
conditions. The remaining C2 and C3 alcohols were
acetylated again to provide 14 in good overall yield.


Treatment of 14 with TBAF in THF in the presence of
molecular sieves 4A and the following addition of tri-
flate 7 after 5 min using a one-pot procedure resulted
in a coupling reaction to provide thioglycoside 15
in 94% yield. The fluoride ion under aprotic conditions
induced the retro-Michael reaction of regenerated
aldehyde 22, giving 23a in a form of highly reactive
tetrabutylammonium mercaptide. This method was
more efficient than the following stepwise transforma-
tions. Aqueous work-up prior to the addition of 7 gave
thiol 23b in 52% yield (Scheme 2). The basic treatment

Scheme 2.

of pure 23b with TBAF/MS4A gave 15 in only a 47%
yield. Notably, the coupling reaction with pure 23b
proceeded more smoothly to give 15 in 81% yield by
employing sodium hydride as the base.


Glycoside 15 was then converted into glycosyl acceptor
17 by acidic cleavage of the 4-methoxybenzylidene
acetal (!16, 86% yield), oxidation of the primary
alcohol with TEMPO/PhI(OAc)2 followed by treatment
with CH2N2 (!17, 53% yield).


We failed in the glycosylation of 17 when galacturo-
nate 24 (Scheme 3)12,14 was employed as the donor
although the glucuronate derivative (the C4 equatorial
isomer) gave the adduct under the same conditions.
Carbocation 25 produced from 24 was likely deactivat-
ed by the C6-carbonyl group after flipping of the pyra-
nose ring. Thus, we decided to construct the carboxyl
group at the non-reducing end after glycosylation. As
expected, glycosylation of acceptor 17 with trityl ether
protected imidate 18 took place to produce trimer 19
stereoselectively in 73% yield by employing TESOTf
as the activator.15 Stereochemistry of 19 of the newly
furnished glycoside bond was confirmed by observing
a small coupling constant between C100H and C200H
(J = 1.5 Hz) in 1H NMR.


The trityl ether in 19 was selectively cleaved by aqueous
acetic acid at 60 �C in 80% yield. Oxidation of the result-
ing alcohol with TEMPO/PhI(OAc)2 was also effective
and was followed by treatment with diazomethane to
provide methyl ester 20 in 97% yield in three steps.
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Finally, all protective groups of 20 were removed. The
MPM ethers were cleaved by DDQ oxidation without
affecting the sulfide function4 to give triol 21 in 88%
yield. The following basic treatment hydrolyzed all ester
groups. Ion exchange column chromatography (Dowex
50W, H+ form) after the reaction provided a pure sam-
ple of 3 as a white powder.16 Preliminary enzymatic
studies revealed that 3 inhibited hydrolysis of oligo-
galacturonic acid by endo-PG 1 and was stable under
these conditions. The experiments employing surface
plasmon resonance17 revealed the KD value of 3 to be
0.2 lmol/L.18


As described, we designed and synthesized a sulfur ana-
logue of trigalacturonic acid 3 as a stable mimic of the
natural substrate. Computer modeling calculations sug-
gested that 3 would be a stable analogue that can bind
with endo-PG 1 in the same manner as the natural sub-
strate. In fact, 3 was not only stable in the presence of
endo-PG 1 but also made a stable complex with the tar-
get enzyme. In these studies, we also demonstrated that
the CSP group is a useful protective group that can be
readily activated by TBAF under aprotic conditions.
These findings resulted in the successful preparation of
3 in sufficient quantity for the enzymatic studies
(>100 mg). Detailed structural and thermodynamic
studies on the complex using X-ray crystallographic
analysis, calorimetric experiments, and longer-time
MD simulations are under investigation in our
laboratories.
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Abstract—During the last decade, cell penetrating peptides (CPP) have been extensively used to mediate the cellular delivery of non-
permeant biomolecules, including oligonucleotides (ONs). A covalent linkage between the CPP and the transported ON is required
to mediate efficient cell internalization, and a disulfide bridge between the CPP and the ON has been shown to induce the most
potent biological response. In this paper, we describe the activation. In a one step process of the sulfhydryl function from a synthon
commercially available for ON synthesis. In addition, since the highly cationic nature of currently used CPP caused serious precip-
itation problems during the coupling step, we further improved the method by adsorbing the crude activated ON on an anion
exchange matrix prior to specific peptide coupling.
� 2005 Elsevier Ltd. All rights reserved.

Synthetic oligonucleotides (ONs) have interesting thera-
peutic potentials in various biological applications.1


More recently, the expression of a targeted protein
was reduced impressively by small interfering RNAs
(siRNA).2 Since ONs are poorly taken up by cells,
several transfection methods have been developed.
However, most of these techniques are not exempt of
undesired effects such as toxicity and immunogenicity.


About 10 years ago, several small peptides which are
able to pass through the plasma membrane were discov-
ered.3,4 Interestingly, these peptides, named cell pene-
trating peptides (CPP) or protein transduction
domains (PTD),5,6 improve the cellular delivery of car-
goes such as peptides and proteins,5,6 drugs,7 micro-
organisms8,9 or nucleic acids.10,11 For most of the
CPP, a covalent bond with the cargo is required to pro-
mote transfection, and the coupling of CPP to nucleic
acids is very challenging because of incompatibilities in
their respective chemistry.12–15

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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Disulfide bond formation between the ON and the CPP
has been extensively used14–19 since the disulfide bridge
is supposed to be stable in the extracellular medium
while labile in the reducing intracellular environment.
Thus, after behaving as a �Trojan� peptide20 for allowing
the cellular ON entry, the ON is expected to be released
from the CPP by the cytosolic glutathione. Reduction of
the disulfide linkage has been documented for a CPP–
ON chimera in cell extracts21 and also in intact cells fol-
lowing CPP-mediated delivery of a cargo peptide.22 In
keeping with efficient release, a morpholino-ON deriva-
tive was shown to fulfill its expected biological effect
with a higher efficacy when conjugated to a CPP by a
disulfide linkage than when coupled through a stable
bond.11 The formation of disulfide bond between the
peptide and the ON exists in two distinct flavors: the
use of bifunctional cross-linkers11 and the pre-activation
of a sulfhydryl group carried by one of the chimera
components.14,17–19,23–25 Incorporation of a sulfhydryl
function at either the 3 0 or 5 0 end of the ON is usually
performed by two main routes. First, a disulfide bridge
can be incorporated during the ON synthesis using var-
ious thiol-modifiers. Then, a reduction step has to be
carried out with reducing agents such as dithiothreitol
(DTT).15,24 Alternatively, a sulfhydryl group can be
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Figure 1. HPLC elution profiles of the different ONs and conjugates.


(A) Trt-S–ON after purification (tR = 20.24 min); (B) crude activation


mixture of the Trt–ON; (C) purified NpyS-activated ON


(tR = 13.76 min); (D) Tat–SS–ON conjugate after elution from the


DEAE-beads (tR = 9.96 min). All purified compounds were further


characterized by MALDI-TOF analysis (see Fig. 2). Signals were


recorded at 215 nm excepting for the HPLC profile C (260 nm).
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directly incorporated by substituting a carbonyldiimi-
dazole with cystamine.25 In both cases, however, the sub-
sequent activation of the thiol function with, for instance,
a nitropyridine sulfenyl moiety, is required.14,15,24,25


A thiotrityl synthon (Trt-S) is commercially available
for the 5 0-ON modification. To date, to release the trityl
group and to restore the free thiol function, a silver
nitrate treatment is required. Then, the excess of silver
nitrate is precipitated with DTT and free ON-thiol is
recovered by gel filtration. The thiol group is subse-
quently activated as described above. Whatever be the
routes, published strategies require several time-consum-
ing steps often leading to loss of material and more often
to poor yields.14


The direct substitution of the trityl group by a thio
nitropyridine has been used in peptide chemistry26 but,
to our knowledge, not evaluated in ON synthesis. In this
report, we describe the quantitative one-step substitu-
tion of the thiotrityl-protecting group by a thionitro-
pyridine group. We investigated this substitution on
unmodified ON as well as on phosphorothioate and
2 0O-methyl ON analogues (Scheme 1).


Interestingly, the activated ON can be directly adsorbed
onto an anion exchange matrix from the crude activa-
tion medium as previously described,24 thus avoiding
an additional purification step and allowing the �in
batch� use for large scale-up process. A Tat peptide–
ON chimera was directly and quantitatively obtained
following this protocol.


The oligonucleotide Trt-S–(CH2)6–d(GAAGGGATTT
CCC-TCC) (1 lmol scale) was assembled on a Applied
Biosystems 381A DNA synthesizer using the phospho-
ramidite chemistry.27 At the end of the ON assembling,
6-(S-trityl-6-mercaptohexyl)-(2-cyanoethyl)-(N,N-diiso-
propyl)-phosphoramidite (Trt-S–(CH2)6–5


0-Thiol Mod-
ifier C6, Eurogentec, Belgium) (18 lmol) was incorpo-
rated. The usual oxidation step was performed in
0.02 M iodine in THF/pyridine/water to avoid addition-
al Trt-S oxidation. Cleavage was then performed with
three washes (1 mL) of a 28% ammonium hydroxide
solution during 90 min and deprotection was allowed
for 4 h at 55 �C. The crude ON was further purified by
reversed-phase HPLC using a 20 min linear gradient of
8–40% in 50 mM TEAAc (pH 7). Homogeneous frac-
tions were pooled and freeze-dried successively 10 times
to fully remove TEAAc salts. Trt-S–ON was then kept
in water (0.1 OD260nm per ll) at �20 �C until further
use.


Direct substitution of the trityl protection by the nitro-
pyridine sulfenyl group was then performed with the
corresponding chloride in solution on unmodified Trt-

Oligonucleotide-S-S-Trt N


NO2


S-Cl
Oligonucleotide-S


Scheme 1. Preparation of the ON–CPP conjugate.

S–ON phosphodiester28 (Fig. 1A) or Trt-S–phosphoro-
thioate and Trt-S-2 0-O-methyl ON analogues (data not
shown). In all cases, the reaction was completed within
1 h with total substitution of the starting ON
(Fig. 1B). The HPLC peak corresponding to the substi-
tuted phosphodiester ON (13.76 min) was collected
(Fig. 1C) and analyzed by MALDI-TOF spectrome-
try.29 Two signals were however observed: one corre-
sponded to the expected molecular weight of the
NpySS–ON (calculated: 5416.69; measured: 5416.81)
(Fig. 2) along with another signal with an apparent mass
of 5263.27. The latter one corresponds to the reduced,

-S-Npys
Peptide-SH


Oligonucleotide-S-S-Peptide







Figure 2. MALDI-TOF analysis of the different ONs. Top: purified


NpyS-activated ON showing two signals: [M�H]�1 = 5263.27 and:


[M�H]�1 = 5416.81. Middle: NpyS-activated ON after DTT reduction


[M�H]�1 = 5263.33. Bottom: Tat–SS–ON conjugate after elution


from the DEAE-beads [M�H]�1 = 7083.68.
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and therefore unactivated, ON–SH, meaning that the
NpyS group was partially released. Whether the cleav-
age occurred during laser exposure or was due to an
undesired reaction leading to the reduced ON eluting
with an identical retention time during the HPLC puri-
fication was assessed as follows. The crude activated
NpySS–ON was submitted to a reduction in a 10 mM
DTT solution to obtain a sample of ON–SH. The reac-
tion was monitored by HPLC. The peak corresponding
to the activated ON disappeared, and a new peak with a
much lower tR (10.28 min) was collected and analyzed
by MALDI-TOF spectrometry (Fig. 2, middle). The
MALDI-TOF spectrum showed a signal with an exper-
imental mass [M�H]�1 of 5263.40, which demonstrates
that the ON–SH and the NpySS–ON have different
retention times and cannot be collected together from
HPLC purification. Therefore, the apparent MALDI-
TOF analysis contamination resulted from the
laser-mediated cleavage of the disulfide bridge. This
may result from the peculiar reactivity of pyridine and
phenyl disulfide compounds toward laser photo irradia-
tion.30,31 Thus, the Trt substitution yielded quantitative-
ly to the NpyS-activated ON since all the Trt–ON was
substituted (Fig. 1B).


We initially performed the purification of the activated
ON by HPLC. However, it was observed that some

material was lost during the purification process. We
avoided this purification step by adsorbing directly the
activated NpySS–ON from the crude mixture on an an-
ion exchange matrix after pH neutralization with trieth-
ylamine following resuspension of the reaction medium
in 50 mM TEAAc, pH 6.8. The mixture was then trans-
ferred on 300 ll DEAE beads previously washed and
equilibrated with 50 mM TEAAc solution (pH 6.8).
The choice of these pH conditions was directed by the
further heterodimerization step with the peptide-SH.
Surprisingly, ON adsorption was not completed after
some hours of agitation as assessed by easily monitoring
the optical density of the supernatant at 260 nm. Some
ONs were still unbound after 7 h. Therefore, the ON
was routinely allowed to bind to the matrix under weak
agitation overnight to yield to its quantitative adsorp-
tion. Once the activated-ON was fully adsorbed, five res-
in washes with 500 ll TEAAc solution were performed
to remove excess of activating reagent. HPLC monitor-
ing of the washing solutions confirmed the complete
removal of the excess of Npy-SCl and the released thio-
trityl by-product (data not shown).


Eventually, Tat peptide (2 equiv, assembled and purified
as previously described4) was added to the resin beads
resuspended in a minimal volume of TEAAc 50 mM
pH 6.8. The advancement of the reaction was monitored
by HPLC. Some unconjugated ONs were still found
after 4 h of incubation; therefore, an overnight incuba-
tion was performed to yield to complete conjugation
(Fig. 1D). Such an overnight coupling has also been
recently performed when condensing Tat peptide to a
methylphosphonate ON25 or an Arg-rich peptide to an
ON.24 The resin was washed twice with 400 lL TEAAc
50 mM, pH 6.8, to remove the uncoupled Tat peptide
and then three times with 200 lL of a 2 M KCl solution
to desorb the conjugate. The supernatants were pooled
and the resulting solution was desalted after loading
on a C18 Sepak cartridge (Waters Millipore), washed
with water to remove salts, and eluted with a final
water/acetonitrile solution (50/50 v/v). The chimera
was then analyzed by HPLC, MALDI-TOF, and quan-
tified by optical density measurement. Monitoring the
reaction advancement was performed by sampling small
amounts of the resin and by washing several times with
2 M KCl to elute the adsorbed chimera from the cation-
ic matrix. The Tat–SS–ON conjugate was quantitatively
obtained and further fully characterized by HPLC anal-
ysis (Fig. 1D) and by MALDI-TOF analysis (Fig. 2,
bottom; [M�H]�1 7083.68). It is noteworthy that no
uncoupled Tat peptide was found in the solution eluted
from the resin during the desorption phase. This has
been fully assessed by the absence of HPLC or MAL-
DI-TOF signal corresponding to the Tat peptide itself
(data not shown).


The covalent coupling of an ON to a peptide through
a disulfide bridge is increasingly considered to be
essential for the peptide-mediated delivery of ON, as
shown recently for the delivery of morpholino-ON
analogues.11 For biological studies, large amounts of
peptide–ON chimera will probably be required and
this one-step activation method presents two main
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advantages. First, it uses a thiotritylated moiety, which
is commercially available and easily introduced during
ON synthesis. Moreover, the incorporation of a thio-
trityl group associated with a capping step during
the ON synthesis is known to help in the ON purifica-
tion by reversed-phase HPLC because of its high
hydrophobicity. Second, the activation method per-
formed on the purified Trt-S–ON allows the quantita-
tive �batch� conjugation of peptides even with a high
cationic content through an intracellular reducible
bond.
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Abstract—3,5-Bicyclic aryl piperidines are a new class of high-affinity a4b2 nicotinic receptor agents. We have sought nicotinic
receptor partial agonists of the a4b2 nicotinic acetylcholine receptor for smoking cessation, and a number of compounds fulfill
potency, selectivity, and efficacy requirements in vitro. In vivo, selected agents demonstrate potent partial agonist efficacy on the
mesolimbic dopamine system, a key measure of therapeutic potential for smoking cessation.
� 2005 Elsevier Ltd. All rights reserved.

More than half of the 1.25B current smokers worldwide
will die from tobacco-related illness.1 Despite this star-
tling fact and the undisputed connection between tobac-
co use and disease, global smoking rates continue to rise.
Usually beginning as an innocent act, smoking becomes
habitual owing to the powerful dependence-producing
effects of nicotine.2 Unfortunately, the vast majority of
smokers find tobacco dependence difficult to overcome,
with >95% of unaided quit attempts ending in failure.


Smoking initiates and maintains a cycle of neurochemi-
cal events via nicotine�s action as an agonist3 of neuro-
nal nicotinic acetylcholine receptors (nAChRs).4 A
number of studies point to the a4b2 subtype of the
nAChRs as important to the dependence-producing ef-
fects of nicotine.5 These reports have been recently bol-
stered by findings that certain a4 subtype mutants
render transgenic mice hypersensitive to nicotine6 and
that b2 expression in the ventral tegmental area of the
mesolimbic dopamine system of b2-deletion mutants
restores wild type function in response to nicotine.7


Nicotine exposure from tobacco triggers the release of
dopamine in the mesolimbic dopamine system.8 As
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nicotine�s concentration declines, the elevated dopamine
levels subside, signaling the urge to smoke.9 Lower
dopaminergic tone from abstinence induces craving
and withdrawal syndrome.10,11 Hypothetically nicotine
mediates reward and satisfaction through dopamine re-
lease, thereby providing relief from withdrawal and
craving.12 Peak and trough levels, or the overall dopami-
nergic tone, therefore, are managed through smoking.
These fundamental effects of nicotine at nAChRs govern
many subsequent responses, including receptor desensi-
tization and upregulation and the dependence liability
that results.


Although therapeutic advances have improved long-
term quit rates compared to placebo in clinical studies,
these rates remain disappointingly low.13 Nicotine
replacement therapy provides controlled-release nicotine
and acts to suppress craving and withdrawal from
smoking cessation, but it does not prevent activation
of nAChRs by nicotine from smoking.14 Bupropion
has been shown to dampen the urge to smoke, but it per-
mits a response to smoking.15,16 Studies with nicotine
vaccines that sequester nicotine to prevent nicotinic acti-
vation show promise, but these vaccines theoretically
fail to address craving and withdrawal.17


We reasoned that a dual agent that relieved the craving
andwithdrawal syndromewhile simultaneously attenuat-
ing the nicotine-induced effects of smoking could deliver
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superior efficacy.18 In theory, a partial agonist would act
as a dual agent, diminishing the consequences of both
nicotine exposure and its absence. By directly inhibiting
nicotine induced dopaminergic activation through com-
petitive a4b2 nAChR blockade, a partial agonist inter-
rupts nicotine�s agonist effects.19 More important, by
slightly elevating dopaminergic tone, a partial agonist
would ease the craving and withdrawal syndrome that of-
ten precipitates relapse. Our efforts to discover partial
agonists of the a4b2 nAChR, the high affinity nicotinic
subtype in the brain,3 have been recently reported.20,21


Herein, we describe the strategy employed in the discov-
ery of a series of promising compounds from which
varenicline, a partial agonist of the a4b2 nAChR, has
emerged as a clinical candidate for smoking cessation.21
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We began by considering ligands of nAChRs, many of
which originate from natural sources.22 Their role in
plants is to protect against mammalian and insect preda-
tors by disturbing normal neuronal and peripheral
AChR-mediated responses. We recently described the
racemic total syntheses of the plant-derived, naturally
occurring lupin alkaloid (�)-cytisine23 and have exten-
sively studied its functionalized derivatives.24 In subse-
quent investigations we probed substituted phenyl ring
analogs (e.g., 2).20 Although these compounds proved
selective for the target a4b2 nAChR in affinity measures,
analogs of 2 exhibited both decreased affinity relative to
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cytisine and poor in vivo partial agonist profiles. Herein
we detail the synthesis, in vitro structure–activity rela-
tionships, and in vivo activity of novel a4b2 nicotinic
receptor partial agonists based on benzazapine 1. These
efforts culminated in the identification of a clinical can-
didate for smoking cessation, varenicline.21 Although
differing structurally from 2 by only a single skeletal car-
bon atom, benzazapine derivatives (1) display potent
affinity in vitro and nicotinic receptor partial agonist
activity in vivo.


Before our studies, benzazapine 1 (R = H) had appeared
only once in the medicinal literature in a 1979 study of
morphine pharmacological probes.25 While described
as an inactive antinociceptive agent, benzazapine
showed additional unexplained in vivo activity that we
believed could be traced to underlying nicotinic pharma-
cology. Recognition of the clear structural similarity of 1
and 2 prompted our preparation of benzazapine 1; we
found that it displayed comparable affinity to 2 at the
a4b2 nAChR (Ki 20 vs. 34 nM). Further studies of 1 re-
vealed that the N-trifluoroacetamide protecting group
was uniquely suited to electrophilic substitution chemis-
try (e.g., 3), greatly facilitating analog synthesis (Scheme
1). With other N-alkyl and N-acyl-protecting groups,
reaction progress was inhibited, even under forcing con-
ditions. We presume that nitrogen-protecting groups
that generate cationic intermediates upon activation by
reagents inhibit aryl ring electrophilic chemistry. In con-
trast, N-trifluoroacetamide-protected derivative 3 con-
verts to 3a in high isolated yields as shown in Scheme
1. In addition, the symmetry of benzazapine 1 (and 3)
drove the relatively rapid exploration of analogs
compared with 2, which required regiochemically
controlled total synthesis.20 Given the structure–activity
relationships of derivatives of 2 described in the
previous report20 and the observation that virtually all
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high-affinity nicotinic agonists possess electron-deficient
heteroaromatic p-systems,22 we prepared 3a via nitra-
tion of 3. Deprotection afforded 1a, which proved to
be significantly more potent than nitro analogs of 2 (vide
infra).20 The partial agonist activity of 1a in vivo stimu-
lated further exploration of benzazapine derivatives as
reported herein.26


Additional mono-substituted analogs were prepared by
standard transformations. Sulfonylation27 and Friedel–
Crafts acylation28 provided direct access to carbon and
sulfur substitution (Scheme 1). Aniline 3d was converted
to halide29 and nitrile derivatives using Sandmeyer
chemistry.30 Dichlorination occurs selectively to pro-
duce a single ortho-dichloro analog.31 Access to other
substituents was accomplished via appropriately substi-
tuted benzyne Diels–Alder chemistry (Scheme 2)32 fol-
lowed by piperidine synthesis,33 allowing ready access
to substitution at one or more aromatic positions.


When 3 is exposed to excess nitronium triflate
(>2 equiv), a highly reactive nitrating agent, the unex-
pectedly efficient conversion to ortho-dinitroderivative
6 occurs with �9:1 selectivity (Scheme 3). We attribute
this dramatic result to the steric and electronic influences
of the benzazapine ring system, which decreases the
reactivity of the 3-position relative to the distal 5-posi-
tion of mono-nitrated intermediate 3a. This fortuitous
finding facilitated the exploration of fused heterocyclic
derivatives including quinoxalines, benzimidazoles, and
benzoxazoles. Additional fused heterocycles, including
benzothiaxoles, quinolines, isoquinolines, and benzisox-
azoles, were accessed using contemporary methodology.


Quinoxaline derivatives were prepared from dianiline 8
via condensation with 1,2-dione derivatives (Scheme 4).


Benzimidazole synthesis involved two routes (Scheme 5).
In the first route, N-t-Boc dinitro derivative 7 was con-
verted to 12 on exposure to amines or anilines in warm
THF by displacement of a single nitro group.34 Reduc-
tion of 12 and ring closure35 afforded either the unsubsti-
tuted (R1 hydrogen) or the alkyl-substituted derivatives
after acidic N-t-Boc deprotection. This route allowed
for the R2 substituents to be aryl groups or hindered alkyl
groups. The second route involved benzimidazole forma-
tion (10 ! 11) followed by alkylation on the benzimid-
azole nitrogen to introduce R2 substituents.36


Benzoxazole syntheses involved displacement of a single
nitro group by KOAc in warm DMSO. After nitro
group reduction, the o-aminophenol was acylated and

then cyclized thermally under acidic conditions
(Scheme 6).37


Benzothiazole 17 was prepared via oxidative ring
closure38 of dithioamide 16,39 itself readily formed by
treating N-trifluoroacetamide-protected aniline
acetamide, derived from 3d, with Lawesson�s reagent.
The trifluorothioacetamide was removed in an
oxidative cyclization, and final salt formation
completed the synthesis (Scheme 7).
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Quinoline syntheses were accomplished as shown in
Scheme 8. Aniline 3d was converted via reaction with
acrolein and its derivatives to give 2-, 3- or 4-substituted
alkyl analogs 18 (24) following known procedures.40


Alternatively, a variation of established methods41 gave
intermediate 19, which was readily converted to 2-
quinolone 20 by mild acid-catalyzed ring closure. This
intermediate served to introduce 2-aryl substituents via
Suzuki reaction with chloro-derivative 21. 3-Aryl ana-
logs were conveniently prepared via bromination of
20, affording 22, which was then converted using Suzuki
coupling, chlorination (23), and hydrogenation to give
3-aryl derivatives 24.


Isoquinoline preparation followed a related electrophilic
cyclization strategy.42 Benzyl alcohol 25 was accessed
from the trifluoromethyl derivative conversion to
the acid through treatment with warm sulfuric acid43


and reduction with borane. Mitsunobu coupling with
N-(2,2-dimethoxy-ethyl)-4-methyl-benzenesulfonamide
gave an intermediate that readily cyclized in warm sulfu-
ric acid to afford, after deprotection, isoquinoline 26
(Scheme 9).


Finally, benzisoxazole derivative 29 was accessed from
3c via Baeyer–Villiger oxidation44 and subsequent Fries
rearrangement45 to give 27. Oxime formation and acyl-
ation gave 28, which was converted by the action of
NaH in DMF to the fused ring system (Scheme 10).46


Deprotection and salt formation complete the synthesis.


In vitro Ki values for 3,5-bicyclic aryl piperidine analogs
at the a4b2 nAChR subtype were determined using radi-

oligand displacement experiments (Tables 1 and 2).47,48


A range of Ki values from 0.10 to 1700 nM at the
a4b2 nAChR were observed for mono- and di-substitut-
ed derivatives (Table 1). Mono-substitution at the R4-
position and R4–R5-di-substitution confer greater







Table 1. In vitro affinity and agonist/antagonist activity of derivatives of 1 at the a4b2 nAChR subtype


HN


R3


R4


R5


Compound R3 R4 R5 Affinity a4b2 (Ki (nm))a Functional activity (ha4b2 in oocytes)


Efficacy (%10 lM nicotine)b Inhibition of nicotine (%)c


1 H H H 20d 0 35


1a H NO2 H 0.75d 64 36


1b H Cl H 0.20/1.6d 2 68


1c H Cl Cl 0.10 4 81


1d H NH2 H 100 0 25


1e H NHAc H 75 — —


1f H SO2N(CH2)2 H 2.0 51 4


1g H SO2N(CH2)4 H 3.1 32 24


1h H COCH3 H 0.17 86 11


1i H CN H 0.5 82 115e


1j H OH H 2.8 27 32


1k H F H 1.1 16 50


1l H F F 0.28/0.28d 10 78


1m H CH3 H 1.6 14 19


1n H CF3 H 0.33 22 50


1o H 2-pyr H 68d — —


1p H 3-pyr H 120d — —


1q CF3 H H 39 2 31


1r F H H 200 — —


1s OH H H 1700 — —


1t Ph H H 1600/>500d — —


—, not determined.
a [3H]Nicotine; ha4b2 nAChR in HEK293 cells.
b Percent response of 10 lM test compound relative to 10 lM (�)-nicotine (SEM 6 10%).
c Percent response of 10 lM test compound against 10 lM nicotine (SEM 6 10%).
d [3H]Nicotine; rat cortex (N = 2–4).
e Potentiation of the nicotine response.
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affinity and selectivity for the a4b2 nAChR subtype than
those exhibited by the parent compound, 1a (R4 = H).
Substitution at the R3-position is poorly tolerated, as
each group is >100· less potent than the corresponding
R4-derivative. Electron-withdrawing substitution favors
potent affinity, whereas electron-donating groups such
as hydroxyl-, amino-, and AcNH- impart weaker
affinity. Dichloro- and difluoro-substituted derivatives
at the R4- and R5-positions also exhibit potent affinity
(1c and 1l, respectively).


In vitro affinity values for fused heterocyclic derivatives
appear in Table 2. The results for these electron-deficient
heterocycles are consistent with those of the structurally
related R4- and R5-di-substituted derivatives (Table 1),
and electron-withdrawing substitution is again favored.
Except in N-substituted benzimidazoles, aryl and elec-
tron-donating groups generally display lower affinity
within any heterocyclic family. All heterocyclic families
have examples with high affinity.


The in vitro functional agonist, partial agonist, and
antagonist properties of compounds were evaluated in
Xenopus oocytes expressing the ha4b2 nAChR and ap-
pear in Tables 1 and 2.49 Owing to concerns regarding
receptor desensitization that might result from repeated

exposure, we examined a single test concentration of
10 lM, below the EC50 of nicotine (�15 lM21), an ago-
nist at the a4b2 nAChR.3 This paradigm permits the
identification of partial agonists that have less maximal
efficacy than nicotine but exhibit greater functional
potency. Thus, a full concentration response curve is
not required for this two-step analog screening process.
For example, at 10 lM, compounds that appeared to be
high efficacy agonists or antagonists relative to 10 lM
nicotine were eliminated from consideration as suitable
partial agonists. Antagonist effects were evaluated by
measuring a compound�s ability to inhibit the current
evoked by nicotine (10 lM). Values are expressed as
the percentage reversal of nicotine�s effect. Compounds
exhibiting both partial agonist effects alone and antago-
nism of nicotine�s effects at these concentrations were
considered for in vivo evaluation.


3,5-Bicyclic aryl piperidine derivatives exhibit a range of
functional activity in these measures, from antagonist
(1b,c) to agonist (1i) (Table 1). 6,5-Fused heterocyclic
analogs also exhibit a range of functional activity
from agonist to antagonist at this concentration
relative to 10 lM nicotine (13, 15, 17, and 29). The func-
tional properties appear to be remarkably sensitive to
structural change as illustrated by benzimidazole and
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Figure 1. Fused heterocyclic analogs.
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benzisoxazole derivatives. For instance, all C-2 hydro-
gen-substituted analogs are partial agonists; however,
C-2 methyl analogs are consistently agonists with great-
er efficacy than nicotine itself at 10 lM (as reflected by
values greater than 100%: compare derivatives of 13
and 15; Table 2, Fig. 1). Benzothiazole derivative 17 is
a particularly efficacious agonist (405% rel. 10 lM nico-
tine). With further increases in C-2 substituent size, the
affinity and efficacy of analogs decline—for instance, 2-
ethyl-benzoxazole, isopropyl, and benzylbenzisoxazole
derivatives exhibit partial agonist activity and reduced
affinity (13m, 15b–e).


6,6-Fused heterocycles also span a broad range of affin-
ity and functional efficacy (Table 2). Analogs exhibiting
partial agonist activity at 10 lM include quinoxalines,
quinolines, and isoquinolines (e.g., 9a, 9h, 24i, and 26).

Table 2. In vitro affinity and agonist/antagonist activity of heterocycles at t


Compound R R0 Affinity


a4b2 (Ki (nM))a


9a H H 0.11/0.06d


b Ph H 390d


c 3-pyr H 360d


d 4-PhCl H 78d


e 4-PhOMe H 26d


f 2,4-diClPh H 88d


g OH H <6.0d


h Me Me 0.55


24a H H 1.6d


b OH H 8.5d


c Cl H 0.27d


d Me H 0.76d


e OMe H 30d


f H 3-Me 0.65d


g H 3-Et 1.2d


h H 3-Ph 132d


i H 4-Me 1.8d


26 H H 2.3d


13a H H 0.15


b H Me 0.75


c H Pr 0.36


d H Bu 0.20


e H i-Bu 0.30


f H Ph 0.14


g Me H 0.10


h Me Me 0.31


i Me Pr 0.19


j Me i-Bu 0.28


k Me Neo-pentyl 0.75


l Me Ph <5.0


m Ph H 14d


15a H — 0.16


b Me — 0.15


c Et — 12d


d i-Pr — 1.9/7.6d


e Bn — 34/100d


17 Me — 0.12


29 Me — 0.13


—, not determined.
a [3H]Nicotine; ha4b2 nAChR in HEK293 cells.
b Percent response of 10 lM test compound relative to 10 lM (�)-nicotine (
c Percent response of 10 lM test compound against 10 lM nicotine (SEM 6


d [3H]Nicotine; rat cortex (N = 2–4).
e Potentiation of the nicotine response.

Compared to parent quinoxaline 9a (varenicline), which
displays high affinity, selectivity, and a desirable in vitro
partial agonist profile, aryl-substituted examples are
generally less potent. A similar trend to 6,5-fused hetero-
cycles is observed within the quinoline derivatives: affin-

he a4b2 nAChR subtype


Functional activity (ha4b2 in oocytes)


Efficacy (%10 lM nicotine)b Inhibition of nicotine (%)c


68 32


1.7 66


0.2 11


— —


— —


— —


— —


18 22


— —


— —


300 250e


160 140e


104 167e


100 148e


11 82


8.4 20


31 73


11 48


— —


— —


96 39


64 36


84 36


9 85


98 164e


180 139e


200 143e


190 140e


1 49


45 64


32 29


16 61


180 190e


19 33


18 21


— —


405 206e


130 21


SEM 6 10%).


10%).
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ity decreases with bulkier substitution, whereas
electron-withdrawing substituents confer increased
affinity compared to electron-donating substituents
(e.g., 24c, 24b).


The in vitro affinity of the bicyclic aryl piperidine ana-
logs shown in Tables 1 and 2 is generally greater than
that of the cytisine skeletal analogs (2).20 Nitro-deriva-
tive 1a, for instance, is significantly more potent and
selective than the nitrated derivatives of 2 (a4b2 Ki:
0.75 vs. 5, 6, 13 nM).20 In both series of compounds,
small electron-deficient substitution confers high affinity.
Significant effects on agonist activity at 10 lM are ob-
served with structural change. One pronounced example
within the 6,5-fused heterocyclic analogs is the impact of
methyl substitution at the C-2 position of benzimidaz-
oles, benzoxazoles, and benzothiazoles which suggests
that consistent interactions at the ligand–receptor level
are involved in this series of compounds.


Subtype selectivity measures appear in Table 3. As ob-
served with analogs of 2,20 the derivatives of 1 in Tables
1 and 2 are selective for the a4b2 nAChR, exhibiting
greater affinity than for other neuronal a3b4, a7, and
peripheral a1bcd nAChR subtypes. These compounds
were further evaluated in vivo.


In vivo measures of a compound�s agonist and antago-
nist activity were measured by their effects on the meso-
limbic dopamine system and appear in Figure 2 for the
compounds shown in Table 3. Dopamine turnover was
determined as the change in postmortem concentrations
of dopamine and its metabolites in the nucleus accum-
bens of male Sprague–Dawley rats (200–300 g).50 The
maximum dopamine turnover response for nicotine
was found at a dose of 1 mg/kg s.c. and was used to
characterize the response evoked by an agonist. A max-
imum well-tolerated dose of 5.6 mg/kg s.c. was deter-
mined for cytisine alone and revealed (partial) agonist
activity of 40% of the nicotine response. Selected bicyclic
aryl piperidines demonstrate similar partial agonist pro-
files (Fig. 2, filled bars). The data reveal the agonist

Table 3. In vitro affinity at nAChR subtypes and agonist/antagonist activity


Compound Affinity at nAChR subtypes (Ki (nM))


a4b2a a3b4b a1bcdc a7d


nic 1.6 530 6270 630


cyt 0.23 840 250 1420


1h 0.17 69 650 —


1i 0.50 122 520 —


1k 1.1 1190 — —


1l 0.28 1000 67 1200


13c 0.36 25 >910 —


13d 0.20 151 — —


9a 0.11 240 3540 617


—, not determined.
a [3H]Nicotine; ha4b2 nAChR in HEK293 cells (N = 2–4).
b [3H]Epibatidine; IMR32 cells.
c [125I]-a-Bungarotoxin; electroplax.
d [125I]-a-Bungarotoxin; IMR32 cells.
e Percent response of 10 lM test compound relative to 10 lM (�)-nicotine (
f Percent response of 10 lM test compound against 10 lM nicotine (SEM 6


g Potentiation of the nicotine response.

responses at maximum well-tolerated test doses; all are
well below the effect of a maximum well-tolerated dose
of nicotine.


Partial agonist activity was further demonstrated in vivo
by evaluating the antagonist properties of (�)-cytisine
and selected agents. Their ability to attenuate nicotine�s
effect on the mesolimbic dopamine system was deter-
mined in animals concurrently treated with 1 mg/kg
s.c. nicotine. All compounds reduced the nicotine-in-
duced increase in dopamine turnover in the nucleus
accumbens (Fig. 2, shaded bars). The extent of reversal
was incomplete for many analogs, especially 1i, 13c, and
13d, suggesting incomplete receptor occupancy at these
maximum well-tolerated doses. However, 1h, 1l, and
9a (varenicline) fully blocked nicotine�s effect: increases
in dopamine turnover with these agents after 1 h were

at the a4b2 receptor


Functional activity (ha4b2 nAChR in oocytes)


Efficacy (%10 lM nicotine)e Inhibition of nicotine (%)f


100 —


56 30


86 11


82 115g


16 50


10 78


96 39


64 36


68 32


SEM 6 10%).


10%).
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the same alone and in the presence of nicotine. These
data demonstrate that all of these compounds are partial
agonists and that more potent in vivo activity is ob-
served with 1h, 1l, and 9a than with (�)-cytisine.51


More effective therapeutic approaches for smoking ces-
sation are needed than are currently available, as half
of today�s smokers will die of smoking-related illness.
We have pursued selective nicotinic receptor partial ago-
nists for this indication that are expected to provide suf-
ficient dopaminergic tone to overcome the craving and
withdrawal syndrome experienced upon quitting, while
simultaneously attenuating the reinforcing actions of
nicotine. The discovery that benzazapine 1 is a nicotinic
agent has led to the study of a series of bicyclic aryl pip-
eridines, or modified benzazapine derivatives, that
exhibit significant affinity at the a4b2 nAChR. In vitro
activity of the analogs is sensitive to structural modifica-
tion, showing a striking dependence on both the steric
and the electronic nature of appended residues. Further-
more, the series exhibits a range of partial agonist activ-
ity and potency in vivo. The methods reported here have
identified agents with desirable in vivo partial agonist
profiles, such as 1h, 1l, and 9a, which are partial agonists
alone and fully block nicotine�s effect in vivo. From this
series of compounds, varenicline (9a) has been pro-
gressed to human clinical trials as a smoking cessation
treatment.21

Supplementary data


Supplementary data associated with this article can be
found in the online version at doi:10.1016/
j.bmcl.2005.08.035.
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Abstract—The structure-based design and synthesis of a new series of c-Jun N-terminal kinase-3 inhibitors with selectivity against
JNK1 and p38a is reported. The novel series of substituted 6-anilinoindazoles were designed based on a combination of hits from high
throughput screening and X-ray crystal structure information of the compounds crystallized into the JNK3 ATP binding active site.
� 2005 Elsevier Ltd. All rights reserved.

The c-Jun N-terminal kinases (JNKs), also called stress
activated protein kinases, belong to the mitogen-activat-
ed protein kinase (MAPK) family, which regulate signal
transduction in response to environmental stress. Three
distinct genes encoding JNKs have been identified (jnk1,
jnk2, and jnk3), and at least 10 different splicing iso-
forms exist in mammalian cells.1 JNK1 and JNK2 are
widely expressed in a variety of tissues, whereas JNK3
is selectively expressed in the brain and to a lesser extent
in the heart and testis.1,2


The JNK3 knockout mice develop normally and reveal
no apparent abnormality but have been shown to be
resistant to kainic acid-induced excitotoxicity and asso-
ciated apoptotic cell death.3 Mice lacking the jnk3 gene
have also been shown to be protected from brain injury
after cerebral ischemia–hypoxia, as well as MPTP
(1-methyl-4-phenyl-1,2,4,6-tetrahydropyridine)-induced
dopaminergic cell death.4,5 In contrast, the loss of jnk1/
jnk2 genes lead to neuronal tube defects and embryonic
lethality.6,7 For treating neurodegenerative diseases such
as stroke, Alzheimer�s, and Parkinson�s disease it could,
therefore, be beneficial to find JNK3 isoform selective
compounds. The three JNK isoforms share more than
90% amino acid sequence identity and the ATP pocket
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is >98% homologous. It has, therefore, been a challenge
to find JNK3 isoform selective ATP competitive inhibi-
tors, and so far there is no successful report of such com-
pounds even though some JNK3 inhibitors have been
reported.8,9


As part of a drug discovery program, a high throughput
screening to find JNK3 inhibitors was conducted. Sever-
al hits were found and some of these were co-crystallized
with JNK3 and the X-rays of the complexes were
collected.


The crystal structures of JNK1 and JNK3 have previ-
ously been reported,9–11 but interestingly we found that
the known p38 inhibitor, SB203580,12,13 1 (Fig. 1)
bound into JNK3 in an induced-fit manner.14


The methylthioethyl chain of Met 146 had moved to
accommodate the p-fluorophenyl group of this ligand
compared to its position when the ATP analogue ADP
2 was bound (n.b. AMP–PMP and adenylyl imidodi-
phosphate were used in the crystallization experiment,
but only the ADP portion was well-defined in the elec-
tron density map). Thus, the p-fluorophenyl group
entered into what is called the selectivity pocket of ki-
nases. Importantly, we could notice a slight difference
in activity for compound 1 in JNK3 compared to
JNK1 with IC50 = 0.1 and 1.6 lM, respectively.15


We concluded that this structural and activity informa-
tion could be used to increase the selectivity for
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Figure 1. Overlay of X-ray crystal structures of p38 inhibitor 1 (blue)


and ADP 2 in the JNK3 ATP binding site.16,17
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inhibition of JNK3 compared to the inhibition of JNK1.
From the high throughput screening campaign, we also
found that 3-(4-pyridyl)indazole 3 (Fig. 2) was an inhib-
itor of JNK3 as well as JNK1.18 Thus, we anticipated
that the 3-arylindazole nucleus would be an interesting
scaffold for introducing a substituent that could bind
into the selectivity pocket. We predicted by structural
comparison that the 6-anilino group in compound 4
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Figure 2. Design of the 6-anilino series of compounds.
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should be able to bind in the ATP pocket of JNK3 in
an induced-fit manner.


The synthesis of compound 4 was conducted as shown
in Scheme 1.19 The starting material was commercially
available 6-nitroindazole 5, which was first iodinated
and then N-protected with a Boc group under standard
conditions.20 Compound 6 was then subjected to a Suzu-
ki coupling with a phenyl boronic acid to yield 7.20a,21


Thereafter, the nitro group was catalytically reduced
and the amine 8 was reacted under Buchwald condi-
tions22 with an arylbromide to yield 9. After deprotec-
tion of the Boc group, the desired compound 4 was
assessed for inhibition of JNK3 and JNK1 as well as
co-crystallized with JNK3 to produce the X-ray struc-
ture of the complex.


In the X-ray of compound 4a in the ATP pocket of JNK3
(Fig. 3), it was apparent that our compound bound in an
induced-fit manner. The aniline part of the molecule fits
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Figure 3. X-ray crystal structure of 4a (green) in the JNK3 active site


overlaid with ADP.







Table 1. IC50 values for compounds 4a–j against JNK3, JNK1, and p38a24


Compound R1 R2 JNK3 IC50 (nM) JNK1 IC50 (nM) p38a IC50 (nM)


4a H H 48 >10,000 30


4b H 2-Cl 30 5350 18


4c H 2-OMe 202 1600 46


4d 4-COOH 2-Cl 32 246 13


4e 4-CONH(CH2)2N(CH3)2 2-Cl 1.9 45 8.7


4f 3-CONH2 2-Cl 3.3 81 3.2


4g 3-COOH 2-Cl 5.3 61 24


4h 3-CONH(CH2)3-4-morfolinyl 2-Cl 3.4 228 3.7


4i 3-CONH(CH2)2N(CH3)3 2-Cl 21 698 16


4j 3-CONH-4-piperidinyl 2-Cl 1.4 71 4.4
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Figure 4. (A) Overlay of X-ray crystal structures of 4g (magenta) and


ADP 2 in the JNK3 ATP binding site. (B) Overlay of X-ray crystal


structures of 4h (purple) and ADP 2 in the JNK3 ATP binding site.
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into the selectivity pocket of JNK3 because the side chain
of the gatekeeper amino acid Met146 has moved to
accommodate the ligand. The indazole nitrogens of com-
pound 4a displayed hydrogen bonds to backbone amino
acids Met149 and Glu147, and the anilino NH hydrogen
bond to Lys93 via a water molecule.


Compound 4a also possessed an excellent selectivity
against JNK1 with an IC50 value of 0.048 lM for JNK3
and >10 lM for JNK1. These results encouraged us to
synthesize more analogues according to Scheme 1 with
different R1 and R2 substituents. The corresponding
IC50 values for JNK3 and JNK1 are shown in Table 1.


The overall kinase selectivity for compounds 4 was good
as evaluated against a range of kinases and exhibited no
significant activity at 10 lM.25 Even though we could
achieve a large selectivity against JNK1 and many other
kinases, a disturbing inhibition of the MAP kinase p38a
still remained for compounds 4. By comparing the crys-
tal structures of compounds 4g and 4h in JNK3, we no-
ticed that the carboxylic acid and the amide derivatives
bound in different directions (Fig. 4). The 3-carboxylic
acid has a hydrogen bond to Asn152, whereas the 3-am-
ide substituents with a sufficiently long chain bearing a
basic amine reached out to interact with Asp150. We
anticipated that it could be possible to achieve selectivity
against p38 by combining these substituents in the same
molecule. In p38, the corresponding amino acid to
Asn152 is Asp112, that is an acidic amino acid, which
would probably reduce the affinity for a negatively
charged substituent on the ligand. To test this hypothe-
sis, we decided to synthesize compound 10 which was
executed according to Scheme 2.


The SEM protected derivative 1126 was found to be a
better starting material than the Boc-protected com-
pound 6 because the Boc group was unstable during
the subsequent reactions. Compound 11 was treated
with 3-amino-5-(methoxycarbonyl)-phenyl boronic acid
under Suzuki reaction conditions to yield 12.20a,21 The
amino group was acylated with 4-dimethylamino butyric
acid in the presence of a coupling reagent to afford 13.
Thereafter, the nitro group was reduced and reacted
with 1-bromo-2-chlorobenzene under Buchwald reac-
tion conditions to yield 14.22 Deprotection of the SEM
group with TBAF and then hydrolysis of the methyl
ester with LiOH gave the desired compound 10.

Compound 10 was then examined for inhibitory effect on
JNK3, JNK1, and p38. The compound exhibited an
excellent selectivity for JNK3 compared to JNK1 and
p38 [JNK3 IC50 = 3 nM, JNK1 IC50 = 101 nM (30·),
and p38a IC50 = 903 nM (300·)]. Compound 10 was
co-crystallized with JNK3 and the X-ray of the complex
confirmed the predicted binding mode (Fig. 5A). The
carboxylic acid group displayed a hydrogen bond to
Asn152 and the basic amine interacted with Asp150.


In conclusion, the structure-based design of a new ser-
ies of JNK3 selective 6-anilinoindazoles was described.
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The compounds were synthesized and the binding
modes of these new compounds were confirmed by
X-ray crystallographic structures. The large selectivity
for these compounds to inhibit JNK3 compared to
JNK1 could be attributed to the fact that these com-
pounds bound into the selectivity pocket of JNK3.
Apparently, the induced-fit binding into JNK3 was
more favorable for JNK3 than for JNK1. The amino

acid sequence in the selectivity pocket of JNK3 differs
somewhat from JNK1 and is probably the explanation
for the difference in inhibitory activity of these ligands
in JNK3 and JNK1.
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Abstract—The 7-carbamate groups of geldanamycin and its 17-(2-dimethylaminoethyl)amino-17-demethoxy derivative (17-DMAG)
bind the N-terminal domain of Hsp90 by establishing a network of hydrogen bonds which involve four buried water molecules. In
this study, a structure-based approach was used to investigate the effects of displacing some of these waters by modification of the
7-carbamate. A general loss of binding to human Hsp90 was observed, except for replacement of the carbamate with a hydroxamate
group which gave an analog with weak activity. Modeling of Hsp90–ligand interactions suggested that the hydroxamate was not
able to displace the buried water molecules, while bulkier substituents able to do so proved inactive.
� 2005 Elsevier Ltd. All rights reserved.

Geldanamycin, a benzoquinone ansamycin, binds to the
N-terminal domain ATP binding site of heat shock pro-
tein 90 (Hsp90), inhibiting the chaperone activity of the
protein.1,2 By regulating the function and stability of
many key signaling proteins, Hsp90 is of particular
importance to the survival of cancer cells. To stabilize
its client proteins, the chaperone assembles with other
cochaperones and associated proteins to form a �super-
chaperone� complex. The disruption of the Hsp90 client
protein complexes leads to the ubiquitination and subse-
quent proteasomal degradation of the client proteins.
Because many of the client proteins are oncogenic,
Hsp90 is an attractive target for anticancer chemothera-
py. Indeed, the geldanamycin analogs 17-allylamino-17-
demethoxygeldanamycin (17-AAG) and 17-[2-(dimeth-
ylamino)ethyl]amino-17-demethoxygeldanamycin (17-
DMAG) have both entered human clinical trials.3 The
crystal structures of human Hsp90–geldanamycin and
Hsp90–17-DMAG complexes provided several features
of the interaction,4–6 one of which was that the 7-carba-
mate of geldanamycin is located deep in the binding
pocket and coordinates four buried water molecules
through a hydrogen-bonding network with residues
D93, G97, T184, S52, I91, V186, L48, and N51
(Fig. 1A). The few structure–activity relationships avail-
able suggested that the 7-carbamate substituent of
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geldanamycin plays an important role in cytotoxic activ-
ity. Removal of the carbamate or replacement with urea,
thiourea or oxalate reduced cytotoxicity dramatically.7


Disruption of the carbamate hydrogen bond network
by D79N mutation in yeast Hsp90, which corresponds
to D93N mutation in the human enzyme, resulted in loss
of binding.8 Notwithstanding, whether or not the carba-
mate is absolutely required for activity has not been
investigated in sufficient detail, as SARs are still limited
to a very small number of compounds.


In light of the hydrogen bonding network shown in Fig-
ure 1A, we reasoned that binding affinity could be in-
creased by introducing additional hydrogen bonding
groups onto the ligand to displace one or more of the
water molecules that coordinate the carbamate of gel-
danamycin, so that they interact directly with the pro-
tein. The rationale for this is that displacing water
molecules at the protein–ligand interface is, in general,
entropically favored. The novobiocin and clorobiocin
inhibitors of DNA gyrase B provide a good example
of this. Indeed, the crystal structures of human and yeast
Hsp90 N-domain revealed structural homology and se-
quence conservation in the ATP sites of Hsp90s and
DNA gyrase B.9,10 Novobiocin and clorobiocin both
are potent DNA gyrase B inhibitors.11–13 Interestingly,
novobiocin has a carbamate functionality which estab-
lishes, with gyrase B, a hydrogen-bonding network sim-
ilar to that of the carbamate of geldanamycin with
Hsp90 (Fig. 1B), including the four buried water mole-
cules. In clorobiocin, the 5-methyl-2-pyrrolcarboxylate
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Figure 1. (A) Hydrogen-bonding network established between the 7-


carbamate of geldanamycin in complex with human Hsp90; (B)


hydrogen bonding network established between the carbamate of


novobiocin and DNA gyrase B; (C) hydrogen bonding network


established between the 5-methyl-pyrrole ring of clorobiocin and DNA


gyrase B.
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group, which replaces the carbamate group of novobio-
cin, binds DNA gyrase B with nearly identical orienta-
tion, but three of the four water molecules are
displaced (Fig. 1C). Interestingly, isothermal titration
calorimetry (ITC) experiments suggested that clorobio-
cin binds gyrase B with 30-fold better affinity than novo-
biocin, and that while novobiocin binding is entropically
disfavored, that of clorobiocin is both enthalpically and
entropically favored.10


Because of the structural homology between Hsp90 and
gyrase B, we reasoned that carbamate replacements in
geldanamycin should also be attempted. By modeling
Hsp90–ligand interactions on a set of 17-DMAG deriv-
atives modified at the carbamate using the crystal struc-
ture of the human Hsp90–17-DMAG complex5 as
starting point, we found that polar extensions from the
carbamate nitrogen could replace one or more bound
water molecules without disrupting the rest of the
hydrogen bond network. The complexes were modeled
with a molecular mechanics and molecular dynamics ap-
proach in water using the sander classic module of AM-
BER614 and the Cornell et al.15 force-field. A carbazide
derivative was first proposed. Referring to the com-
pounds reported in Table 1, modeling predicted that
the 7-carbazide derivative 8 might displace water mole-
cule w3 from the complex. Compared with the 17-
DMAG hydrogen bonding network reported in Figure
2A, the predicted binding mode of this analog has the
7-carbazide carbonyl hydrogen bonded with w1 which,
in turn, hydrogen bonds with D93, G97, and T184
(Fig. 2B). Likewise, the adjacent amino function hydro-
gen bonds with D93 and the terminal amino group of
the carbazide is predicted to interact directly with the
L48 backbone carbonyl and with w2 and w4. On the
contrary, models of the 7-hydroxamate derivative 5 (Ta-
ble 1) in complex with Hsp90 predicted that the
hydroxamate would not be able to displace water mole-
cules (Fig. 2C). A molecular dynamics simulation in
which w3 was removed showed that w2 readily moved
to occupy the void created by the removal of w3; evi-
dently, the 7-hydroxamate substituent would not be able
to reach and effectively replace w3. The hydrogen bonds
formed by the hydroxamate are predicted to be similar
to those of the 17-DMAG complex, with two additional
(long) hydrogen bonds formed by the hydroxyl group of
the hydroxamate with w3 and w4. The most significant
difference is that the bulkier hydroxamate substituent
is predicted to force w3 1.2 Å far from the position occu-
pied in the Hsp90–geldanamycin and Hsp90–17-DMAG
complexes; however, this displacement could be tolerat-
ed by Hsp90, with a minor shift of the nearby V186 side
chain.


Significant differences were noted for the pyrrole deriva-
tive 17 (Table 1), which is predicted to bind Hsp90 by
displacing water molecules w3 and w4 (Fig. 2D). Except
for the 5-methyl group, this compound mimics the
novobiocin/clorobiocin substitution reported for gyrase
B. Hydrogen bonds with D93, either direct via the ami-
no of the pyrrole or w1-mediated via the carbonyl, were
still predicted. The pyrrole ring was still compatible with
the presence of w2, as molecular dynamics simulations







Table 1. Structure and biological activities of the 7-carbamate analogs


Compound R2 or R3 R1 Kd (lM) FL.Hsp90 IC50 (nM) SKBr3


1 –NH2 –NHCH2CH2N(CH3)2 0.5 24


2 –NH2 –NHCH2CH2F 0.8 17


3 –NH2 –Azetidinyl 1.4 24


4 –NH2 –NH2 0.1 33


5 –NHOH –NHCH2CH2N(CH3)2 18 220


6 –NHOH –NHCH2CH2F >100 1500


7 –NHOH –Azetidinyl >100 640


8 –NHNH2 –NHCH2CH2N(CH3)2 >100 140


9 –NHNH2 –NHCH2CH2F >100 2100


10 –NHNH2 –Azetidinyl >100 530


11 –NHCH3 –NHCH2CH2N(CH3)2 >100 420


12 –N(CH3)NH2 –NHCH2CH2N(CH3)2 >100 2500


13 –NHCH2CONH2 –NHCH2CH2N(CH3)2 >100 1400


14 –NHCH2CH2OH –NHCH2CH2N(CH3)2 >100 390


15 –NHOCH3 –NHCH2CH2N(CH3)2 >100 490


16 –NHCH2CH2N(CH3)2 –NHCH2CH2N(CH3)2 >100 460


17 2-Pyrrole –NHCH2CH2N(CH3)2 >100 410


18 2-Pyrrole –NH2 >100 1900


19 4-Imidazole –NHCH2CH2N(CH3)2 >100 1200


20 Cyclic carbamate –NHCH2 CH2N(CH3)2 >100 4500
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in which w2 was removed showed that the pyrrole did
not reach this position.


To examine these possibilities, these and other deriva-
tives, collected in Table 1, were synthesized and tested
for binding affinity to full length human Hsp90 as well
as cytotoxicity in SKBr3 mammalian cells. Since substi-
tution at position 17 of geldanamycin largely affects the
cytotoxicity of the analogs with little effect on the in vitro
binding to purified Hsp90,16 the 7-carbamate modifica-
tions were coupled with the four most potent 17-substit-
uents: 17-[2-(dimethylamino)ethyl]amino-, 17-(2-
fluoroethyl)amino-, 17-azetidin-1-yl-, and 17-amino-
17-demethoxygeldanamycins. As shown in Scheme 1,
analogs 1–4 in Table 1 were readily synthesized in good
yields by treating geldanamycin (GDM) with the corre-
sponding amines in 1,2-dichloroethane.16 The 7-carba-
mate group was removed by treating the 17-
alkylamino-17-demethoxygeldanamycins with 2.5 equiv
of potassium t-butoxide in DMSO at room tempera-
ture.7 Decarbamoylation of 17-DMAG gave the expect-
ed 7-hydroxy product along with a minor product 20,
presumably formed via Michael addition of the carba-
mate nitrogen to C-5. However, decarbamoylation
of 17-(2-fluoroethyl)amino-17-demethoxylgeldanamycin
under the same condition resulted in decomposition of
the material. The desired 7-hydroxyl intermediate was
synthesized from 7-O-decarbamoylgeldanamycin and
2-fluoroethylamine. 7-Carbazides and 7-hydroxamates
5–10 were prepared by reacting the 7-O-decarbamoyl
intermediate with 1,1 0-carbonyldiimidazole (CDI) and
subsequently trapping the CDI-adduct with hydrazine
or hydroxylamine, respectively. Treatment of the CDI
adduct of 7-O-decarbamoyl-17-DMAG with alkyl-
amines yielded a series of N-substituted carbamate ana-
logs 11–16. The pyrrole-2-carboxylate and imidazole-4-
carboxylate esters 17–19 were prepared by dicyclohexyl-
carbodiimide (DCC) coupling of the 7-hydroxy interme-
diates with the appropriate carboxylic acids (Scheme 1).

The 11-hydroxyl group is more sterically hindered than
the 7-hydroxyl group, resulting in the observed selectiv-
ity for the 7-hydroxyl. Given the diminished activity ob-
served for the pyrrole-2-carboxylate analog and other
carbamate analogs, the 5-methylpyrrole-2-carboxylate
ester17 derivative of geldanamycin was not pursued
further.


The biological activities (Table 1) of the analogs synthe-
sized were evaluated using the Hsp90-binding assay and
tumor cell growth inhibition assay reported in a previ-
ous study.16 The binding affinity of these analogs for
purified Hsp90 was measured using a scintillation prox-
imity assay previously described.16 Analogs of 17-
DMAG and other 17-aminogeldanamycins with modifi-
cations at the 7-positions ranging from simple substitu-
tion at the carbamate nitrogen to replacing the
carbamoyl group with a pyrrole-2-carboxylate group
showed diminished binding affinity to purified human
Hsp90. The only exception was the 7-hydroxamate
derivative 5, which retains binding to Hsp90
(Kd � 18 lM), though weaker than 17-DMAG
(Kd � 0.5 lM), and has an IC50 of 220 nM. However,
the 7-hydroxamate substituent is predicted to be unable
to displace water molecules from the binding site. All
other analogs were practically inactive (Kd > 100 lM)
in the binding assay. The cyclic carbamate analog 20
was also inactive. Several compounds (5, 8, 11, and
14–17), however, retained cytotoxicity to a certain ex-
tent, with an IC50 less than 500 nM in SKBr3 cells.


In light of the poor biological results obtained by mole-
cules designed to displace water molecules in the 17-
DMAG series, the hydrogen-bonding network between
the carbamate and Hsp90 appears crucial, if not essen-
tial. Despite the positive result obtained with clorobio-
cin binding to gyrase B, in Hsp90 the only example of
water displacement remains radicicol, another Hsp90
inhibitor, which binds Hsp90 by displacing one of the







Figure 2. Structures of Hsp90–ligand complexes at the bottom of the active site. The four buried water molecules are noted as w1–w4; for clarity,


only polar hydrogens are shown. (A) Hsp90–17-DMAG complex; (B) Hsp90–8 complex; (C) Hsp90–5 complex; (D) Hsp90–17 complex.
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four water molecules (w4).6 Of course, we cannot ex-
clude that substituents different from the ones presented
here would be able to do so, and further work will be
needed to investigate this possibility.


Many issues are still open: first of all, whether it is
best to treat water molecules at the interface between
protein and ligand as part of the structure of the pro-
tein with a ligand designed to hydrogen bond to the
water, or whether it is best to gain entropy from dis-
placement of water by introducing a hydrogen bond-
ing group onto the ligand. This is a choice that is
influenced by many factors.18 For example, it is possi-
ble that the 7-carbazide of compound 8, which was

predicted to displace one water molecule, does not
make stronger hydrogen bonds than the interfacial
water w3 because it is more constrained by attachment
to the rest of the ligand. Since the macrocycle of gel-
danamycin binds Hsp90 by almost entirely filling the
binding pocket and establishing a number of hydro-
phobic contacts and hydrogen bonds, there is little
room for conformational adjustment when additional
hydrogen bonding groups are introduced. Novobiocin
and clorobiocin, in this respect, are significantly more
flexible than geldanamycins and might be better able
to do so. Second, it is possible that the large confor-
mational changes required to bring the macrocycle of
geldanamycin derivatives in a conformation suited
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for binding5 might be perturbed by modifying the
carbamate. Finally, another issue is the cross-talk
between the carbamate derivatives and the 17-substitu-
ents. Unexpectedly, while the hydroxamate 5 retained
some binding for Hsp90, hydroxamates with different
substituents at position 17 (6, 7) are inactive. There
is no clear explanation for this, because the 7- and
17-positions are distant and the 17-substituents are
solvent exposed. However, manual docking of gel-
danamycin 17-derivatives into the newly released crys-
tal structure of E. coli Hsp90 containing both the
N-terminal and the middle domains19 suggests that
the 17-substituents would not be as solvent exposed
as originally inferred from the structure of the N-ter-
minal domain alone, rather they significantly interact
with residues of the middle domain. Therefore, the
binding process might be more complicated than
expected.
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Abstract—Two solid-phase binding assays were designed and evaluated for their potential use in comparing the affinity of peptides
to the Src SH2 domain. Resin beads attached to peptides were incubated with the enhanced green fluorescence protein (EGFP)-Src
SH2 domain fusion protein or the biotinylated Src SH2 domain and extensively washed. The beads-attached tetrapeptides with high
affinities to the EGFP-Src SH2 domain showed more fluorescence intensity than those beads containing tetrapeptides with weak
binding affinities, as shown by fluorescence microscopy and fluorescence imaging system. Only the beads attached to pYEEI pro-
duced a dark purple color on incubation of the beads, respectively, with the biotinylated Src kinases SH2 domain, alkaline phos-
phatase-coupled streptavidin, and BCIP/NBT. These solid-phase binding assays may have potential applications for the screening of
peptides for the Src kinases SH2 domains.
� 2005 Elsevier Ltd. All rights reserved.

Src, one of the first studied protein tyrosine kinases, ex-
ists as an intriguing therapeutic target for drug discovery
with respect to cancer, osteoporosis, and inflammation-
mediated bone loss.1,2 Src tyrosine kinase contains five
subdomains, in the order from N- to C-terminal, a short
N-terminal membrane anchor domains, followed by two
Src homology domains, SH3 and SH2 domains, a kinase
domain, and a C-terminal regulatory region. SH2 do-
mains are relatively small protein modules of approxi-
mately 100 amino acids and have an extraordinary
ability to specifically recognize sequences containing
phosphotyrosine (pTyr), thereby facilitating phosphory-
lation-dependent protein–protein interactions that result
in signal propagation.3 Small-molecule inhibitors, capa-
ble of disrupting these interactions, would be useful as
probes for studying the mechanism of SH2 domain sig-
naling and as potential inhibitors for further develop-
ment. The Src SH2 domain preferentially binds
peptides with the sequence pTyr-Glu-Glu-Ile (pYEEI)
with high affinity (KD = 100 nM).4

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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A number of methods have been introduced for the
identification of protein kinase inhibitors over the past
few years.5–11 Several of these assays have been specifi-
cally designed for high-throughput screening of the pro-
tein kinase inhibitor libraries. Scintillation proximity
assay (SPA) technology has been proved to be very
robotic and accurate.5,6 This assay has the advantages
of the absence of washing steps and a solution-based
phosphorylation reaction. However, SPA is based on
radioactive techniques. Several other non-radioactive
techniques have been used for identification of protein
kinase inhibitors, such as the ELISA, by phosphotyro-
sine antibodies.7,8 Fluorescence polarization (FP) assay
is another commonly used assay based on the generation
of high molecular weight species of fluorescent probes
with protein kinases that generate high polarization
intensity.9 FP assay is an easy and well-established
method for identification of the peptides binding to
the Src SH2 domain, but it requires the purified peptides
in solution. The cleavage of peptides from solid-phase
and their purification are usually time-consuming
processes.


In search for more efficient non-radioactive binding as-
says, we developed and evaluated two solid-phase-based
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binding assays for the potential use in comparing the
affinity of peptides to the Src SH2 domain.


The Src SH2 domain was expressed and purified as en-
hanced green fluorescence protein (EGFP)-Src SH2 do-
main fusion protein. Alternatively, the Src SH2 domain
was biotinylated using the Pierce biotinylation kit. These
two proteins were incubated with peptides attached to
resin beads and subjected to extensive washing. The
resin beads were evaluated using fluorescent- and col-
or-based techniques according to protein tagging and
biotinylation protocols, respectively.


The tetrapeptides, pYEEI, IEEpY, YEEI, IEEY, FEEI,
and IEEF, were synthesized by the solid-phase peptide
synthesis strategy on a PS3 automated peptide synthe-
sizer (Rainin Instrument Co., Inc.) employing N-(9-flu-
orenyl)-methoxycarbonyl (Fmoc)-based chemistry on
0.1 mmol of Novasyn� TG amino resin (loading capac-
ity 0.56 mmol/g). 2-(1H-Benzotriazole-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (HBTU) and
NMM (0.4 M) in N,N-dimethylformamide (DMF) were
used as coupling and activating reagents, respectively.
Novasyn� TG amino resin (0.1 mmol), coupling re-
agents (0.4 mmol), and Fmoc-amino acid building
blocks (0.4 mmol) were purchased from Novabiochem.
Fmoc deprotection at each step was carried out using
20% piperidine/DMF. The peptides remained attached
to the Novasyn� TG amino resin beads and washed sub-
sequently with DMF, MeOH, and DCM. The side-chain
protecting groups were removed using trifluoroacetic
acid/anisole/water (90:5:5). The Tentagel resin was
selected due to its swelling property in aqueous solutions
required for incubation with the Src SH2 domain. Alter-
natively, the corresponding control peptides were syn-
thesized using Fmoc-Wang resin and cleaved from
resin beads, purified by HPLC and their structures were
confirmed using electrospray mass spectrometry accord-
ing to a previously reported procedure.12

1. Solid-phase binding assay using EGFP-Src SH2
domain fusion protein


To generate glutathione S-transferase (GST)-Src SH2
domain-EGFP fusion protein, the EGFP was isolated
by PCR from the pEGFP vector (BD Biosciences) using
EGFP oligonucleotides (5 0GCATGAATTCATGGTG
AGCA-AGGGCGAGGAGCTG-3 0 and 5 0-GCATAA
GCTTT-TACTTGTACAGCTCGTCCATGC-3 0), and
the product was cleaved with EcoRI and HindIII. It
was ligated into the pGEX-Src SH2 vector at EcoRI
and HindIII sites. The nucleotide sequence of pGEX-

Figure 1. Solid-phase binding assay of the resin beads-attached peptides w


peptides with high affinity to the Src SH2 domain showed high fluorescent i

Src SH2-EGFP was confirmed by sequencing and
expressed in Escherichia coli DH5a.


Bacteria harboring pGEX-Src SH2-EGFP plasmid were
cultured in LB medium at 37 �C with shaking at
250 rpm overnight. The overnight culture was then
mixed with an equal volume of fresh LB medium and
cooled to 20 �C. IPTG (0.2 mM) was added to the cul-
ture to induce recombinant protein expression at 20 �C
for 6 h. The GST fusion protein was purified by gluta-
thione affinity chromatography. Protein concentration
was determined by the Bradford assay and the purity
was assessed by SDS–PAGE with Coomassie blue
staining.


The resin beads attached to different peptide sequences
(4 mg) were incubated with the EGFP-Src SH2 domain
fusion protein (40 ll, 83 lg/mL) for 3 h at 4 �C. The
mixtures were subjected to washing with Tris buffer
(pH 8.0) three times to remove any unbound fusion pro-
tein (Fig. 1). Then, the resins were mounted on a glass
slide and observed under a fluorescent microscope. All
the microscopic observations of the peptide-attached
resins were carried out using the Nikon Fluorescent
Microscope under a FITC channel (480/520). By using
the function of �Z Projection� of the software ImageJ
(NIH), 30 pictures at different focuses (scanning the sur-
face) were stacked together to reflect the fluorescence
distribution on the beads more precisely.


From all the synthesized peptides attached to the resin
beads, pYEEI is known to have high affinity to the
Src SH2 domain (IC50 = 6.5 lM) in solution-based FP
assays.12 Other control peptides, IEEpY, YEEI, IEEY,
FEEI, and IEEF, showed very weak binding affinity
or no affinity to the Src SH2 domain (IC50 > 100 lM).
The presence of the pTyr group in the N-terminal of
the tetrapeptide is required for binding to the pTyr-
binding pocket of the Src SH2 domain. Under the fluo-
rescence microscope using FITC channel, the EGFP
protein can be activated to give fluorescence.


Figure 2 shows all the stacked images of all the resin
beads-attached peptides. All beads exhibited autofluo-
rescence that was unavoidable, but there was a signifi-
cant difference in fluorescence intensity between
peptides with strong binding affinity and those with
weak or no binding affinity to the Src SH2 domain.
The picture of the bead attached to pYEEI exhibited a
much higher fluorescence intensity than the other beads.
Unequal distribution and localization of fluorescent
spots were probably caused by an unequal distribution
of the bounded EGFP-Src SH2 domain fusion proteins

ith the EGFP-Src SH2 domain fusion protein. The beads containing


ntensity upon binding to the EGFP-Src SH2 domain fusion protein.







Figure 3. The fluorescence-based assay using the Kodak Imaging


System: the column on the right shows the resin beads-attached


peptides incubated with the EGFP-Src SH2 domain fusion protein.


The left column shows the same resin-beads attached to the peptides


alone.


Figure 2. The fluorescent images of the resin beads after incubating


with the EGFP-SrcSH2 fusion protein and extensive washing.
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on the bead surface. During the solid-phase synthesis,
the peptides are not synthesized equally on the bead sur-
face. If relatively more peptides are formed at the same
area on the surface, this may trigger a strong signal of
fluorescence intensity, as seen with beads attached to
pYEEI. All other resin beads-attached peptides showed
a much weaker fluorescence intensity. Fluorescence
detected in these beads was on account of the autofluo-
rescence characteristics of the Novasyn� TG amino
resin. There was a significant difference between the fluo-
rescence which resulted from the binding of EGFP and
autofluorescence. The resin-beads-attached IEEY also
showed some fluorescence spots on their surface proba-
bly due to the non-specific binding of the fusion protein
to the bead containing this peptide sequence.


Alternatively, the fluorescence intensity was measured
using the Kodak Imaging System 2000. The EGFP-Src
SH2 domain fusion protein and beads-attached peptides
were loaded together into a 96-well bottom filtered
microplate. After 3 h of incubation, the protein solution
was filtered under vacuum. The mixtures were subjected
to extensive washing with Tris-buffer (pH 8.0). The
washing and filtration were repeated six times. The fluo-
rescence intensity of the beads was measured using the
Kodak Image System 2000. Figure 3 shows the picture
taken by the Kodak Image System.


The measured fluorescence intensity of resin beads
attached to pYEEI was approximately twofold higher
than that of beads attached to IEEpY, YEEI, IEEY,
FEEI, and IEEF. The fluorescence intensity in beads at-
tached to peptides with weak binding affinity to the Src
SH2 domain is mainly due to the autofluorescence prop-
erty of the Novasyn� TG amino resin. Although these

fluorescence-based assays were able to identify peptide
analogs with a higher binding affinity to the Src SH2 do-
main, we investigated whether a solid-phase color-based
assay can be used to avoid the problem of high autoflu-
orescence and non-specific binding associated with these
fluorescence-based assays.

2. Solid-phase binding assay using biotinylated Src SH2
domain


The Src SH2 domain was biotinylated using the biotin-
ylation kit from Pierce Co. (Catalog # 21420). Biotin
can be used to detect the receptor–ligand interaction.
N-Hydroxysuccinimide (NHS) esters of biotin are com-
monly used as biotinylation reagents. Primary amino
groups (–NH2) of proteins or peptides form stable amide
bonds upon reaction with NHS-activated biotins in pH
7–9. In proteins, such as the Src SH2 domain, both the
lysine residues and the N-terminal of the protein can
provide the primary amino groups for reaction with
NHS esters of biotin. The Src SH2 domain (10 mg)
was dissolved in PBS buffer (2.0 mL, pH 7.2). Sulfo-
NHS-LC-Biotin solution (200 ll, 10 mM) was added
to the protein solution. The reaction mixture was incu-
bated for 2 h at 0 �C to generate the biotinylated SH2
domain.


The resin beads attached to peptide sequences, pYEEI,
IEEpY, YEEI, IEEY, FEEI, and IEEF (10 mg), were
washed three times with PBS buffer (1 mL, pH 7.4).
Then, the resin beads were incubated with the biotinyl-
ated Src SH2 domain (1 mL) at room temperature for
3 h on a rotary shaker and subsequently washed three
times with 1 mL PBS buffer (pH 7.4) to remove the un-
bound protein. The beads were incubated with alkaline
phosphatase-coupled streptavidin (1 mL) for 20 min on
a rotary shaker at room temperature. A solution
(200 ll) containing 5-bromo-4-chloro-3-indolyl phos-
phate (BCIP) and nitro blue tetrazolium (NBT) was
added and the mixtures were compared for the produc-
tion of purple color (Fig. 4).


It is expected that for the peptide sequences with
high affinity for binding to the Src SH2 domain, the
biotinylated Src SH2 domain remains on the resin







Figure 5. Solid-phase binding affinity assay using the biotinylated Src


SH2 domain with resin-beads attached to peptides.


Figure 4. Solid-phase binding assay of the resin-beads-attached peptides with the biotinylated Src SH2 domain. The beads containing peptides with


high binding affinity for the SH2 domain exhibited a purple color upon incubation with the biotinylated Src SH2 domain, followed by addition of


alkaline-phophatase-coupled streptavidin and BCIP/NBT.
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beads, even after extensive washing. Subsequent reac-
tions with alkaline phosphatase-coupled streptavidin,
BCIP, and NBT create a dye color. Figure 5 shows the
results after final reactions that lead to the production
of colors. The resin-beads attached to pYEEI in the first
tube showed purple color with a significantly higher
intensity than other tubes containing resin-beads at-
tached to other peptides, suggesting that this solid-phase
binding assay can identify beads containing peptides
with high affinity to the Src SH2 domain. The presence
of weak purple color in tubes 2–6 indicates the presence
of some insignificant non-specific binding to the Src SH2
domain.


In summary, fluorescence and color-based solid-phase
assays were designed and evaluated for the possible
use in the identification of peptides with high binding
affinity to the Src SH2 domain. The color-based solid-
phase assay appears to be more reliable due to the
absence of autofluorescence and reduced non-specific

binding. These solid-phase assays when optimized may
have potential application for high-throughput screen-
ing of resin-beads attached peptide libraries for the Src
SH2 domain and other proteins of interest.
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Abstract—A series of Na-acyl-a-amino acid-(arylaminoethyl)amides were found to be potent and noncovalent cathepsin S inhibi-
tors. Compound 20 possessed high cathepsin S affinity (Ki = 3.3 nM) and showed excellent selectivity over cathepsin K, L, F,
and V. Molecular modeling, design, synthesis, and in vitro activity are described.
� 2005 Elsevier Ltd. All rights reserved.

Cathepsin S is a lysosomal cysteine protease of the papa-
in family. It is primarily expressed in antigen presenting
cells (APC) and has been demonstrated to play a major
role in antigen presentation through the targeted degra-
dation of the invariant chain (li) that is associated with
the major histocompatibility class II complex (MHC
II).1,2 The invariant chain blocks the MHC II binding
groove and requires proteolytic removal prior to pro-
ductive antigen loading on the MHC II complex.3–5


Cathepsin S deficient mice displayed profound impair-
ment of invariant chain degradation in APC. More
importantly, the mice were viable and showed a mini-
mally altered phenotype.3,4 Compared with the wild
type, cathepsin S deficient mice showed marked resis-
tance to the development of collagen-induced arthritis
and autoimmune myasthenia gravis.4,6 These facts sug-
gest that cathepsin S is an attractive therapeutic target
for the regulation of immune hyperresponsiveness,1 such
as rheumatoid arthritis, multiple sclerosis,7 asthma, and
allergy.5


Unlike most other cathepsins, cathepsin S remains ac-
tive at neutral pH.8 Secreted cathepsin S has been shown
to degrade all of the major components of the extracel-
lular matrix and has been implicated in the pathogenic
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response that ultimately leads to atherosclerosis, emphy-
sema, and chronic obstructive pulmonary disease
(COPD).1,3,9 Abundant cathepsin S is present in human
atherosclerotic lesions. When fed a high cholesterol diet,
the severity of atherosclerosis developed in cathepsin S
and LDL receptor (LDLr) double knockout mice was
significantly diminished relative to the LDLr deficient
mice alone.10 In keeping with its prominent collageno-
lytic and elastolytic activities in lung, cathepsin S has
been proposed to play an important role in tissue
remodeling in emphysema.11 Blocking cathepsin S activ-
ity inhibited IFN-c-induced alveolar epithelial cell apop-
tosis.12 Furthermore, cathepsin S is believed to be
involved in tumor invasion, as immunohistochemical
analysis found elevated levels of cathepsin S in astrocy-
toma cells, and LHVS, an irreversible cathepsin S inhib-
itor, reduced the cell invasion rate in vitro.13 Cathepsin
S deficient mice displayed defective microvessel develop-
ment, implying an essential role of cathepsin S for extra-
cellular matrix degradation in angiogenesis.14 More
recently, cathepsin S inhibitors have been claimed for
their therapeutic use in treating pain of various
etiologies.15


High throughput screening of our compound collections
against recombinant human cathepsin S was performed
by measuring the rate of cleavage of a synthetic tetra-
peptide (P4-P1) coumarin substrate.16 Compound 1
(Table 1) was selected for further profiling. Unlike the
majority of cysteine protease inhibitors reported in the
literature that are peptide-based analogues bearing a
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Figure 1. The active site of cathepsin S in conformation b docked with


compound 1.


Table 1. Inhibition of cathepsin S, K, and L—variation of P2
a


Compounds P2 Cathepsin S (Ki, nM) Cathepsin K (Ki, nM) Cathepsin L (Ki, nM)


1 i-Butyl 62 43 7.2


5a t-Butylmethyl 46 246 216


5b Cyclohexyl 23 66 22


5c Cyclohexylmethyl 9.7 205 4.6


5d Cyclohexylethyl 38 >100,000 326


5e Phenyl 285 >30,000 134


5f C6H5CH2 29 123 3.7


5g 4-Cl-C6H4CH2 16 >100,000 1.4


5h 3-Cl-C6H4CH2 33 >100,000 1.5


5i 2-Cl-C6H4CH2 35 595 5.0


5j 4-CH3-C6H4CH2 27 >65,000 3.4


5k 4-CF3-C6H4CH2 19 >100,000 2.8


5l 4-CH3O-C6H4CH2 66 >100,000 9.3


5m 4-CH3CONH-C6H4CH2 123 >100,000 23


5n 3-Picolyl 3707 >100,000 673


5o 4-Picolyl 6769 >100,000 251


5p Furan-2-ylmethyl >20,000 >30,000 2991


5q Thiazol-5-ylmethyl >65,000 >100,000 4214


5r 2-Naphthyl-CH2 16 >100,000 1.1


5s 1H-Indol-2-yl-CH2 29 >100,000 7.2


5t 4-Biphenyl-CH2 34 >100,000 1.2


5u C6F5CH2 >20,000 >100,000 25


a Values are means of three experiments.
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reactive or �quiescent� functional group (e.g., warhead)
at the scissile amide bond,17,18 compound 1 possesses
no apparent warhead that could form a covalent interac-
tion with the cysteine thiol at the active site, but is none-
theless a potent inhibitor of cathepsin S, K, and L with
Ki values of 62, 43, and 7 nM, respectively.19 Line
weaver–Burk analysis of 1 demonstrated that it is purely
a competitive inhibitor. Reversible binding was estab-
lished by an experiment in which inhibitor 1 was incu-
bated with cathepsin S at high concentration to ensure
loss of enzyme activity. Then upon dilution with assay
buffer containing substrate, enzymatic activity was re-
stored. It is believed that the noncovalent inhibitors
are most likely to offer the highest selectivity and the
lowest likelihood for adverse side effects that can result
from undesired nonspecific or irreversible binding to
other proteins.17 Selective cathepsin S inhibitors are
needed to clearly delineate the centrality of this target
for the specific inhibition of antigen presentation and
elastolytic activities.20 Hence, we set out to explore the
structure–activity relationship of this chemotype with
the aim of identifying potent and selective cathepsin S
inhibitors.21


Though the high sequence homology among cathepsin
S, L, and K presented considerable challenges to design-
ing selective cathepsin S inhibitors, it has been recog-
nized that the side chain of Phe211 near the bottom of
the S2 pocket of cathepsin S can undergo a conforma-
tional switch that is unique to cathepsin S. Namely,
the Phe211 side chain can assume two stable conforma-
tions to accommodate either a small (conformation a) or

a bulky P2 side chain (conformation b).22 The structural
plasticity of the S2 pocket in cathepsin S was elected as
key focal point in the initial rational exploration. Figure
1 shows the S2 pocket of cathepsin S docked with the
prototype inhibitor 1.


A solid-phase synthesis of compounds 5a–u is depicted
in Scheme 1. PAL aldehyde (4-formyl-3,5-dimethoxy-







Figure 2. The active site of cathepsin K docked with compound 5g.


Scheme 1. Reagents: (a) N1-(4-Methoxy-phenyl)-ethane-1,2-diamine,


AcOH; NaHB(OAc)3; (b) (L)-FmocHNCHP2CO2H, HOBt, DIC; (c)


20% piperidine in DMF; (d) m-toluic acid, HOBt, DIC; (e) TFA/


CH2Cl2/H2O: 45:45:10, v/v. Overall yields after LCMS purification


ranged 20–60%.
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phenoxymethyl) resin 2 is reductively aminated with N1-
(4-methoxy-phenyl)-ethane-1,2-diamine to obtain the
resin bound intermediate 3, which is then acylated with
a Fmoc-protected amino acid. The Fmoc group is re-
moved to provide 4. After coupling with m-toluic acid
under DIC mediated amide formation conditions, cleav-
age from resin using TFA affords the desired product 5
on 10–20 mg scale in 20–60% overall yield.23


As expected, bulkier aliphatic P2 enhanced cathepsin S
potency (Table 1, 5a, b).24 The cyclohexylmethyl P2
(5c) yielded 6-fold improvement in affinity for cathepsin
S compared to 1. The higher potency of 5c was attribut-
ed to its enhanced hydrophobic interactions with the S2
pocket.25 Affinity to cathepsin K was completely abol-

Figure 3. The active sites of cathepsin S (left) and cathepsin L (right) docke

ished by cyclohexylethyl and phenyl P2 (5d, e). Phenyl-
alanine side chains were well accepted by the S2
pocket of cathepsin S (5f–i). The significant loss of bind-
ing affinity with cathepsin K by p- and m-substitutions
(5g, h vs. 5f, i) indicated that the steric restrictions im-
posed by the Leu205 and the Tyr67 side chains prevent-
ed these inhibitors from binding to cathepsin K
(Fig. 2).22 A variety of small substitutions at the p-posi-
tion provided moderately potent cathepsin S inhibitors
(5j–m) that were completely selective over cathepsin K.
The lower potency of 5l and 5m is perhaps due to the
desolvation energy required for these polar groups to
bind in the highly hydrophobic S2 pocket. Accordingly,
several polar bioisosteres of the phenylalanine side chain
(5n–q) were found to be detrimental to the binding of
cathepsin S. Compounds with fused biaryl P2, such as
5r and 5s, exhibited cathepsin S affinity and selectivity
against cathepsin K similar to those of compounds 5f–
h and 5j–m. The cathepsin S affinity of 5t highlighted
the great flexibility of the S2 pocket. Upon interaction

d with compound 20.







Table 2. Inhibition of cathepsin S, K, and L—variation of P3
a


Compounds P3 Cathepsin S (Ki, nM) Cathepsin K (Ki, nM) Cathepsin L (Ki, nM)


6 5.0 55 13


7 9.4 58 68


8 2.9 >20,000 14


9 9.1 >30,000 >37,000


10 7.4 >100,000 >79,000


11 8.0 >100,000 106


12 17 >30,000 >37,000


13 4.0 341 148


14 26 718 303


15 2.0 438 176


16 107 >100,000 7950


17 49 >100,000 1296


18 34 1581 316


19 7.1 >10,000 >6440


20 3.3 >65,000 >17,400


a Values are means of three experiments.
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with the 4-biphenylmethyl P2, sufficient space was creat-
ed to accommodate the bulkier biphenyl group through
the conformational adjustment of Phe211 at the distal

position of the S2 pocket.22 Unfortunately, none of
the P2 modifications described above imparted the de-
sired selectivity against cathepsin L. The potency in-
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crease for 5f–k over 1 against cathepsin L can be ratio-
nalized by the substrate specificity data. Incorporating
aromatic amino acids at the P2 position of the peptide
substrate generally provides good recognition for the
S2 pocket of cathepsin L.26 It was intriguing that the
perfluoro phenylalanine derivative 5u was found to be
a selective cathepsin L inhibitor.


The active sites of cathepsin S and L were compared
subsequently to identify chemical opportunities for
building selectivity over cathepsin L into compound 5.
Cathepsin S is known to have a poorly defined S3 pock-
et.22 Receptor optimization calculation revealed that a
unique Lys64 residue residing in the cathepsin S S3
pocket can re-orient its side chain to accommodate an
extended P3 moiety of the inhibitors (Fig. 3).27 In con-
trast, the analogous S3 region of cathepsin L is occluded
by Glu63 (vide infra). On the basis of this computational
analysis, we envisioned that selectivity between cathep-
sin S and L could be achieved by judicious extension
of the P3 moiety to invoke steric clash with the Glu63
side chains of cathepsin L.


The initial P3 optimization maintained a cyclohexylala-
nine in the P2 position because of the favorable balance
between cathepsin S potency and selectivity over cathep-
sin K and L as in compound 5c. In addition, incorpora-
tion of a cyclohexylalanine residue at the P2 position of
the peptide substrates dramatically increased the cleav-
age efficiency for cathepsin S, while either decreasing
or maintaining affinity for cathepsin L and K.26


Although the selectivity over cathepsin K with com-
pounds 6 and 7 was reduced relative to compound 5c,
they did exhibit improved selectivity over cathepsin L
(Table 2). 3-Biphenyl P3 (8) exhibited poor activity to-
ward cathepsin K, while its selectivity over cathepsin L
had only marginally improved. However, dramatic
increases (>3000-fold) in the selectivity over both
cathepsin K and L were observed for the first time with
compounds 9 and 10 by incorporating a 4-biphenyl
group in P3, albeit their affinity to cathepsin S was
slightly diminished as compared to 8. 3- and 4-Phenoxy-
phenyl analogues (11 and 12) showed potency and selec-
tivity similar to those of 8 and 9, respectively.
Unfortunately, compounds 9–12 exhibited poor solubil-
ity in aqueous buffer (<1 mg/L) which precluded any
further profiling. Hence, in an attempt to improve the
solubility, we investigated various hydrophilic moieties
in the P3 position. Replacement of the pendant phenyl
group in 9 with a heterocycle had little effect on cathep-
sin S activity, but usually resulted in decreased selectiv-
ity against cathepsin K and L (13 and 14). The analogue
15 with 4-(pyrimidin-2-ylamino)-phenyl P3 was very
potent but of only modest selectivity. Analogues 16
and 17 in which the proximal phenyl ring was replaced
with a piperidine ring exhibited poor affinity to both
cathepsin K and L. However, their potencies toward
cathepsin S were considerably diminished. Heteroaryls
were also introduced at the proximal phenyl position
of compound 9. Compound 18 displayed modest poten-
cy and selectivity, upon which further optimization led
to the 5-phenyl-furan-2-yl analogues 19 and 20. Both

of these inhibitors bound tightly to cathepsin S, and
more importantly, they exhibited greater than 1000-fold
selectivity over cathepsin K and L.


To understand the mechanism underlying the excellent
selectivity of compounds 19 and 20 between cathepsin
S and L, a 3-dimensional structure of cathepsin S-20
complex, obtained by a modeling study, was examined
(Fig. 3). The furan moiety of 20 efficiently fills the S3
pocket of cathepsin S shaped by Gly62 and Phe70.
One edge of the furan ring packs against the aromatic
ring of Phe70, with which it appears to be involved in
an edge-face p–p interaction with a centroid separa-
tion and dihedral angle of �5 Å and 75�, respective-
ly.28 Lys64 side chain swings away to accommodate
the distal 5-phenyl ring in the created space. The
positively charged ammonium group of Lys64 is posi-
tioned at a distance of 2.8 Å from the negatively
charged carboxylate oxygen of Glu59, which could
lead to a favorable electrostatic interaction. On the
other hand, modeling suggests that compound 20 is
not able to bind to cathepsin L as in the cathepsin
S-20 complex, because a steric clash would occur be-
tween the distal 5-phenyl group with Glu63 of cathep-
sin L and the furan group of compound 20 cannot
make close contacts with Leu69 and Gly61 in the S3
pocket of cathepsin L.


In summary, SAR studies on a lead compound 1 identi-
fied from screening led to the discovery of a series of po-
tent and selective cathepsin S inhibitors. The judicious
combination of moderately sized aliphatic P2 and
extended P3 moieties proved to be crucial for conferring
the selectivity of these inhibitors. Compounds 19 and 20
are among the most potent and selective cathepsin S
inhibitors reported to date lacking an electrophilic cys-
teinyl trap.21,29 The discovery of potent, selective, and
noncovalent cathepsin S inhibitors provides a valuable
tool to further probe the biological and pathological
functions of this enzyme.30 The therapeutic applications
of selective cathepsin S inhibitors will be reported in due
course.

Acknowledgments


The authors acknowledged Drs. Arnab Chatterjee,
Allan Hallet, Eva Altmann, Terry Hart, Kirk L. Clark,
Andrew Su, and Peter G. Schultz for helpful discussions
and support. We thank Mrs. Xuexin Chen for assistance
in in vitro assays.

References and notes


1. (a) Leroy, V.; Thurairatnam, S. Expert Opin. Ther. Patents
2004, 14, 301; (b) Liu, W.; Spero, D. M. Drug News
Prospect. 2004, 17, 357.


2. Shi, G.-P.; Webb, A. C.; Foster, K. E.; Knoll, J. H. M.;
Lemere, C. A.; Munger, J. S.; Chapman, H. A. J. Biol.
Chem. 1994, 269, 11530.


3. Shi, G.-P.; Villadangos, J. A.; Dranoff, G.; Small, C.; Gu,
L.; Haley, K. J.; Riese, R.; Ploegh, H. L.; Chapman, H. A.
Immunity 1999, 10, 197.







4984 H. Liu et al. / Bioorg. Med. Chem. Lett. 15 (2005) 4979–4984

4. Nakagawa, T. Y.; Brissette, W. H.; Lira, P. D.; Griffiths,
R. J.; Petrushova, N.; Stock, J.; McNeish, J. D.; Eastman,
S. E.; Howard, E. D.; Clarke, S. R. M.; Rosloniec, E. F.;
Elliott, E. A.; Rudensky, A. Y. Immunity 1999, 10, 207.


5. Riese, R. J.; Wolf, P. R.; Broemme, D.; Natkin, L. R.;
Villadangos, J. A.; Ploegh, H. L.; Chapman, H. A.
Immunity 1996, 4, 357.


6. Yang, H.; Kala, M.; Scott, B. G.; Goluszko, E.; Chapman,
H. A.; Christadoss, P. J. Immunol. 2005, 174, 1729.


7. Beck, H.; Schwarz, G.; Schroter, C. J.; Deeg, M.; Baier,
D.; Stevanovic, S.; Weber, E.; Driessen, C.; Kalbacher, H.
Eur. J. Immunol. 2001, 31, 3726.


8. Bromme, D.; Bonneau, P. R.; Lachance, P.; Wiederan-
ders, B.; Kirschke, H.; Peters, C.; Thomas, D. Y.; Storer,
A. C.; Vernet, T. J. Biol. Chem. 1993, 268, 4832.


9. Zheng, T.; Zhu, Z.; Wang, Z.; Homer, R. J.; Ma, B.;
Riese, R. J., Jr.; Chapman, H. A., Jr.; Shapiro, S. D.;
Elias, J. A. J. Clin. Invest. 2000, 106, 1081.


10. (a) Sukhova, G. K.; Zhang, Y.; Pan, J.-H.; Wada, Y.;
Yamamoto, T.; Naito, M.; Kodama, T.; Tsimikas, S.;
Witztum, J. L.; Lu, M. L.; Sakara, Y.; Chin, M. T.; Libby,
P.; Shi, G.-P. J. Clin. Invest. 2003, 111, 897; (b) Liu, J.;
Sukhova,G.K.; Sun, J.-S.; Xu,W.-H.; Libby, P.; Shi, G.-P.
Arterioscler. Thromb. Vasc. Biol. 2004, 24, 1359.


11. Chapman, H. A.; Riese, R. J.; Shi, G.-P. Annu. Rev.
Physiol. 1997, 59, 63.


12. Zheng, T.; Elias, J.; Underwood, S. PCT Int. Appl. WO
2004089395, 2004.


13. Flannery, T.; Gibson, D.; Mirakhur, M.; McQuaid, S.;
Greenan, C.; Trimble, A.; Walker, B.; McCormick, D.;
Johnston, P. G. Am. J. Pathol. 2003, 163, 175.


14. Shi, G.-P.; Sukhova, G. K.; Kuzuya, M.; Ye, Q.; Du, J.;
Zhang, Y.; Pan, J.-H.; Lu, M. L.; Cheng, X. W.; Iguchi,
A.; Perrey, S.; Lee, A. M.-E.; Chapman, H. A.; Libby, P.
Circ. Res. 2003, 92, 493.


15. Buxton, F.P.; Ganju, P.; Snell, C.R.; Song, C. PCT Int.
Appl. WO 2003020287, 2003.


16. Harris, J. L.; Backes, B. J.; Leonetti, F.; Mahrus, S.;
Ellman, J. A.; Craik, C. S. Proc. Natl. Acad. Sci. U.S.A.
2000, 97, 7754.


17. Veber, D. F.; Thompson, S. K. Curr. Opin. Drug Discov.
Dev. 2000, 3, 362.


18. Marquis, R. W. Annu. Rep. Med. Chem. 2000, 35, 309.
19. This scaffold has been reported as inhibitors of cathepsin.


K. Altmann, E.; Renaud, J.; Green, J.; Farley, D.;
Cutting, B.; Jahnke, W. J. Med. Chem. 2002, 45, 2352.


20. Honey, K.; Rudensky, A. Y. Nat. Rev. Immunol. 2003, 3,
472.


21. During the course of this work, a series of nonpeptide and
noncovalent inhibitors of cathepsin S have been reported:
Thurmond, R. L.; Sun, S.; Sehon, C. A.; Baker, S. M.;
Cai, H.; Gu, Y.; Jiang, W.; Riley, J. P.; Williams, K. N.;

Edwards, J. P.; Karlsson, L. J. Pharmacol. Exp. Ther.
2004, 308, 268.


22. Pauly, T. A.; Sulea, T.; Ammirati, M.; Sivaraman, J.;
Danley, D. E.; Griffor, M. C.; Kamath, A. V.; Wang, I.
K.; Laird, E. R.; Seddon, A. P.; Menard, R.; Cygler, M.;
Rath, V. L. Biochemistry 2003, 42, 3203.


23. All compounds were characterized by 1H NMR and
LCMS. This work was reported in part: Liu, H.; Alper, P.;
Tully, D.; Epple, R.; Chatterjee, A.; Harris, J.; Li, J.;
Bursulaya, B.; Williams, J.; Nguyen, K.; Mutnick, D.;
Woodmansee, D.; Roberts, M.; Russo, R.; Masick, B.;
He, Y.; Karanewsky, D.S. 229th ACS National Meeting,
San Diego, CA, March 13–17, 2005; Abstr. MEDI-286.


24. Enzyme inhibition assays used purified recombinant
human cathepsin S, K, and L. The standard assay format
contained 50 lM synthetic peptide substrate in 100 mM
NaOAc, 1 mM EDTA, 0.01% Brij-35, and 5 mM DTT,
pH 5.5, at 37 �C. The enzyme activity was determined by
an increase in relative fluorescence of reaction mixture.


25. Bromme, D.; Klaus, J. L.; Okamoto, K.; Rasnick, D.;
Palmer, J. T. Biochem. J. 1996, 315, 85.


26. Li, J.; Tumanut, C.; Jiricek, J.; Chen, X.; Shipway, A.;
Pacoma, R.; Gavigan, J.; Tully, D. C.; Willaims, J. A.;
Liu, H.; Hornsby, M.; Herbach, B.; Backes, B. J.;
Bursulaya, B.; Harris, J. L. Manuscript in preparation.


27. Receptor optimization was performed, to reflect the
induced fit upon ligand binding, using mixed Monte
Carlo Multiple Minimum/Large Scale LowMode confor-
mational search strategy available in MacroModel (ver-
sion 7.0; Schrodinger, Inc.). Flexible ligand docking was
performed with Glide (version 2.0; Schrodinger, Inc.). The
van der Waals radii of nonpolar protein atoms were scaled
by a factor of 0.9 and those of the ligand were scaled by
factor 0.8. The enclosing box for ligand docking was
centered on active site residues and was 34 Å in size along
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Ecole Polytechnique, F-91128 Palaiseau Cedex, France


(Associate Editor, Dr B. Sire)


BOARD OF CONSULTING EDITORS


P. S. Anderson, Wilmington, DE


P. G. Baraldi, Ferrara


C. F. Barbas, III, La Jolla, CA


J. K. Barton, Pasadena, CA


C. R. Bertozzi, Berkeley, CA


R. C. Breslow, New York, NY


J. A. Bristol, Ann Arbor, MI


T. C. Bruice, Santa Barbara, CA


A. R. Chamberlin, Irvine, CA


P. N. Confalone, Wilmington, DE


E. J. Corey, Cambridge, MA


B. Cravatt, La Jolla, CA


S. J. Danishefsky, New York, NY


P. B. Dervan, Pasadena, CA


A. Eschenmoser, Zürich
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This paper describes a novel class of anthranilic diamides with exceptional activity on insects of the order Lepidoptera. These
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The 70% aqueous methanolic extract of the Peruvian plant Oryctanthus sp. was found to contain a novel saccharide of a diene


a,x-diacid. Compound 1 was identified as inhibitor of the VEGF receptor. The structure of this compound was established based on


NMR studies. Compound 1 inhibited ligand binding to the VEGF receptor with an IC50 of 5.0 lM.
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The development of potent 4-(arylmethoxy)-1-alkylpiperidine inhibitors


of the dopamine transporter is described. Symmetrical para substituents


of the benzene rings are important for high potency in binding to the


dopamine transporter. 3b has an IC50 = 22.1±5.73 nM and elevates


locomotor activity in mice, and 3g has an IC50 = 12.1±7.51 nM and is


inactive in this test.
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The first carbohydrate-free aminoglycoside analogs bearing the 2-deoxystreptamine moiety were synthesized from


asymmetrically protected 2-deoxystrepamine and subsequently demonstrated to have significant binding to the 16S A-site


rRNA target and moderate functional activity.
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Out of the 30 compounds synthesized, 23 compounds have shown in vitro antimalarial activities against Plasmodium falciparum in


the range of 0.25–2 lg/mL and 16 compounds have shown antitubercular activity against Mycobacterium tuberculosis H37Ra, at a


concentration of 25 lg/mL.
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The isolation, structure identification, and bioactivity of nine bis(indole) alkaloids are described.
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Twenty-six new hydrophilic chiral 2-alkoxy-1,4-butanediamine platinum (II)


complexes have been synthesized and most of them were evaluated for their


in vitro cytotoxicity toward two human tumor cell lines. The cytotoxicities of


platinum complexes are related to the nature of the carrier ligand and leaving


group. Complex 50b exhibits the greatest potency among those 21 tested


platinum complexes in both cell lines.
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The semi-synthesis, in vitro and in vivo biological evaluation of corosolic acid (1) and maslinic acid (2) are described. Compounds 1


and 2 represent a new class of inhibitors of glycogen phosphorylases.
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Insecticidal activity of proteinous venom from tentacle of jellyfish Rhopilema esculentum Kishinouye was determined against three


pest species, Stephanitis pyri Fabriciusa, Aphis medicaginis Koch, and Myzus persicae Sulzer.
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A coumarin-based esterase-sensitive prodrug (3) of meptazinol (1) was designed and synthesized to minimize the first-pass effect of


meptazinol. Biological evaluation results in rats indicated that there was a 4-fold increase in oral bioavailability of this prodrug


compared to the parent drug meptazinol.
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A series of 22 compounds were synthesized and screened against Plasmodium falciparum NF-54 strain. Of the screened compounds,


6 compounds showed MIC in the range between 1 and 2 lg/mL. These compounds are 32 times more potent than the cycloguanil


which was used as the standard drug.
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The structure-based design and synthesis of a series of novel biphenyl sulfonamide carboxylic acids as potent MMP-13 inhibitors


with selectivity over MMP-1, MMP-2, MMP-3, MMP-7, MMP-8, MMP-9, MMP-14, Aggrecanase 1, and TACE are described.
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A variety of substituted benzylic piperazines provide useful privileged structures


for the construction of ligands with affinity for melanocortin 4 receptors.
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An extensive SAR study of a series of aspartic and 2,3-diaminopropionic acid amides led to the discovery of 2-bromo-4,5-


difluorophenoxy)phenyl]-LL-asparagine—one of the most potent, selective, competitive non-substrate inhibitors of EAAT-2


identified to date.
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A series of bisaryl imidazolidin-2-ones has shown to be selective and orally
active 5-HT2C receptor antagonists


pp 4989–4993


Caroline J. Goodacre,* Steven M. Bromidge, David Clapham, Frank D. King,
Peter J. Lovell, Mike Allen, Lorraine P. Campbell, Vicky Holland, Graham J. Riley,
Kathryn R. Starr, Brenda K. Trail and Martyn D. Wood
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A series of novel bisaryl imidazolidinones have been prepared and evaluated both in vitro and in vivo for their 5-HT2C receptor


antagonist activity.


Solid-phase binding assays of peptides using EGFP-Src SH2 domain fusion protein and
biotinylated Src SH2 domain


pp 4994–4997


Guofeng Ye, Marina Ayrapetov, Nguyen-Hai Nam, Gongqin Sun and Keykavous Parang*


Two solid-phase binding assays were evaluated for potential use in the screening of peptides as the Src SH2 domain inhibitors.


Pyrazolopyridinones as functionally selective GABAA ligands pp 4998–5002


Wesley P. Blackaby,* John R. Atack, Frances Bromidge, Richard Lewis,
Michael G. N. Russell, Alison Smith, Keith Wafford, Ruth M. McKernan,
Leslie J. Street and José L. Castro
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2,5-Dihydro-3H-pyrazolo[4,3-c]pyridin-3-ones are GABAA receptor benzodiazepine binding site ligands, which can exhibit


functional selectivity for the a3 subtype over the a1 subtype. SAR studies to optimize this functional selectivity are described.


(4-Substituted-phenyl)-(5H-10,11-dihydro-pyrrolo [2,1-c][1,4] benzodiazepin-10-yl)-methanone
derivatives as vasopressin receptor modulators


pp 5003–5006


Aranapakam M. Venkatesan,* George T. Grosu, Amedeo A. Failli, Peter S. Chan,
Joseph Coupet, Trina Saunders, Hussain Mazandarani and Xun Ru
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X = a bond, C=O, -O-, -S-, -SO2- or Acetylene


Y = substituted phenyl or 2-thienyl


R = H or -CH2N(Me)2
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Synthesis and structure–activity relationships (SAR) of arginine vasopressin (AVP) receptor modulators are described.
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High affinity iron(III) scavenging by a novel hexadentate 3-hydroxypyridin-4-one-based dendrimer:
Synthesis and characterization


pp 5007–5011


Tao Zhou, Zu Dong Liu, Hendrik Neubert, Xiao Le Kong, Yong Min Ma and
Robert C. Hider*


Modulators of the human CCR5 receptor. Part 2: SAR of substituted
1-(3,3-diphenylpropyl)-piperidinyl phenylacetamides


pp 5012–5015


John G. Cumming,* Anne E. Cooper, Ken Grime, Chris J. Logan,
Sharon McLaughlin, John Oldfield, John S. Shaw, Howard Tucker, Jon Winter
and David Whittaker
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SAR and DMPK studies led to the identification of substituted N-alkyl-N-[1-(3,3-diphenylpropyl)piperidin-4-yl]-2-phenylacet-


amides as potent and orally bioavailable ligands for the human CCR5 receptor.


Structure-based design of 7-carbamate analogs of geldanamycin pp 5016–5021


Giulio Rastelli, Zong-Qiang Tian, Zhan Wang, David Myles and Yaoquan Liu*
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R2The structure-based design, synthesis, Hsp90 inhibitions, and cytotoxicity of a


series of 7-derivatives of 17-alkyl geldanamycins are described.


Preparation of 3-spirocyclic indolin-2-ones as ligands for the ORL-1 receptor pp 5022–5026


Gilles C. Bignan,* Kathleen Battista, Peter J. Connolly, Michael J. Orsini,
Jingchun Liu, Steven A. Middleton and Allen B. Reitz


Synthesis and SAR of a series of indolin-2-ones provided compounds with high affinity for the ORL-1 receptor.
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Synthesis and evaluation of antiplatelet activity of trihydroxychalcone derivatives pp 5027–5029


Li-Ming Zhao, Hai-Shan Jin, Liang-Peng Sun, Hu-Ri Piao and Zhe-Shan Quan*
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A series of trihydroxychalcones was synthesized and screened in vitro for their inhibitory effects on washed rabbit platelet


aggregation induced by arachidonic acid (100 lM) and collagen (10 lg/ml). Compound 4e exhibited a potent inhibitory effect on


arachidonic acid- and collagen-induced platelet aggregation. The structure–activity relationships were also discussed in this paper.


Synthesis and antidepressant activity of some 1,3,5-triphenyl-2-pyrazolines and
3-(200-hydroxy naphthalen-100-yl)-1,5-diphenyl-2-pyrazolines


pp 5030–5034


Y. Rajendra Prasad,* A. Lakshmana Rao, L. Prasoona, K. Murali and P. Ravi Kumar
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The synthesis of different substituted 2-pyrazolines from


the corresponding chalcones by condensation with phenyl


hydrazine hydrochloride is reported. The chalcones


employed in this reaction were prepared by condensing


appropriate acetophenones with benzaldehyde derivatives


in dilute ethanolic potassium hydroxide solution. The


majority of the compounds synthesised possessed sig-


nificant antidepressant activity in mice (P < 0.05) in the


Porsolt behavioural despair test.


Synthesis and biological activities of novel aryl indole-2-carboxylic acid
analogs as PPARc partial agonists


pp 5035–5038


James F. Dropinski,* Taro Akiyama, Monica Einstein, Bahanu Habulihaz, Tom Doebber,
Joel P. Berger, Peter T. Meinke and Guo Q. Shi
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A series of novel aryl indole-2-carboxylic acids has been identified as potent selective PPARc modulators. Their chemical synthesis


and in vitro activities are discussed. An optimized compound was efficacious in the db/db mouse model of type 2 diabetes.


Structure–activity relationship study of novel necroptosis inhibitors pp 5039–5044


Xin Teng, Alexei Degterev, Prakash Jagtap, Xuechao Xing, Sungwoon Choi,
Régine Denu, Junying Yuan and Gregory D. Cuny*
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Polymer supported carbodiimide strategy for the synthesis of N-acylated derivatives of
deoxy- and ribo purinenucleosides using active esters


pp 5045–5048


Snehlata Tripathi,* Krishna Misra and Yogesh S. Sanghvi
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Synthesis of a novel prodrug of 3-(40-geranyloxy-30-methoxyphenyl)-2-trans-propenoic
acid for colon delivery


pp 5049–5052


Massimo Curini,* Francesco Epifano and Salvatore Genovese
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The synthesis of a novel colon ACE targeted prodrug of 3-(40-geranyloxy-30-methoxyphenyl)-2-trans-propenoic


acid is described.


Synthesis and HIV-1 integrase inhibitory activities of caffeic acid dimers derived from Salvia officinalis pp 5053–5056


Fabrice Bailly,* Clémence Queffelec, Gladys Mbemba, Jean-François Mouscadet and Philippe Cotelle
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Two caffeoyl-coumarin conjugates derived from sagecoumarin were synthesized and exhibited potent micromolar inhibitory


potencies against HIV-1 integrase in 30-end processing reaction but were less effective against HIV-1 replication.


Design, synthesis, and antiproliferative activity of some novel aminosubstituted xanthenones,
able to overcome multidrug resistance toward MES-SA/Dx5 cells


pp 5057–5060


Ioannis K. Kostakis, Roxane Tenta, Nicole Pouli, Panagiotis Marakos,*


Alexios-Leandros Skaltsounis, Harris Pratsinis and Dimitris Kletsas
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R= H, NO2


R1= N(CH3)2, N(CH2)4, N(CH2)5
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3-[Substituted]-5-(5-pyridin-2-yl-2H-tetrazol-2-yl)benzonitriles: Identification of highly potent
and selective metabotropic glutamate subtype 5 receptor antagonists


pp 5061–5064


Lida R. Tehrani,* Nicholas D. Smith,* Dehua Huang, Steve F. Poon, Jeffrey R. Roppe,
Thomas Jon Seiders, Deborah F. Chapman, Janice Chung, Merryl Cramer and Nicholas D. P. Cosford
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Structure–activity relationship studies on the phenyl ring of 3-(5-pyridin-2-yl-2H-


tetrazol-2-yl)benzonitrile 2 led to the discovery that small, non-hydrogen bond donor


substituents at the 3-position led to a substantial increase in in vitro potency. In


particular, 3-fluoro-5-(5-pyridin-2-yl-2H-tetrazol-2-yl)benzonitrile (7) is a highly potent


and selective mGlu5 receptor antagonist with good rat pharmacokinetics, brain


penetration, and in vivo receptor occupancy.


New clerodane diterpenoids from Laetia procera (Poepp.) Eichler (Flacourtiaceae),
with antiplasmodial and antileishmanial activities


pp 5065–5070


Valérie Jullian,* Colin Bonduelle, Alexis Valentin,
Lucia Acebey, Anne-Gaëlle Duigou,
Marie-Francoise Prévost and
Michel Sauvain
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Together with two known compounds, Casearlucine A (1) and Casearmembrol B (2), four new clerodane diterpenoids and one new


butanolide have been isolated from Laetia procera (Flacourtiaceae). The six clerodane diterpenoids displayed activities against


Plasmodium falciparum, Leishmania amazonensis, and human tumor cell line MCF7.


Synthesis of doxorubicin–peptide conjugate with multidrug resistant tumor cell killing activity pp 5071–5075


Jun F. Liang* and Victor C. Yang
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Synthesis of (2R,3S) 3-amino-4-mercapto-2-butanol, a threonine analogue for
covalent inhibition of sortases


pp 5076–5079


Michael E. Jung,* Jeremy J. Clemens, Nuttee Suree, Chu Kong Liew, Rosemarie Pilpa,
Dean O. Campbell and Robert T. Clubb
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Synthesis of desthio prenylcysteine analogs: Sulfur is important for biological activity pp 5080–5083


Brian S. Henriksen, Jessica L. Anderson, Christine A. Hrycyna and Richard A. Gibbs*
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Toward high yield synthesis of peptide–oligonucleotide chimera through a disulfide bridge:
A simplified method for oligonucleotide activation


pp 5084–5087


Frédéric Maurel, Françoise Debart, Florine Cavelier, Alain R. Thierry,
Bernard Lebleu, Jean-Jacques Vasseur and Eric Vivès*
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A straightforward method to attach an oligonucleotide to a cell penetrating peptide is developed.


Proteins QSAR with Markov average electrostatic potentials pp 5088–5094


Humberto González-Dı́az* and Eugenio Uriarte*


Design and synthesis of 6-anilinoindazoles as selective inhibitors of c-Jun N-terminal kinase-3 pp 5095–5099


Britt-Marie Swahn,* Fernando Huerta, Elisabet Kallin, Jonas Malmström,
Tatjana Weigelt, Jenny Viklund, Patrick Womack, Yafeng Xue and Liselotte Öhberg
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The structure-based design and synthesis of a new series of c-Jun N-terminal kinase-3 inhibitors 4 with selectivity against JNK1 and


p38a is reported.
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A new antitumor compound from the plant Oryctanthus sp.
as a VEGF receptor binding inhibitor


Vinod R. Hegde,* Haiyan Pu, Mahesh Patel, Adrian Jachens,
Vincent P. Gullo and Tze-Ming Chan


Schering Plough Research Institute, 2015 Galloping Hill Road, Kenilworth, NJ 07033, USA


Received 8 June 2005; revised 5 August 2005; accepted 9 August 2005

Abstract—The 70% aqueous methanolic extract of the Peruvian plant Oryctanthus sp. was found to contain a novel saccharide of a
diene a,x-diacid. Compound 1 was identified as an inhibitor of the VEGF receptor. The structure of this compound was established
based on NMR studies. Compound 1 inhibited ligand binding to the VEGF receptor with an IC50 of 5.0 lM.
� 2005 Elsevier Ltd. All rights reserved.

Tumor angiogenesis is a critical step for the growth and
metastasis of solid tumors. Vascular endothelial growth
factor (VEGF) is the most important angiogenic mole-
cule associated with tumor-induced neovascularization.
Vascular endothelial growth factor receptor 2 (VEG-
FR2—also referred to as KDR for kinase insert
domain-containing receptor) is a receptor tyrosine
kinase belonging to the platelet derived growth factor
receptor (PDGFR) family. The kinase domain of VEG-
FR2 contains a 68-amino acid insert referred to as the
kinase insert domain (KID),1 which contains two tyro-
sine residues that have been shown to be autophospho-
rylation sites and required for maximal kinase activity.2


VEGF promotes angiogenesis3 when binding to recep-
tors on vascular endothelial cells. Angiogenesis is bene-
ficial when attributed to embryogenesis, organ
development, and other growth circumstances. Howev-
er, VEGF has been associated with tumor growth,
arthritis, and macular degeneration, and its receptor
has been found in tumors of the breast,4 colon,5,6 and
kidney.7 The ligand for VEGFR (VEGF) has been
shown to be overexpressed by human tumor cell lines
in culture.8 Specific inhibitors of VEGFR signal trans-
duction have been reported in the literature9 and have
been shown to block mitogenesis of human endothelial
cells without affecting the growth of human tumor cell

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


doi:10.1016/j.bmcl.2005.08.022
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lines. A high-throughput screen was developed to find
inhibitors that are specific for the VEGF receptor.


As part of our continuing investigation of natural prod-
ucts as leads for inhibiting the VEGF receptor, we
screened semi-purified fractions of aqueous methanolic
extracts of many plants. One of these fractions, which
was derived from a plant identified as Oryctanthus sp.
from the lorantaceae family, was active in the VEGF
inhibition assay. This parasitic plant grows about a
meter in height in South America around Peru. A
specimen of this plant is deposited at PeruBotanica,
Iquitos, Peru, under Voucher # 8848. Bioassay-guided
fractionation of this extract led to the isolation of the
monosaccharide 1, of a diene a,x-diacid.
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The detanninized aqueous methanolic extract (2.0 g)
was loaded on a reverse-phase diaion CHP-20 P (Mitsu-
bishi Chemicals, 1.0 in. · 12 in.) column equilibrated
with water and chromatographed using a water and
methanol gradient system. These fractions were screened
for their activity in the VEGF receptor assay. The active
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fractions were combined and dried to yield 36.0 mg of
enriched complex. Separation of the active compound
was achieved by reverse-phase preparative HPLC on a
Phenomenex Luna C-18 silica column (21.2 · 250 mm),
eluting with a mixture of acetonitrile and water (25:75
v/v). Acetonitrile was removed from the active peak elu-
ate and the aqueous solution was freeze-dried to yield
1.6 mg of 1.


Compound 1 showed a molecular ion at m/z 422
(M+NH4)


+ in the FAB mass spectrum, suggesting a
molecular weight of 404 Da. The molecular formula of
1 was established as C18H28O10 by high resolution mass
spectrum (HRMS),10 suggesting five unsaturations in
the molecule. The UV spectrum (MeOH) showed
absorption maxima at 266 nm and the IR spectrum in
KBr showed peaks at 3393, 1696, 1462, 1418, 1204,
and 1020 cm�1, suggesting the presence of acid function-
ality. 1H and 13C NMR chemical shifts of 1 are listed in
Table 1. The 1H NMR indicated the presence of three
sp2 protons and the presence of one sugar. The 13C
NMR also showed 18 carbon signals in agreement with
the number of carbons revealed by HRMS. APT 13C
NMR identified them as two �C@O, four olefinic (three
@CH–, one @C�), one anomeric methine (O–CH–O),
five �CH–O, one O–CH2–, one �CH–, two �CH2–,
and two –CH3 carbons. The data indicated that 1 con-
tains two double bonds and one sugar. When we include
the two carbonyl functionalities, we can account for all
the degrees of unsaturations. Using contemporary 2D
NMR techniques (COSY, HMQC, and HMQC-TOC-
SY) the structure was established as shown in 1 (2,7-di-
methyl-2,4-diene-deca-a,x-diacid) and confirmed by
HMBC.


Compound 1 was active in the VEGF receptor assay11


with an IC50 value of 5.0 lM.

Table 1. 1H and 13C NMR chemical shifts for 1


C# 1H 13C


1 172.3


2 126.5


3 7.18 (d, J = Hz) 140.3


4 6.47 (dd, J = Hz) 129.1


5 6.12 (dt, J = Hz) 142.8


6 2.45 (dt, J = Hz) 37.1


2.15 (dt, J = Hz)


7 1.96 (m) 38.7


8 4.02 (m) 81.9


9 2.64 (dd, J = Hz) 39.2


2.56 (dd, J = Hz)


10 176.4


11 0.97 (d, J = Hz) 12.8


12 1.89 (s) 15.7


11 4.33 (d, J = Hz) 104.9


21 3.16 (dd, J = Hz) 75.4


31 3.32 (dd, J = Hz) 78.3


41 3.29 (dd, J = Hz) 71.6


51 3.22 (m) 77.8


61 3.82 (dd, J = Hz) 62.9


3.65 (dd, J = Hz)

Compound 1 is a novel compound. The aglycone C12-
acid (diene a,x-diacid) has been isolated previously from
the seeds of Phaseolus multiflorus.13


Several natural plant products, such as polyphenolic
pentameric procyanidins,14 1,2,3,4,6-penta-O-galloyl-b-
DD-glucose,15 and other phenolic compounds, cis-hinok-
iresinol, brazilin,16 salvianolic acid B,17 and capsaicin,18


are reported to reduce VEGF activity and angiogenic
activity. Aplidine, a depsipeptide derived from the med-
iterranean tunicate,19,20 and nakijiquinone C21,22 anoth-
er natural product derived from a marine sponge inhibit
VEGF secretion and block the VEGF-VEGFR-1 (flt-1)
autocrine loop in human leukemia cells MOLT-4. Com-
pound 1 represents a novel natural product inhibitor of
the VEGF receptor.
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