
Multiple files are bound together in this PDF Package.

Adobe recommends using Adobe Reader or Adobe Acrobat version 8 or later to work with 
documents contained within a PDF Package. By updating to the latest version, you’ll enjoy 
the following benefits:  

•  Efficient, integrated PDF viewing 

•  Easy printing 

•  Quick searches 

Don’t have the latest version of Adobe Reader?  

Click here to download the latest version of Adobe Reader

If you already have Adobe Reader 8, 
click a file in this PDF Package to view it.

http://www.adobe.com/products/acrobat/readstep2.html




BIOORGANIC & MEDICINAL CHEMISTRY


Editor-in-Chief: Professor Chi-Huey Wong


Department of Chemistry, BCC 338, The Scripps Research Institute, 10550 North Torrey Pines Road, La Jolla, CA 92037, USA
Facsimile: (1) 858 784 2409


American Regional Editor: Professor K. Janda, The Scripps Research Institute, Department of Chemistry, The Skaggs Institute for
Chemical Biology, The Worm Institute of Research & Medicine, 10550 North Torrey Pines Road, La Jolla, CA 92037, USA


Fascimile: (1) 858 784 2595


Japanese Regional Editor: Professor Y. Hashimoto, Institute of Molecular & Cellular Biosciences, The University of Tokyo,
1-1-1 Yayoi, Bunkyo-ku, Tokyo 113-0032, Japan


Fascimile: (81) 3 5841 8495


European Regional Editor: Professor H. Waldman, Department of Chemical Biology,
Max-planck-Institut für Molekulare Physiologie, Otta-Hahn-Strasse 11, 44227 Dortmund, Germany


Fascimile: (49) 231 133 2499


EXECUTIVE BOARD OF EDITORS FOR TETRAHEDRON PUBLICATIONS


Chairman: Professor C.-H. Wong
Editor Emeritus: Professor H. H. Wasserman


Professor D. L. Boger, Department of Chemistry, The Scripps
Research Institute, La Jolla, CA 92037, USA


Professor S. G. Davies, Chemistry Research Laboratory, Department of
Chemistry, University of Oxford, Mansfield Road, Oxford,
OX1 3TA, UK


Professor B. Ganem, Department of Chemistry and Chemical Biology,
Baker Laboratory, Cornell University, Ithaca, NY 14853-1301, USA


Professor L. Ghosez, l’Institut Européen de Chimie et de Biologie (IECB)
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(S)-5-Bromo-N-[(1-cyclopropylmethyl-2-pyrrolidinyl)methyl]-2,3-dimethoxybenzamide (4) has pico-
molar in vitro binding affinity to D2 receptor (Ki (D2) = 0.003 nM) with lower affinity to D3 receptor (Ki


(D3) = 0.22 nM). In this study, we describe radiosynthesis of [11C]4 and evaluation of its binding charac-
teristics in post-mortem human brain autoradiography and with PET in cynomolgus monkeys. The 11C
labelled 4 was synthesized by using [11C]methyltriflate in a methylation reaction with its phenolic pre-
cursor with good incorporation yield (64 ± 11%, DCY) and high specific radioactivity >370 GBq/lmol (>10
000 Ci/mmol). In post-mortem human brain autoradiography [11C]4 exhibited high specific binding in
brain regions enriched with dopamine D2/D3 receptors and low level of non-specific binding. In cynomol-
gus monkeys [11C]4 exhibited high brain uptake reaching 4.4% ID at 7.5 min. The binding in the extrastri-
atal low density D2-receptor regions; thalamus and frontal, parietal, temporal, and occipital cortex, was
clearly visible. Pre-treatment with raclopride (1 mg/kg as tartrate) caused high reduction of binding in
extrastriatal regions, including cerebellum. [11C]4 is a promising radioligand for imaging D2 receptors
in low density regions in brain.


� 2008 Elsevier Ltd. All rights reserved.

1. Introduction


Positron emission tomography (PET) has been widely utilized in
visualizing striatal and extrastriatal dopamine D2 receptors using
D2/D3 receptor antagonists such as [11C]raclopride, [11C]FLB 457
and [18F]fallypride (Fig. 1).1–5 These benzamides have provided
deep knowledge in understanding involvement of changes in dopa-
mine neurotransmission in development of neuropsychiatric disor-
ders such as Parkinson’s disease, schizophrenia and depression.6–10


Pico-molar binding affinity D2/D3 receptor ligands [11C]FLB 457
and [18F]fallypride have been used in exploring changes in D2/D3


receptor densities especially in extrastriatal structures in the brain,
for which [11C]raclopride as a moderate affinity ligand does not
provide enough signal for quantitative D2/D3 receptor imaging.


In extrastriatal D2-receptor regions, that is, thalamus, hypothal-
amus, amygdala, substantia nigra, frontal cortex and temporal cor-
tex, D2 receptor density is ten to hundred times lower than in the
high density striatum (measured with D2/D3 antagonist),11 which
sets high demands for selectivity and binding affinity of the radio-
ligand. The generally used D2 receptor antagonists have almost

ll rights reserved.


x: +358 9 191 50121.
aksinen).

equal affinity to both D2 and D3 receptors and their usage in D2


receptor imaging has been promoted because of the low receptor
density of D3 receptor in the brain, and because of the higher occu-
pancy of D3 receptors in vivo by endogenous dopamine.12 How-
ever, the recent advancement of D3 receptor preferring
radioligands has provided new information on the brain distribu-
tion of the receptor and the role of these receptors in drug addic-
tion and in neurological and neuropsychiatric disorders.13–15


While located primarily in limbic brain regions, moderate densities
of D3 receptors are expressed also in thalamus, hypothalamus and
nucleus accumbens, regions overlapping with the low density D2


regions. There are recent findings that D2 and D3 receptors have
a diverse role in progress of schizophrenia, Parkinson’s disease
and in drug abuse.16–18 For discriminating their role in these path-
ological conditions, radioligands purely selective only to one recep-
tor type would be beneficial.


The new cyclopropylmethyl analogue of FLB 457, (S)-N-[(1-
cyclopropylmethyl-2-pyrrolidinyl)methyl]-5-bromo-2,3-dime-
thoxybenzamide (4), was discovered in studies, which focused on
development of D3 receptor selective substituted benzamide
antagonists.19 In the structural series, effect of cyclopropylmethyl
group and substitutions in the aromatic and pyrrolidine ring were
investigated. On the contrary to the expectations, the compound 4
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Figure 1. Chemical structures of some commonly used D2/D3-receptor tracers for
PET and structure of the new [11C]cyclopropylmethyl analogue of FLB 457 ([11C]4).
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was found to have ten times higher in vitro binding affinity to D2


receptor than the widely used structural analogues FLB 457 and
fallypride, but with a similar affinity to D3 receptor Ki


(D2) = 0.003 nM, Ki (D3) = 0.22 nM, ratio Ki D2/D3 = 0.014.19 Despite
its early discovery, it has not been radiolabelled and evaluated in
vivo before. Our aim was to radiolabel the new D2 receptor selec-
tive analogue compound 4, and preliminarily evaluate its binding
characteristics in post-mortem human brain and in vivo in cyno-
molgus monkeys.


2. Chemistry


2.1. Synthesis of the precursor


Benzotriazol-1-yloxy-tris(dimethylamino)phosphonium hexa-
fluorophosphate (BOP) was used as the condensing agent in the
reaction of the substituted benzoic acid (1) with (S)-2-(amino-
methyl)-N-cyclopropylmethylpyrrolidine (2) (Scheme 1). Isolated
yields of the final amide product 3 were modest (40%). It is likely
that the yields may be improved if the phenolic group is protected
during the reaction. The amide 3 was found to be stable over sev-
eral months and stored at 0 to �20 �C.
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Scheme 1. Synthesis of the precursor

2.2. Radiosynthesis


[11C]4 was synthesized with standard methods with minor
modifications as previously published for synthesis of [11C]FLB
457.20,21 The precursor 3 was methylated with [11C]methyl triflate
in room temperature, with good incorporation yield 64 ± 11% (DCY
%). The total synthesis time, including the HPLC purification was
28 min and specific radioactivity at the time of injection was over
370 GBq/lmol (>10 000 Ci/mmol)(Fig. 2). The radiochemical purity
was >99%. The product [11C]4 was confirmed with a co-elution
with the co-injected unlabelled reference (4).


3. Post-mortem human brain autoradiography


Autoradiography with [11C]4 in baseline conditions gave high
binding in regions with high D2 receptor density, caudate head,
putamen and pallidum (Fig. 3). [11C]4 bound also with moderate
level to thalamus, where the D2-receptor expression is lower. Addi-
tion of raclopride (10 lM) into the incubation buffer effectively
blocked the binding.


4. PET measurements


Total brain uptake of [11C]4 in cynomolgus monkey was high,
reaching 4.4% ID at 7.5 min. Binding in D2-receptor rich striatal re-
gions was highest at the end of the PET measurement, without
reaching equilibrium during the 93 min scanning time (Figs. 4
and 5). The highest level of radioactivity was observed in putamen,
followed by caudate nucleus and pallidum. Region over cerebellum
ratios reached maximum at 84 min, giving ratios of 7.61, 6.60, and
5.40, for putamen, caudate nucleus and pallidum, respectively.
Extrastriatal regions were clearly visible, indicating sufficient bind-
ing affinity also in vivo. The binding was highest in the moderate
density receptor region thalamus, followed by cortical regions with
low D2-receptor density. Region over cerebellum ratios was at
maximum 3.70, 3.24, 2.98, 2.59, and 2.08 for thalamus and frontal,
parietal, temporal, and occipital cortex, respectively.


Specific binding of [11C]4 to D2/D3 receptors was measured after
pre-treatment with raclopride (Fig. 5). For this preliminary in vivo
evaluation, raclopride was chosen for pre-treatment agent, because
its in vivo behaviour is well characterized. In addition, because it is
non-selective dopamine D2 and D3 receptor antagonist, it would
clearly demonstrate the amount of non-specific binding in low
density D2/D3-receptor brain regions, however, without differenti-
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Figure 2. Semipreparative HPLC-chromatogram of [11C]4 purification.


Figure 3. Human brain autoradiograms labelled with [11C]4. (A) Baseline condi-
tions. (B) Incubation with raclopride (10 lM).
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ating between these two receptor types. The pre-treatment caused
substantial reduction in binding in extrastriatal regions, but 40% of
the binding in striatal regions remained unblocked. Also 50% of the
[11C]4 binding in cerebellum was blocked due to the pre-treatment
(Fig. 6).


4.1. Plasma metabolite studies


The HPLC analysis of metabolites in monkey plasma revealed
fastest metabolism of [11C]4 during the first 15 min (Fig. 7). About
60% of the parent compound was left after 45 min observation
time. Two more polar unidentified radioactive metabolites were

found eluting prior to the parent compound and more lipophilic
radioactive metabolites were not observed (Fig. 8). More than
94% of the injected radioactivity was recovered from the HPLC-col-
umn. Radioactivity in pellets after deproteinization with acetoni-
trile was 8.3 ± 1.9%.


5. In vitro lipophilicity and plasma protein binding


Apparent partition coefficient of [11C]4 in pH 7.4 was
1.82 ± 0.01. Partition coefficient of [11C]FLB 457 was measured as
a control. The measured partition coefficient of [11C]FLB 457 was
1.33 ± 0.01. The result confirms the predicted increase in lipophil-
icity due to introduction of a cyclopropyl methyl group to the N-
position of the pyrrolidine side chain. The free fraction of [11C]4
in plasma in baseline conditions was 32 ± 2% and after pre-treat-
ment it was 36 ± 1%, giving confirmation that the raclopride pre-
treatment had no significant influence on the free fraction.


6. Discussion


Substituted benzamides containing the N-cyclopropylmethyl
pyrrolidine ring has been synthesized previously and found to be
stable and bound to dopamine receptor subtypes with high binding
affinities.19 These derivatives were synthesized using a coupling
reaction between the acid fluorides/anhydrides with (S)-2-(amino-
methyl)-N-cyclopropylmethylpyrrolidine (2). For this study, in or-
der to prepare the precursor amide 3, which contains a free
phenolic group at the 2-position, we used BOP instead, for assisting
in the coupling of the substituted salicylic acid 1 with (S)-2-(ami-
nomethyl)-N-cyclopropylmethylpyrrolidine (2). Product yields
were somewhat lower compared to the acid fluoride/anhydride
method (40% vs. 70–80%).
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Figure 5. Time activity curves of [11C]4 binding in cynomolgus monkey in baseline conditions (A) and after pre-treatment with raclopride (B).
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Figure 6. Effect of raclopride pre-treatment (1 mg/kg) on [11C]4 binding in
cerebellum.
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Figure 7. Time course for the metabolism of [11C]4 in monkey plasma (n = 3).


Figure 4. Colour coded PET images showing the distribution of radioactivity in the monkey brain after injection of [11C]4. Injected doses were 56 and 50 MBq, respectively.
(A) Baseline conditions. (B) After pre-treatment with raclopride (1 mg/kg as tartrate). Summation images from 9th- to 93rd-min are shown. Anaesthesia was induced and
maintained by repeated intramuscular injections of a mixture of ketamine hydrochloride (3.75 mg/kg/h) and xylazine hydrochloride (1.5 mg/kg/h).
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The radiolabelled [11C]4 was synthesized via methylation using
[11C]methyl triflate with good incorporation yield and with high
specific radioactivity (>10 000 Ci/mmol). For the structural ana-
logue [11C]FLB 457 the co-injected mass of 0.5 lg has been esti-
mated to cause 5% occupancy in extrastriatal D2/D3 binding sites
in humans.22 In our study, in baseline scans, carrier masses of

[11C]4 were 0.005 and 0.001 lg for cynomolgus monkeys weight-
ing 2.4 and 4.2 kg, respectively. The low injected mass is not pre-
sumed to significantly influence the [11C]4 binding even in the
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Figure 8. Representative HPLC chromatogram of radioactive metabolites of [11C]4
in monkey plasma 30 min after tracer injection.
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low density regions. The binding of [11C]4 in extrastriatal regions,
in thalamus and cortical regions, was clearly visible and it exhib-
ited relatively high binding in cerebellum, from which about 50%
was blocked after pre-treatment with raclopride. This result is in
accordance with recent findings using [11C]FLB 457 in rats, where
60% of the total cerebellar binding corresponded to specific bind-
ing.23 Due to the relatively high level of specific binding in cerebel-
lum, the level of specific binding in extrastriatal regions is
underestimated, when cerebellum is used as reference region.


In striatal regions [11C]4 exhibited slow kinetics, which has
been also a disadvantage of other high affinity tracers, such as
[11C]FLB 457 and [11C]fallypride.5,24 In addition to the high binding
affinity of [11C]4, the slow wash-out may be partly a result of the
relatively high lipophilicity (logD7.4 ([11C]4) = 1.82 ± 0.01) caused
by the additional cyclopropylmethyl group. The lipophilicity of
[11C]4 may be even underestimated in our experimental setup, be-
cause the measured partition coefficient of the reference com-
pound [11C]FLB 457 was lower to what has been published by
Wilson et al. with the same procedure ([11C]FLB 457
logD7.4 = 1.71 ± 0.02).25


The pre-treatment with raclopride did not completely block
binding of [11C]4 in striatal regions, only 60% reduction in binding
was observed. In post-mortem autoradiography, binding of [11C]4
was totally prevented by 10 mM raclopride, which may be ex-
plained by that in autoradiography, the conditions for washing
and binding competition are more harsh than in vivo. The preli-
minary results of the corresponding 18F-labelled cyclopropyl ana-
logue of fallypride exhibited high non-specific binding in a
rhesus monkey.19 In addition, the compound showed rapid accu-
mulation of metabolites of the radiotracer. The HPLC-analysis of
[11C]4 and its radioactive metabolites in monkey plasma did not
reveal any indication on lipophilic radiolabelled metabolites,
which may enter the brain.


Compound 4 has a higher selectivity to D2-receptors over D3-
receptors in vitro than the commonly used D2/D3 receptor antago-
nists FLB 457 and fallypride. Moderate densities of D3 receptors are
expressed in thalamus and there are estimates that even one third
of the receptor population in pallidum corresponds to D3 recep-
tors.14 The compound [11C]4 did not exhibit any significantly lower
uptake in these regions, showing no clear evidence for higher D2-
selectivity over D3-receptors in vivo. For studying D2 selectivity
of [11C]4 binding, further experiments using D3-selective com-
pounds and comparison to commonly used [11C] labelled D2/D3


receptor ligands are needed.


7. Conclusion


The D2 receptor antagonist [11C]4 exhibited high level of spe-
cific binding to brain regions with dopamine D2 receptors in

post-mortem human autoradiography and in vivo in cynomolgus
monkeys. Analysis of radiolabelled metabolites of [11C]4 from
monkey plasma revealed that only more polar metabolites were
formed, which are unlikely to enter the brain. No clear indication
for higher D2-selectivity over D3-receptors of [11C]4 was demon-
strated in the present study, but the observed high specific bind-
ing in low density D2 regions gives an indication for the high
binding affinity also in vivo. In conclusion, [11C]4 is a potential
radioligand for studying extrastriatal low density D2 regions,
including cerebellum.

8. Experimental


8.1. Chemistry


Commercial reagents and solvents (Aldrich Chemical Com-
pany, Milwaukee, WI, USA) of analytical grade were used with-
out further purification. 5-Bromo-2-hydroxy-3-methoxybenzoic
acid (1), (S)-2-(aminomethyl)-N-cyclopropylmethylpyrrolidine
(2) and the reference compound (S)-5-bromo -N-[(1-cyclopro-
pylmethyl-2-pyrrolidinyl) methyl]-2,3-dimethoxybenzamide (4)
were prepared according to previously described methods.19,26


Reaction mixtures and extractions were evaporated in a rotavap-
ory evaporator under reduced pressure as appropriate. Analytical
and preparative thin layer chromatography (TLC) was performed
using Baker-flex silica gel IB-F (Philipsburg, NJ USA) and Alltech
DC-Fertigplatten SIL G-200 UV254 plates (Deerfield, IL, USA),
respectively. Proton nuclear magnetic resonance (NMR,
500 MHz, TMS as internal reference in CDC13) spectra were ob-
tained on a Bruker-Omega 500 spectrometer. Electrospray mass
spectra were obtained on a Model 7250 mass spectrometer
(Micromass LCT).


All reagents used for radiosynthesis were purchased from
commercial suppliers and used without further purification. Ace-
tone and 0.5 M NaOH solution were from Merck Chemicals Ltd.
HPLC solvents were of HPLC grade from Fisher Scientific.
[11C]Methane was produced in a GEMS PETtrace cyclotron by
bombardment of a nitrogen gas target containing 10% of H2 with
16 MeV protons (14N(p,a)11C reaction). The target gas was irradi-
ated for 20 min with a beam intensity of 35 lA. The synthesis
and purification of the radiolabelled compounds was performed
in a fully automated methylation system that has been described
earlier.20 [11C]Methyl iodide was prepared from [11C]methane by
gas-phase iodination. [11C]Methyl triflate was obtained by
sweeping [11C]methyl iodide vapour through a glass column con-
taining silver-triflate-impregnated graphitized carbon (Fluka AG)
and heated at 150–200 �C.20,27


[11C]4 was purified in a built-in high performance liquid chro-
matography (HPLC) system, consisting of a Gilson 234 autoinjector
(Middleton, MA, USA), a Gilson 304 piston pump, a Waters lPorasil
silica column (300 � 7.8 mm, 10 lm) and a Gilson 118 UV/VIS
detector (wavelength 254 nm) in a series with a Geiger Müller
(GM) tube for radiation detection. Radiochemical purity of [11C]4
was analyzed on reverse phase HPLC using a Merck-Hitachi L-
7100 Pump, equipped with a Waters lBondapak C18 column
(300 � 3.9 mm, 10 lm) (Milford, MA, USA) and L-7400 UV-detector,
D-7000 interface and Beckman radiodetector (Model 170). The sys-
tem was controlled by Merck-Hitachi Chromatography Data Station
Software D-7000 (version 4.1). Acetonitrile (30%) in 0.01 M H3PO4


was used as mobile phase. Specific radioactivity of [11C]4 was ana-
lyzed with HPLC, consisting of Waters l-Bondapak C18 column
(300 � 3.9 mm, 10 lm), Merck-Hitachi L-6200A intelligent pump
and Merck-Hitachi L-4000 UV (254 nm) detector. The mobile phase
was acetonitrile in 0.05 M H3PO4 (18/82) and flow rate was 3 mL/
min. The product eluted at 12–13 min.
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8.2. (S)-5-Bromo-N-[(1-cyclopropylmethyl-2-
pyrrolidinyl)methyl]-2-hydroxy-3-methoxybenzamide (3)


To a solution of 5-bromo-2-hydroxy-3-methoxybenzoic acid, 1
(0.25 g, 1 mmol) in anhydrous acetonitrile (5 mL) were added (S)-
2-(aminomethyl)-N-cyclopropylmethylpyrrolidine 2 (0.17 g,
1.1 mmol). This mixture was stirred at room temperature and
BOP reagent (benzotriazol-1-yloxy-tris(dimethylamino)phospho-
nium hexafluorophosphate, 0.44 g, 1 mmol) and triethylamine
(0.4 mL) was added. The reaction mixture was stirred for 24 h. Vol-
atiles were removed in vacuo and the residue was taken in dichlo-
romethane and washed with water and saturated sodium
bicarbonate. The organic layer was separated, dried over magne-
sium sulfate, and filtered. The filtrate was concentrated and subse-
quently purified using preparative TLC (silica gel,
dichloromethane: methanol, 9:1) to provide 3 in 40% yield. 1H
NMR d ppm 8.20 (br, 1 H, CONH), 7.4 (d, 1H), 7.0 (d, 1H), 3.8 (s,
3H, OCH3), 3.1–1.5 (m, 11H), 0.30 (5H, c-C3H5). Electrospray Mass
spectra (m/z, %) 383, 385 ([M+H]+, 100%).


8.3. (S)-5-Bromo-N-[(1-cyclopropylmethyl-2-pyrrolidinyl)
methyl]-2-[11C]methoxy-3-methoxy-benzamide, [11C]4


(S)-5-Bromo-N-[(1-cyclopropylmethyl-2-pyrrolidinyl)methyl]-
2-hydroxy-3-methoxybenzamide (3, 0.5 mg, 1.3 lmol) was dis-
solved in acetone (400 lL) and 0.5 M NaOH (6 lL, 3 lmol) was
added. The mixture was bubbled with [11C]methyl triflate at room
temperature. The product was purified with the semi-preparative
HPLC system with CH2Cl2/MeOH/TEA (95/5/0.5, pH 8.0) as eluent
with flow 2 mL/min from 0 to 4 min and 4 mL/min after that.
Retention time of the product was 6.3 min. The collected fraction,
containing the purified product, was evaporated to dryness and
formulated in 7 mL of phosphate buffer (pH 7.4) and 3 mL of
30% EtOH in propylene glycol (v/v). Incorporation yield was
64 ± 11%, with the total synthesis time of 28 min. Specific radioac-
tivity at the time of injection was >370 GBq/lmol (>10,000 Ci/
mmol). Purity was analyzed with the analytical HPLC system with
flow 3 mL/min. The product was identified with a co-injection of
the reference. Retention time of the product was 4.18 min. Radio-
chemical purity was >99%.


9. Post-mortem human brain autoradiography


Horizontal whole hemisphere post-mortem human brain sec-
tions of 100 lm thickness from the level of striatum were incu-
bated for 20 min at room temperature with [11C]4 (approx.
30 MBq) in Tris-buffer (50 mM, pH 7.4), containing 120 mM NaCl,
5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, Pargylin (10 lM), and 0.1%
acetic acid. The D2/D3 antagonist raclopride (10 lM) was included
in the incubation medium to determine the level of non-specific
binding. After incubation, the sections were washed with ice-cold
Tris buffer (50 mM, pH 7.4) for 2 � 2 min, briefly dipped into ice-
cold distilled water and dried with warm air flow. Phosphor imager
plates (BAS-IP SR 2025, Fuji Photo Film, Japan) were used for detec-
tion of the radioactivity distribution. The plates were exposed for
20 min, scanned and analyzed with Fuji BAS-5000 image reader,
running with Fuji Film Multi Gauge software.

10. PET measurements


10.1. PET system


The radioactivity distribution was measured using a Siemens
ECAT EXACT HR PET camera system (CTI/Siemens, Knoxville, TN)
in three-dimensional mode, which measures radioactivity in 47

sections with a separation of 3.1 mm and a transversal resolution
of about 3.8 mm FWHM (Full Width Half Maximum). The attenua-
tion correction of the data was obtained with three rotating 68Ge
rod sources. Raw PET data were then reconstructed using the stan-
dard filtered back projection consisting of the following recon-
struction parameters: 2 mm Hanning Filter, scatter correction, a
zoom factor of 2.17 and a 128 � 128 matrix seize.28


10.2. PET experimental procedure


PET measurements were performed in two female cynomolgus
monkeys (Macaca fascicularis), weighting 2.4 and 4.2 kg. The mon-
keys were supplied by Astrid Fagraeus Laboratory, Swedish Insti-
tute for Infectious Disease Control (SMI), Solna, Sweden. The
study was approved by the Animal Research Ethical Committee
of the Northern Stockholm Region. Anaesthesia was induced and
maintained by repeated intramuscular injections of a mixture of
ketamine hydrochloride (3.75 mg/kg/h, Ketalar�, Pfizer) and xyla-
zine hydrochloride (1.5 mg/kg/h Rompun�, Vet. Bayer) for the
duration of each measurement. A head fixation system was used
to secure a fixed position of the monkey head during the PET
experiments.29 Body temperature was maintained by Bair Hug-
ger—Model 505 (Arizant Healthcare Inc., MN) and monitored by
a rectal thermometer (Precision Thermometer, Harvard Apparatus,
MA). Cardiac and respiratory rates were monitored continuously
throughout the experiment (VetGard monitor, Veterinary Market-
ing Systems, Lincoln, NE).


Both monkeys participated in one baseline and one pre-treat-
ment measurement, respectively. In the first measurement,
56.2 ± 0.2 MBq of [11C]4 was injected as a bolus during 5 s into a
sural vein and radioactivity in the brain was measured according
to a pre-programmed sequence of frames up to 93 min after the
injection of the tracer. Injected mass in the baseline experiments
was 0.005 and 0.001 lg, respectively. In the second measurement
1.0 mg/kg of raclopride-tartrate was injected intravenously to the
same monkey 35 min before injection of [11C]4 (52.5 ± 2.5 MBq, in-
jected mass 0.01 and 0.002 lg) and the radioactivity in the brain
was measured as previously described.


10.3. Quantitative image analysis


PET summation images representing radioactivity measured
from 9 to 93 min after an intravenous injection of [11C]4 were gen-
erated. The baseline PET images were transformed into a standard
anatomical space using the monkey version of the Human Brain At-
las developed at Karolinska Institute.30 The transformation matrix
generated on this image was applied to all the frames from the cor-
responding and the consecutively performed pre-treatment PET
study.


A standard template of ROIs was generated on an average mon-
key MRI scan and applied to each PET study. ROIs were delineated
for the putamen, caudate nucleus, pallidum, thalamus, frontal,
occipital, parietal and temporal cortex, cerebellum, and whole
brain. The ROI of the cerebellum excluded the vermis and white
matter.


All calculations were based on the assumption that radioactivity
in brain represents unchanged radioligand. The fraction of [11C]4 in
whole brain relative to the total amount of radioligand injected
was calculated and plotted versus time after injection. The radioac-
tivity concentration in the ROI for the whole brain was multiplied
with the whole brain ROI volume (�65 mL), divided by the radio-
activity injected and multiplied by 100 to obtain the percentage.


Regional radioactivity was normalized to injected activity and
body weight by use of % of standard uptake value (%SUV = (% injec-
tion dose/cm3 brain) � body weight (g)). The cerebellum was used
as a reference region for non-displaceable [11C]4 binding. The radio-
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activity in the cerebellum was accordingly used as an approximate
for free and non-specifically bound radioligand concentration in
brain. The time curve for specific [11C]4 binding to D2 receptors in
high-density brain regions was defined as the difference between
the total radioactivity concentration in a ROI and the cerebellum.


10.4. Plasma metabolite studies


For the analysis of radioactive metabolites in monkey plasma,
blood samples of 2.0 mL were obtained from the femoral vein of a
monkey 4, 15, 30, and 45 min after injection of the tracer. Fractions
of radioactivity in the monkey plasma that corresponded to un-
changed [11C]4 and radioactive metabolites were determined using
a modification of a gradient method described by Halldin et al.31


Shortly, the blood samples were centrifuged at 2000g for 2 min,
and the plasma (0.5 mL) was mixed with acetonitrile (0.7 mL) and
centrifuged at 2000g for 2 min. The supernatant of the acetonitrile
plasma mixture (1.1 mL) was injected to lBondapak C18
(300 � 7.8 mm, 10 lm) HPLC column and analyzed with a gradient
of acetonitrile (A) and phosphoric acid (0.01 M) (B) with a pro-
gramme: 0 min (A/B) 10:90, 5 min (A/B) 80:20, 6.5 min (A/B) 10:90.
Flow was 6 ml/min. Radioactivity of the injected supernatant, pro-
tein pellet, the residual in the HPLC syringe and the collected radio-
activity from the HPLC were measured with a NaI well counter for
calculation of total recovery of the metabolite analysis.


11. In vitro lipophilicity and plasma protein binding


Lipophilicity of [11C]4 in pH 7.4 (logD7.4) was determined with a
shake-flask method.25 Partition coefficient of [11C]FLB 457 was
measured as a standard. In short, the tracer solution (40 ll) was
added to a separation funnel, containing 1-octanol (10 mL) and
phosphate buffer (10 ml, pH 7.4). The flask was shaken 3 min and
the aqueous layer discarded. Another portion of phosphate buffer
(10 mL) was added and the procedure was repeated. Four portions
(2 mL each) of the 1-octanol layer were pipetted to four test tubes
and phosphate buffer (2 mL to each) was added. The tubes were
vortexed for 2 min and centrifuged 4 min in 2000g. Samples
(0.5 mL) were pipetted from the both the layers for counting. The
partition coefficient (D) was calculated using


cpm=mL½ �octanol


cpm=mL½ �buffer
¼ D ð1Þ


Plasma protein binding of [11C]4 was measured in duplicate in
baseline conditions and after pre-treatment with raclopride. Mon-
key plasma (500 lL) or 0.9% NaCl-solution as a control was mixed
with [11C]4 solution (100 lL, approx. 10 MBq) and incubated in
room temperature for 10 min. Samples (20 lL) from each incuba-
tion mixture were measured with a well counter. After the incuba-
tion, 100 lL portions of the incubation mixtures were pipetted into
ultra-filtration tubes (Millipore Centrifree YM-30) and centrifuged
for 10 min in 2000 rpm and 5 min in 3000 rpm (Sigma-202, Axel
Johnson Lab System). Samples (20 lL) from each filtrate were
pipetted for counting. The results were corrected for the mem-
brane binding as measured with the control samples.
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A series of easily affordable phenothiazine derivatives bearing a rigid but-2-ynyl amino side chain were
synthesized and tested to evaluate the MDR reverting activity and full antitumor profile. Some com-
pounds endowed with remarkable MDR reverting effect were identified, and the most active one (6c)
was shown to increase doxorubicin retention in multidrug resistant cells, suggesting a direct interaction
with P-glycoprotein. Furthermore, a broad range of cellular activities were observed for different com-
pounds. In particular, the ability of some derivatives to induce antiproliferative effects on resistant cell
lines and to interfere with the G1 phase of the cell cycle, a phase usually not affected by classical antitu-
mor agents, was noted. Moreover, the most cytotoxic compounds of the series were able to induce apop-
tosis in resistant cell lines, via an atypical pathway of caspase cascade activation, and a synergistic effect
in combination with doxorubicin was also found.


� 2008 Elsevier Ltd. All rights reserved.

1. Introduction


Resistance to multiple chemotherapeutic agents is a common
and still unsolved clinical problem in the treatment of cancer.
The identification of new experimental strategies involving novel
revertant agents or drugs capable of killing resistant cells is, there-
fore, of utmost interest in cancer research. The phenomenon
known as multidrug resistance (MDR) can arise de novo or after
exposure of cancer cells even to a single drug and is characterized
by resistance to a series of structurally unrelated compounds with
different subcellular targets.1 The best characterized mechanism
contributing to MDR is the overexpression of the energy dependent
efflux pump, P-glycoprotein (P-gp, also known as ABCB1), a
170 kDa protein belonging to the ATP binding cassette (ABC)
superfamily of transporters and capable of preventing drugs, such
as anthracyclines or Vinca alkaloids, to reach effective concentra-
tions within the cells.2 However, other proteins of the same family
such as the multidrug resistance associated protein (MRP1, also
named ABCC1), the lung resistance protein (LRP), and the breast
cancer resistance protein (BCRP, also named ABCG2) have also
been implicated.3–5 A large variety of compounds (anticancer
agents, calcium channel blockers, neuroleptics, antiarrhythmics,
antimalarial drugs, antifungal agents)6–9 with the properties of
inhibiting P-gp were selected by different approaches and limited

ll rights reserved.
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common features for the interaction of ligands with this protein
were defined: protonable nitrogen, aromatic rings, high lipophilic-
ity, and H-bond interactions.10,11 Moreover, there are indications
that, besides the overall lipophilicity of the molecule, weak interac-
tions, such as those produced by the overlapping of p orbitals of
aromatic rings, can play an important role in stabilizing the bind-
ing of MDR reverting agents to P-gp.12,13 Despite extensive studies,
the promise of this field of investigations has not been fulfilled yet
and there are currently no clinically available reversal agents.


Furthermore, it is increasingly recognized that other tumoral
factors can significantly contribute to multidrug resistance such
as failure to undergo apoptosis and/or kinetic properties of neopla-
sias14,15: in fact, it is well known that the effects of most classical
antiproliferative agents are cell cycle dependent.16 So, with pro-
gresses in understanding the basic molecular mechanisms under-
lying cell cycle regulation and apoptosis and how these processes
are impaired in tumor cells, recent research has been addressed
to identify molecules capable of interfering directly with the spe-
cific intracellular targets involved such as cyclines, CDK, Bcl-2,
IAPs, etc.17,18


The chemical structure of phenothiazine (PTZ) provides a valu-
able molecular template for the development of agents able to
interact with a wide variety of biological processes, and synthetic
PTZs and/or PTZs-derived agents have proved to be effective in
the treatment of a number of medical conditions with widely dif-
ferent etiologies.19 In particular, these compounds possess some
significant characteristics which suggest a potential use as antitu-
mor drugs, because they show an inherent cytotoxicity and
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structural modifications involving the introduction of a nitrogen
atom that could lead to more potent cytotoxic agents.20 The role
of PTZs as chemosensitizers in multidrug resistance has been
clearly assessed, and several studies have been performed in order
to establish the structural features determining their anti-MDR
activity.21,22 Usually, structural modifications that increased lipo-
philicity of PTZs also increased MDR reverting potency, and it has
been found that both the type of substituent in position 2 of the
PTZ ring and the length of the alkyl bridge connecting the ring sys-
tem with the amino group play some role in the reverting activity.
In particular, a four carbon atom side chain was superior to alkyl
bridges of shorter length, and tertiary cyclic amines, mainly piper-
azine, were preferred to primary or secondary ones.23,24


In this paper, a series of new PTZ derivatives bearing a rigid side
chain and different tertiary amines were designed and synthesized
in order to assess the MDR reverting effect. The rigid four carbon
atom side chain was selected because it had been successfully
introduced in EDP 42 (Chart 1), a Verapamil analog with an im-
proved reverting activity25; we have also recently reported new
MDR modulators bearing the same chain.26 The amino groups were
chosen considering the structure–activity relationship (SAR) stud-
ies previously performed on PTZs and Verapamil itself. Moreover,
the two-step synthesis of the new compounds proved to be simple
and straightforward. In view of the results obtained from the pre-
liminary data on cytotoxicity, the full antitumor profile of PTZ
derivatives was also deeply investigated. The structures of the
compounds are collected in Table 1.


2. Chemistry


The synthesis of compounds 5a–h, 6a–c, 7a–c is depicted in
Scheme 1. The selected PTZ was alkylated with propargyl bromide
by means of potassium tert-butoxide in DMSO. The final com-
pounds were then obtained via the Mannich reaction, refluxing
the propargyl intermediates 2–4 with the selected amine and form-
aldehyde. The amines which were not commercially available were
prepared by conventional methods. All the final compounds were
characterized by 1H NMR, mass spectra, and elemental analyses.


3. Biology


The PTZ derivatives were tested for cytotoxicity and, after-
wards, for reverting activity in combination with doxorubicin
(DXR), employing two hematological tumor cell lines, the HL60
and the CCRF/CEM, and their MDR variants HL60R and CEM/
VBL300. When a significant cytotoxic effect was found, the influ-
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ence on the cell cycle and apoptosis induction was evaluated in or-
der to establish the possible mechanism involved.


4. Results


4.1. Cytotoxic activity


In order to identify the maximal ‘non-cytotoxic’ concentrations
of each PTZ derivative to be used in combination with DXR for MDR
modulation, all the synthesized compounds were tested for direct
cytotoxicity in a preliminary in vitro assay against two human leu-
kemia cell lines, the HL60 and the CCRF/CEM, and their MDR vari-
ants. The results indicated that most compounds were devoid of
significant antiproliferative effects on the sensitive cell lines at
concentrations ranging from 0.1 to 10 lM, with the only excep-
tions of 5f and 5h, that were able to kill about 50% of the cells ex-
posed when employed at 10 lM (data not shown). A different
profile was observed in resistant leukemia cell lines: several com-
pounds showed significant cytotoxic effects, 5f, 5h, 5a and 6a being
the most active ones (Table 2). Furthermore, for these latter mole-
cules the effect appeared to be concentration dependent, with IC50


values calculated on the HL60R cell line of 1.1, 5.0, 9.5, and 10 lM,
respectively. Thus, these particular compounds showed to induce a
higher cytotoxicity in resistant rather than in sensitive tumor cells
as reported also for other modulators.27,28 For a deeper evaluation
of this interesting cytotoxic behavior, the effect of these com-
pounds on cell distribution in the different cell cycle phases in
the resistant HL60R cells was also measured by flow cytometry.
The results, collected in Table 3, indicated, for all the tested com-
pounds, the ability to recruit cells in G1, a cell cycle phase usually
unaffected by the classic anticancer agents.


4.2. MDR modulating activity


To establish the ability of the compounds to inhibit P-gp activ-
ity, non-cytotoxic concentrations were tested in MDR cell lines to
assess their ability and to restore DXR sensitivity. The results, col-
lected in Table 4, show a different degree of reverting activity by
different compounds. In particular, compounds 5d, 5e, and 6c were
the most effective, reducing the IC50 of DXR by 4-, 6-, and 8-fold,
respectively, in the HL60R cell line. This effect was concentration
dependent, being the maximum at the dose of 10 lM (data not
shown); overall, the new PTZs were more effective at sensitization
than the reference compound chlorpromazine, even if they were
less effective than Verapamil (Chart 1 and Table 4). Similar results
were obtained in the CEM/VBL300 cell line.
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To assess the real involvement of P-gp in reverting activity, the
intracellular accumulation of DXR in sensitive and resistant cell
lines was evaluated, with or without the most active compound
of the series (6c). As shown in Figure 1, this new PTZ derivative
was able to significantly increase the accumulation of DXR in resis-
tant cells, even if the number of resistant cells capable of accumu-
lating the drug (about 70%) did not reach the level observed in the
sensitive cell line (about 100% accumulating cells).


4.3. Apoptotic effects


Since some PTZ elicited cytotoxic effects in resistant cells as de-
scribed above, we wondered whether these effects could be as-
cribed to apoptosis induction by the compounds in HL60R cells.
This finding could be relevant because HL60R cells were shown
to be resistant also to apoptosis induction by different stimuli.15


Interestingly, the morphological analysis showed a concentra-
tion-dependent induction of apoptosis by the compounds en-
dowed with a high cytotoxic effect 5a, 5f, and 6a (data not
shown). Hence, further studies have been performed, employing
different caspase inhibitors, to establish the pathways involved in
this phenomenon. As shown in Figure 2, the apoptotic effect was
inhibited by the pancaspase inhibitor Z-VAD, but not by other
inhibitors such as Z-IETD, Z-LEHD, and Z-DEVD (inhibitors of cas-
pase 8, 9, and 3, respectively). This could mean that PTZ derivatives
were able to activate the caspase cascade, but neither the classic
extrinsic (caspase 8-mediated) nor the intrinsic (caspase 9-medi-
ated) pathways seem to be implicated.


4.4. Synergistic effects between cytotoxic derivatives and
doxorubicin


Furthermore, we tested whether the PTZ compounds that were
found to be endowed with a cytotoxic activity could induce syner-
gistic effects when combined with DXR in resistant cell lines. To this
purpose, the resistant cells were exposed to increasing concentra-
tions of DXR combined with PTZ compounds at concentrations capa-
ble of inducing a moderate cytotoxic effect (less than 50%). As
reported inFigures 3 and 4, the cytotoxic effect of all the associations
tested appeared significantly higher than the predicted values in
both HL60R and CEM/VBL300 cells, demonstrating a synergistic
interaction. However, the combinations elicited an additive effect,
when DXR was employed at very low concentrations. The synergis-
tic effect did not appear to be related to an increase in apoptotic cell
death as shown inFigure 5. On the contrary, most of the treated cells
presented necrotic morphologic alterations (data not shown).

5. Discussion


The present study describes the identification and activity of a
number of novel compounds derived from phenothiazines de-
signed to selectively circumvent multidrug resistance. From the re-
sults obtained, it can be seen that the new derivatives, tested at
non-cytotoxic concentrations, showed different efficacies as MDR
modulators. The most active compounds appeared to be 5d, 5e
and 6c, which were able to significantly, though only partially, re-
store the sensitivity to DXR in the resistant cell lines. This is in
agreement with the accumulation assay: the resistant cells treated
with PTZ derivatives showed an increase in DXR retention, without
reaching the levels observed in sensitive cell lines. Even if this re-
sult could be due to the fact that further increasing in concentra-
tions was limited by PTZs cytotoxicity, it could also be related to
the activation of resistance pathways independent from P-gp: in-
deed, several literature data indicate multiple mechanisms in-
volved in MDR development.14,15
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Scheme 1. Reagents and conditions: (a) potassium tert-butoxide, propargyl bromide, DMSO, rt; (b) selected amine, formaldehyde, CuSO4, EtOH/H2O, reflux. R1, see Table 1.


Table 2
Cytotoxicity of PTZ derivatives (10 lM) in resistant HL60R and CEM/VBL300 cellsa


Compound Cytotoxicity (%)


HL60R CEM/VBL300


5a 54 41
5bb 0 0
5c 25 1
5d 8 15
5e 6 2
5f 97 93
5g 45 28
5h 62 53
6a 52 42
6b 9 7
6c 10 7
7a 36 26
7b 13 0
7c 35 24


a Cells viability was evaluated by the MTS test as described inSection 7; hence, %
of cytotoxicity was calculated according to the formula 100 � Nt/Nc � 100 where Nt


is the number of cells in the treated well and Nc is the number of cells in the control.
b This compound was tested at 1.0 lM because of low solubility.


Table 3
Effect of PTZ derivatives on cell cycle distribution in HL60R cellsa


Treatment G1 (%) S (%) G2-M (%)


None 37 49 13
5f, 1 lM 54 34 12
5h, 5 lM 57 32 11
5a, 10 lM 67 25 8
6a, 10 lM 64 26 10


a The cells were exposed to the compounds at the indicated concentrations for
24 h and examined by flow cytometry as described in Section 7.


Table 4
Influence of PTZ derivatives on DXR cytotoxicity in multidrug resistant cells


Modulator lM IC50 DXR (lg/ml)a RRIb


HL60R CEM/VBL300 HL60R CEM/VBL300


None — 6.0 1.0
Chlorpromazine 10 3.2 0.45 1.9 2.2
Verapamil 10 0.21 0.09 28.0 10.7
5a 1 2.8 0.34 2.1 2.9
5b 1 9.1 0.97 0.66 1.03
5c 10 1.85 0.69 3.2 1.4
5d 10 1.5 0.26 4.0 3.8
5e 10 1.1 0.3 5.9 3.3
5f 0.1 5.64 0.41 1.1 2.4
5g 1 3.9 0.97 1.5 1.03
5h 0.1 6.0 0.44 1.0 2.3
6a 1 2.1 0.63 2.8 1.6
6b 10 2.5 0.52 2.4 1.9
6c 10 0.76 0.13 7.9 7.7
7a 1 2.9 0.6 2.1 1.7
7b 10 3.7 0.71 1.6 1.4
7c 1 2.1 0.78 2.8 1.3


a IC50: growth inhibitory concentration 50%.
b RRI: resistance reverting index determined as the ratio of the IC50 for DXR alone


in resistant cells divided by the IC50 for DXR in the presence of various PTZs.
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Figure 1. Influence of 6c on DXR accumulation in HL60R cells. HL60R cells were
exposed for 1 h to DXR alone (white bar) or to 6c for 1 h followed by a 1-h exposure
to DXR (hatched bar). The black bar shows DXR accumulation in the sensitive HL60
cells exposed to DXR alone. After treatment the cells were washed with cold PBS
and examined by flow cytometry. Fluorescence of cells exposed to 6c alone was
similar to the control.
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From these figures, it is difficult to draw clear structure–activity
relationships, because some compounds of this series were tested
at different concentrations due to their cytotoxicity, leading to
barely comparable data. According to the previously reported
SAR studies for PTZs,23 the most interesting compounds were ex-
pected to be 6a, 6c, 7a, and 7c, bearing a Cl or a CF3 substituent
in position 2 and showing also the highest logP value. Moreover,
all the derivatives bearing a piperazine amino group were active
as MDR modulators, while the morpholine derivatives 6b and 7b
showed poor activity in this series: this amine led to a decrease
in logP values and, as expected, a consequent decrease in MDR
reverting properties. Unfortunately, compounds 6a, 7a, and 7c
were too cytotoxic to be properly evaluated, but compound 6c, a
2-chlorine PTZ derivative bearing a phenylpiperazine in the side
chain, was able to reduce the IC50 of DXR 8-fold, and can therefore
be considered the most effective of the series as a reverting agent.
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Figure 2. Effect of several caspase inhibitors on PTZ induced apoptosis in HL60R
cells. Cells were pretreated with caspase inhibitors for 2 h and then exposed to the
PTZ derivatives at the concentrations indicated for 48 h. Apoptosis was evaluated
morphologically as described in the text.


6478 A. Bisi et al. / Bioorg. Med. Chem. 16 (2008) 6474–6482

Particularly interesting results were obtained with the introduc-
tion of a N-[2-(3,4-dimethoxyphenyl)ethyl]-N-methyl-amino
group, the same of Verapamil, on the butynic side chain as in com-
pounds 5a, 6a, and 7a. While it was difficult to evaluate the reverting
properties of these three compounds, they showed remarkable di-
rect cytotoxicity in MDR cell lines, the ability to trigger apoptosis
and a synergistic effect with DXR. Similarly, various authors reported
that a number of modulators were selectively toxic to MDR cells.27
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Figure 3. Effects of PTZ derivatives + DXR in HL60R cells. Cells were treated with the PTZ
was evaluated after 72 h by MTS. Dashed lines indicate additive effect calculated accordin
below the additivity lines represent a synergistic effect.

This effect was independent from the ability of the compounds to re-
verse resistance, even though P-gp overexpression was considered a
relevant factor. Furthermore, some modulators were reported to in-
duce cytotoxicity by causing ATP depletion in MDR cells.28 In our
work, the ability of the compounds to induce apoptosis in an apopto-
sis resistant cell line was a very relevant finding that still needs to be
fully explained at the molecular level. Finally, it is worth noting that
our results suggest that these latter compounds, although not suit-
able as MDR modulators due to a high cytotoxic activity, could be
successfully combined with DXR inducing synergistic effects. In
our view, this interesting synergism could be partially ascribed to
the ability of PTZs and DXR to act on different phases of the cell cycle
as well as to an increase in intracellular DXR concentration induced
by PTZs with a potentiation of DXR cytotoxicity.


6. Conclusions


A series of readily affordable PTZ derivatives bearing a rigid
side chain and different amines were synthesized tested to eval-
uate the MDR reverting activity and antitumor profile. The results
showed that some compounds were endowed with a remarkable
MDR reverting effect, compound 6c being the most interesting.
Furthermore, several molecules, such as 5a, 5f, 5h and 6a, proved
to be capable of inducing cytotoxic effects in resistant cell lines
by interfering with the cell cycle in the G1 phase, usually not af-
fected by classical antitumor agents. Finally, it was interesting to
note that the cytotoxic compounds demonstrated to trigger apop-
tosis via an atypical pathway of caspase activation and to induce
synergistic effects when combined with DXR in resistant cell
lines.
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Figure 4. Effects of PTZ derivatives + DXR in CEM/VBL300 cells. Cells were exposed to the PTZ derivatives for 1 h and then increasing concentrations of DXR were added.
Cytotoxicity was evaluated by MTS after 72 h. Dashed lines indicate additive effect calculated according to the fractional product method of Webb. Survival values of
combinations laying below the additivity lines represent a synergistic effect.
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Figure 5. Influence of PTZ derivatives on DXR induced apoptosis in HL60R cells.
Cells were exposed to the PTZ derivatives for 1 h followed by 48 h treatment with
DXR. Apoptosis was evaluated by fluorescence microscopy.
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7. Experimental


7.1. Chemistry: general methods


All melting points were determined in open glass capillaries
using a Büchi apparatus and are uncorrected. 1H NMR spectra were
recorded on a Varian Gemini 300 spectrometer in CDCl3 solutions,
with Me4Si as the internal standard. Mass spectra were recorded
on a V.G. 7070 E spectrometer or on a Waters ZQ 4000 apparatus
operating in electrospray (ES) mode. Elemental analyses were
within 0.4% of theoretical value unless otherwise indicated. Com-

pounds were named following IUPAC rules as applied by AUTO-
NOM, a PC software for systematic names in organic chemistry,
Beilstein-Institut and Springer.


7.1.1. 10-Prop-2-ynyl-10H-phenothiazine (2)
Four grams (0.036 mol) of potassium tert-butoxide were added


to a suspension of phenothiazine (5 g, 0.025 mol) in 15 mL of
DMSO and the mixture was stirred at room temperature for
30 min. The solution obtained was then added dropwise to a solu-
tion of propargyl bromide (4 mL, 0.034 mol) in DMSO, stirred at
room temperature for 3 h and poured into ice. The aqueous solu-
tion was extracted with methylene chloride, which was then
washed with water, dried with Na2SO4 and evaporated to dryness.
The residue was purified by flash chromatography (cyclohexane/
methylene chloride 9:1), to yield 3.8 g (65%) of 2, mp 80–82 �C
(ligroin; lit29 92 �C). 1H NMR: d 2.45 (t, J = 3.0 Hz, 1H), 4.50 (d,
J = 3.2 Hz, 2H), 6.90–7.30 (m, 8H arom).


7.1.2. 2-Chloro-10-prop-2-ynyl-10H-phenothiazine (3)
Using the previous procedure, 4.0 g (60%) of 3 were obtained,


mp 79–81 �C (ligroin; lit30 112–115 �C). 1H NMR: d 2.55 (t,
J = 3.1 Hz, 1H), 4.50 (d, J = 3.2 Hz, 2H), 6.95–7.40 (m, 7H arom).


7.1.3. 10-Prop-2-ynyl-2-trifluoromethyl-10H-phenothiazine (4)
Using the previous procedure, 5.3 g (70%) of 4 were obtained,


mp 84–86 �C (ligroin). 1H NMR: d 2.55 (t, J = 3.0 Hz, 1H), 4.50 (d,
J = 3.2 Hz, 2H), 6.95–7.20 (m, 7H arom).


7.2. General procedure for the synthesis of compounds 5a–h,
6a–c, and 7a–c


A suspension of formaldehyde (0.21 mL, 0.02 mol), the selected
amine (0.02 mol), and 0.05 g of CuSO4 was added to a solution of
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the propynyl derivative (2–4) (0.7 g, 0.02 mol) in 10 mL of water/
ethanol 1:1, and the mixture was refluxed for 24 h. After cooling,
15 mL of ammonia was added and the mixture was extracted with
diethylether, dried with Na2SO4, and evaporated to dryness, to give
an oily compound which was purified by flash chromatography.
Where indicated, the oxalate salt was prepared dissolving the com-
pound in ethanol and adding the equivalent amount of oxalic acid.
After stirring for 30 min at rt, the mixture was filtered and diethyl
ether was added until crystallization occurred. The compounds
were obtained with yields ranging from 55% to 70%.


7.2.1. [2-(3,4-Dimethoxyphenyl)ethyl]methyl-(4-phenothiazin-
10-yl-but-2-ynyl)amine (5a)


The compound was purified by flash chromatography (toluene/
acetone 4:1) and converted to the oxalate salt, mp 185–187 �C
(methanol/diethylether). 1H NMR (free base): d 2.35 (s, 3H),
2.65–2.75 (m, 4H), 3.45 (s, 2H), 3.80 (s, 3H), 3.85 (s, 3H), 4.60 (t,
J = 4.2 Hz, 2H), 6.65–7.30 (m, 11H, arom). MS: m/z (rel. abundance)
444 (M+, 16.4%), 32 (100%), 266 (70.7%). Anal. (C27H28N2O2S) Calcd:
C, 72,94; H, 6,35; N, 6,30; found: C, 72,92; H, 6,36; N, 6,29.


7.2.2. 10-{4-[4-(2-Methoxyphenyl)piperazin-1-yl]but-2-ynyl}-
10H-phenothiazine (5b)


The compound was purified by flash chromatography (toluene/
acetone 9:1) and converted to the oxalate salt, mp 137–139 �C
(methanol/diethylether). 1H NMR (free base): d 2.75–2.85 (m,
4H), 3.15–3.25 (m, 4H), 3.45 (s, 2H), 3.90 (s, 3H), 4.60 (s, 2H),
6.90–7.30 (m, 12H arom). MS: m/z (rel. abundance) 441 (M+,
7.7%), 44 (100%), 136 (67.7%). Anal. (C27H27N3OS) Calcd: C, 73.44;
H, 6.16; N, 9.52; found: C, 73.42; H, 6.15; N, 9.53.


7.2.3. 10-[4-(4-Phenylpiperazin-1-yl)but-2-ynyl]-10H-
phenotiazine (5c)


The compound was purified by flash chromatography (toluene/
acetone 4:1) and converted to the oxalate salt, mp 118–120 �C
(methanol/diethylether). 1H NMR (free base): d 2.65–2.75 (m,
4H), 3.15–3.25 (m, 4H), 3.40 (t, J = 4.1 Hz, 2H), 4.55 (t, J = 4.1 Hz,
2H), 6.80–7.30 (m, 13H arom). MS: m/z (rel. abundance) 411 (M+,
33.9%), 198 (100%), 56 (20.1%). Anal. (C26H25N3S) Calcd: C, 75.88;
H, 6.12; N, 10.21; found: C, 75.90; H, 6.10; N, 10.22.


7.2.4. 4-(4-Phenothiazin-10-yl-but-2-ynyl)piperazine-1-
carboxylic acid ethyl ester (5d)


The compound was purified by flash chromatography (toluene/
acetone 4:1) and converted to the oxalate salt, mp 157–159 �C
(methanol/diethylether). 1H NMR (free base): d 1.25–1.35 (m,
3H), 2.45–2.55 (m, 4H), 3.40 (t, J = 4.2 Hz, 2H), 3.50–3.65 (m, 4H),
4.10–4.20 (m, 2H), 4.60 (t, J = 4.2 Hz, 2H), 6.90–7.20 (m, 8H arom).
MS: m/z (rel. abundance) 407 (M+, 23.0%), 198 (100%), 45 (58.9%).
Anal. (C23H25N3O2S) Calcd: C, 67.79; H, 6.18; N, 10.31; found: C,
67.81; H, 6.20; N, 10.33.


7.2.5. 10-[4-(4-Methylpiperazin-1-yl)but-2-ynyl]-10H-
phenothiazine (5e)


The compound was purified by flash chromatography (toluene/
ethyl acetate 3:2) and converted to the oxalate salt, mp 216–220 �C
(methanol/diethylether). 1H NMR (free base): d 2.40 (s, 3H), 2.55–
2.80 (m, 8H), 3.40 (t, J = 5.4 Hz, 2H), 4.60 (t, J = 5.4 Hz, 2H), 7.00–
7.35 (m, 8H arom). MS: m/z (rel. abundance) 349 (M+, 16.7%),
198 (100%), 150 (24.9%). Anal. (C21H23N3S) Calcd: C, 72.17; H,
6.63; N, 12.02; found: C, 72.15; H, 6.60; N, 12.00.


7.2.6. 1-[4-(4-Phenothiazin-10-yl-but-2-ynyl)piperazin-1-yl]-3-
p-tolyloxy-propan-2-ol (5f)


The compound was purified by flash chromatography (toluene/
ethylacetate 1:1) and converted to the hydrochloride salt, mp 232–

235 �C (methanol/diethylether). 1H NMR (free base): d 2.30 (s, 3H),
2.50–2.75 (m, 8H), 2.85–2.95 (m, 2H), 3.40 (s, 2H), 4.00 (t, J = 3.8
Hz, 2H), 4.20–4.30 (m, 1H), 4.55 (s, 2H), 6.60–7.25 (m, 12H arom).
ES-MS: m/z 500 (M+1). Anal. (C30H33N3O2S) Calcd: C, 72,11; H,
6,66; N, 8,41; found: C, 72.09; H, 6.70; N, 8.40.


7.2.7. 10-(4-Piperidin-1-yl-but-2-ynyl)-10H-phenotiazine (5g)
The compound was purified by flash chromatography (toluene/


acetone 4:1) and converted to the oxalate salt, mp 191–193 �C
(methanol/diethylether). 1H NMR(free base): d 1.35–1.45 (m, 2H),
1.60 (t, J = 4.2 Hz, 4H), 2.50 (t, J = 4.2 Hz, 4H), 3.35 (t, J = 3.7 Hz,
2H), 4.55 (t, J = 3.7 Hz, 2H), 6.90–7.30 (m, 8H arom). ES-MS: m/z
335 (M+1). Anal. (C21H22N2S) Calcd: C, 75.41; H, 6.63; N, 8.38;
found: C, 75.40; H, 6.65; N, 8.40.


7.2.8. 10-[4-(6,7-Dimethoxy-3,4-dihydro-1H-isoquinolin-2-yl)
but-2-ynyl]-10H-phenothiazine (5h)


The compound was purified by flash chromatography (petro-
leum ether/ethylacetate 9:1) and crystallized from ethanol, mp
136–138 �C. 1H NMR: d 2.90 (d, J = 3.2 Hz, 4H), 3.55 (t, J = 3.4 Hz,
2H), 3.70 (s, 2H), 3.80 (s, 3H), 3.85 (s, 3H), 4.50 (t, J = 3.4 Hz, 2H),
6.55–7.35 (m, 10H arom). ES-MS: m/z 443 (M+1). Anal.
(C27H26N2O2S) Calcd: C, 73.27; H, 5.92; N, 6.33; found: C, 73.25;
H, 5.94; N, 6.30.


7.2.9. [4-(2-Chlorophenothiazin-10-yl)but-2-ynyl]-[2-(3,4-
dimethoxyphenyl)ethyl]methylamine (6a)


The compound was purified by flash chromatography (toluene/
acetone 4:1) and converted to the oxalate salt, mp 165–167 �C
(methanol/diethylether). 1H NMR (free base): d 2.45 (s, 3H),
2.65–2.75 (m, 4 H), 3.50 (t, J = 3.2 Hz, 2H), 3.80 (s, 3H), 3.85 (s,
3H), 4.50 (t, J = 3.3 Hz, 2H), 6.65–7.20 (m, 10H arom). MS: m/z
(rel. abundance) 478 (M+, 14.3%), 95 (100%), 327 (68.4%). Anal.
(C27H27ClN2O2S) Calcd: C, 67.70; H, 5.68; N, 5.85; found: C,
67.72; H, 5.67; N, 5.86.


7.2.10. 2-Chloro-10-(4-morpholin-4yl-but-2-ynyl)-10H-
phenothiazine (6b)


The compound was purified by flash chromatography (toluene/
acetone 4:1) and converted to the oxalate salt, mp 182–184 �C
(methanol/diethylether). 1H NMR (free base): d 2.55–2.65 (m,
4H), 3.40 (d, J = 4.2 Hz, 2H), 3,70–3.80 (m, 4H), 4.55 (d, J = 4.3 Hz,
2H), 6.90–7.25 (m, 7H arom). MS: m/z (rel. abundance) 370 (M+,
31.1%), 45 (100%), 232 (92.0%). Anal. (C20H19ClN2OS) Calcd: C,
64.77; H, 5.16; N, 7.55; found: C, 64.78; H, 5.14; N, 7.56.


7.2.11. 2-Chloro-10-[4-(4-phenylpiperazin-1-yl)but-2-ynyl]-
10H-phenothiazine (6c)


The compound was purified by flash chromatography (toluene/
acetone 9:1) and converted to the oxalate salt, mp 101–103 �C
(methanol/diethylether). 1H NMR (free base): d 2.65–2.75 (m,
4H), 3.20–3.35 (m, 4H), 3.40 (t, J = 3.5 Hz, 2H), 4.50 (t, J = 3.5 Hz,
2H), 6.90–7.30 (m, 12H arom). MS: m/z (rel. abundance) 445 (M+,
8.6%), 32 (100%), 233 (65.6%). Anal. (C26H24ClN3S) Calcd: C, 70.02;
H, 5.42; N, 9.42; found: C, 70.00; H, 5.44; N, 9.43.


7.2.12. [2-(3,4-Dimethoxyphenyl)ethyl]methyl-[4-(2-
trifluoromethyl-phenothiazin-10-yl)but-2-ynyl]amine (7a)


The compound was purified by flash chromatography (tolu-
ene/acetone 4:1) and converted to the oxalate salt, mp 133–
135 �C (methanol/diethylether). 1H NMR: d 2.35 (s, 3H), 2.65–
2.75 (m, 4H), 3.50 (t, J = 4.2 Hz, 2H), 3.80 (s, 3H), 3.85 (s, 3H),
4.55 (t, J = 4.2 Hz, 2H), 6.65–7.40 (m, 10H arom). MS: m/z (rel.
abundance) 512 (M+, 16.8%), 361 (100%), 32 (97.4%). Anal.
(C28H27F3N2O2S) Calcd: C, 65.61; H, 5.31; N, 5.47; found: C,
65.60; H, 5.32; N, 5.45.
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7.2.13. 10-(4-Morpholin-4-yl-but-2-ynyl)-2-trifluoromethyl-
10H-phenothiazine (7b)


The compound was purified by flash chromatography (toluene/
acetone 4:1) and converted to the oxalate salt, mp 103–105 �C
(methanol/diethylether). 1H NMR (free base): d 2.55–2.65 (m,
4H), 3.35 (d, J = 3.5 Hz, 2H), 3.70–3.85 (m, 4H), 4.56 (d, J = 3.5 Hz,
2H), 7.00–7.30 (m, 7H arom). MS: m/z (rel. abundance) 404 (M+,
10.6%), 32 (100%), 74 (94.9%). Anal. (C21H19F3N2OS) Calcd: C,
62.36; H, 4.74; N, 6.93; found: C, 62.38; H, 4.75; N, 6.92.


7.2.14. 10-[4-(4-Pheny-piperazin-1-yl)but-2-ynyl]-2-(trifluoro-
methyl)-10H-phenothiazine (7c)


The compound was purified by flash chromatography (toluene/
acetone 9:1) and converted to the oxalate salt, mp 114–116 �C
(methanol/diethylether). 1H NMR (free base): d 2.65–2.75 (m,
4H), 3.15–3.25 (m, 4H), 3.40 (t, J = 3.4 Hz, 2H), 4.55 (t, J = 3.4 Hz,
2H), 6.90–7.40 (m, 12H arom). MS: m/z (rel. abundance) 479 (M+,
5.7%), 45 (100%), 120 (17.1%). Anal. (C27H24F3N3S) Calcd: C, 67.62;
H, 5.04; N, 8.76; found: C, 67.62; H, 5.03; N, 8.75.


7.3. Cell culture and treatment


The human acute promyelocytic cell line HL60, the human lym-
phoblastic leukemia cell line CCRF/CEM, and their MDR variants
HL60R and CEM/VBL300 were employed in the study. HL60R cells
express P-glycoprotein and are about 300-fold resistant to the
cytotoxic effects of the anticancer drug DXR; in addition, this cell
line shows a high degree of resistance to apoptosis induction by
different chemically unrelated agents. CEM/VBL300 cells also ex-
press P-glycoprotein and are about 300-fold resistant to vinblas-
tine. Cells were cultured in RPMI 1640 medium (Gibco, Grand
Island, NY, USA) supplemented with 10% (v/v) heat-inactivated
FCS (Gibco), 100 U/ml penicillin (Gibco), 100 lg/ml streptomycin
(Gibco) and 2 mM of L-glutamine (Gibco) at 37 �C in a humidified
5% CO2 atmosphere. DXR was purchased from Sigma–Aldrich
S.r.l. (Milano, Italy). The caspase inhibitors Z-IETD-FMK (Z-Ile-
Glu-Thr-Asp-fluoromethylketone), Z-LEHD-FMK (Z-Leu-Glu
(OMe)-His-Asp (OMe)-fluoromethylketone), Z-DEVD-FMK (Z-Asp
(OMe)-Glu (OMe)-Val-Asp (OMe)-fluoromethylketone), and Z-
VAD-FMK (benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone)
were purchased from Alexis Biochemicals (Laufelfingen, Switzer-
land). All the PTZ derivatives were dissolved in DMSO. However,
because of poor water solubility and compound precipitation,
PTZ concentrations in samples could not exceed 10 lM.


7.4. Cell viability and apoptosis


Cytotoxicity was assessed by the trypan blue dye exclusion test
or the MTS-assay. In brief, cells were seeded at a density of
0.2 � 106 cells/ml in 24-well plates and exposed to the modulators
and after 1 h to doxorubicin. After 72 h of exposure, aliquots of
cells were harvested, stained with trypan blue and counted by light
microscopy. Alternatively, cells were seeded at a density of 1 � 105


per milliliter in 96-well microtiter plates, treated as described
above and cell viability was evaluated measuring the reduction
of the tetrazolium compound (MTS) with an assay kit (Promega,
Madison, WI) according to the supplier manual. The absorbance
was recorded using a spectrophotometer at k 595 nm. All samples
were measured in triplicate in at least three independent experi-
ments. Resistance index was calculated as the ratio between the
DXR IC50 (inhibitory concentration 50%) in the resistant cells and
that in the parental sensitive cell line. The resistance reverting
index (RRI) was determined as the ratio of the IC50 for DXR alone
divided by the IC50 for DXR in the presence of the maximal
‘‘non-cytotoxic” concentrations of various modulators, that is those

that produced 610% inhibition of growth in resistant cells when
employed alone.


To study the combined effects of DXR plus concentrations of the
cytotoxic PTZs that alone produced 650% growth inhibition, the
fractional product method of Webb was applied.31 Experimental
dose–response curves were compared with the theoretical lines
of additivity. These predicted curves were created by calculating
a predicted value (c) for each drug combination according to the
equation c = a � b/100, where a and b indicate cell survival values
with single agents. When the cytotoxic effects of combinations
and the predicted values overlapped, the interaction was consid-
ered additive, while it was considered synergistic when the cyto-
toxic effect was higher than the predicted value.


Apoptosis was evaluated by fluorescence microscopy according
to the method of Duke and Cohen.32 After treatment with the drugs
for 48 h, cells were centrifuged and the pellet was resuspended in
25 ll of a dye mixture containing acridine orange and ethidium
bromide. Live and apoptotic cells were identified by fluorescence
microscopy. The caspase inhibitors were added 2 h before drug
treatment. Alternatively, apoptosis was evaluated by flow cytome-
try as the percentage of hypodiploid nuclei accumulated in the
sub-G0–G1 peak after labeling with propidium iodide.33

7.5. Cell cycle analysis


The effects of the compounds on the cell cycle were studied by
flow cytometry. Briefly, the cells were washed once in ice-cold PBS
and resuspended at 1 � 106/ml in a hypotonic fluorochrome solu-
tion containing propidium iodide (Sigma) 50 lg/ml in 0.1% sodium
citrate plus 0.03% (v/v) Nonidet P-40 (Sigma). After 30 min of incu-
bation in this solution, the samples were filtered through nylon
cloth, 40 lm mesh, and their fluorescence was analyzed as sin-
gle-parameter frequency histograms by using a FACSort (Becton
Dickinson, Mountain View, CA, USA). A minimum of 10,000 events
for each sample was collected in list mode. The distribution of cells
in the cell cycle was analyzed with the ModFit LT program (Verity
Software House, Inc.).


7.6. Determination of DXR accumulation


Intracellular DXR concentrations were evaluated by flow
cytometry. In brief, cells at a concentration of 5 � 105 cells/ml were
exposed to the PTZ for 1 h and then to DXR 0.5 lg/ml for 1 h. Cells
were then washed twice in cold PBS, resuspended in fresh medium
at a concentration of 1 � 106 cells/ml and anthracycline fluores-
cence was immediately examined using the FACScan with the
appropriate filter.
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Five new alkaloids, alstilobanines A (1)–E (5) were isolated from Alstonia angustiloba (Apocynaceae)
and their structures were determined by MS and 2D NMR spectral analysis. Alstilobanines A–E
showed a moderate vasorelaxant activity against phenylephrine-induced contraction of isolated rat
aorta.


� 2008 Elsevier Ltd. All rights reserved.

1. Introduction


Alstonia species, which is widely distributed in the tropical re-
gions of Africa and Asia, is a well-known rich source of unique
heterocyclic alkaloids having a monoterpene indole skeleton
and has attracted great interest from biogenetic1 and biological
points of view2 such as anticancer, antibacterial, anti-inflamma-
tory, antitussive, and antimalarial properties. Previous investiga-
tions have indicated that the existence of monoterpene indole
alkaloids is related to plant inhabitability. For example, picri-
nine-type indole alkaloids have been isolated from generally
found Alstonia species from India, Pakistan, and Thailand,
whereas those belonging to the angustilobine skeleton exist pre-
dominantly in the plants from Indonesia and the Philippines.3 In
our search for structurally and biogenetically interesting indole
alkaloids, five new alkaloids, alstilobanines A (1)–E (5) were iso-
lated from Alstonia angustiloba (Apocynaceae) collected in Malay-
sia. In this paper, we describe the isolation, structure elucidation,
and vasorelaxant activity of 1–5.


1.1. Structures of alstilobanines A–E (1–5)


The leaves of A. angustiloba were extracted with MeOH, and the
MeOH extract was partitioned between EtOAc and 3% tartaric acid.
Water-soluble materials, which were adjusted to pH 9 with satu-
rated Na2CO3, were extracted with CHCl3. CHCl3-soluble materials
were subjected to a silica gel column (CHCl3/MeOH 1:0 ? 0:1).
MeOH eluted fractions were purified by C18 HPLC (MeOH/H2O/

ll rights reserved.


.


TFA solvent system) to afford alstilobanines A (1, 2.0 mg, 0.002%),
B (2, 2.0 mg, 0.002%), C (3, 3.0 mg, 0.003%), D (4, 1.8 mg, 0.002%),
and E (5, 2.5 mg, 0.003%) together with undulifoline (6),4 6,7-
seco-angustilobine B (7),3d and alstonamic acid (8).5


Alstilobanine A (1) showed the pseudomolecular ion peak at
m/z 345 (M+H)+ in the ESIMS, and the molecular formula,
C19H24N2O4, was established by HRFABMS [m/z 345.1809,
(M+H)+, D ± 0.0 mmu]. IR absorptions implied the presence of hy-
droxyl (3284 cm�1) and ester carbonyl (1723 cm�1) functionalities.
1H and 13C NMR data (Tables 1 and 2) revealed nineteen carbon
signals due to four sp2 quaternary carbons, four sp2 methines,
one ester carbonyl, two sp3 quaternary carbons, two sp3 methines,
four sp3 methylenes, one methyl, and one methoxy group. Among
them, two methylenes (dC 53.6; dH 3.34 and dC 45.8; dH 3.02 and
3.38) and two quaternary carbons (dC 130.7 and 138.9) were as-
cribed to those bearing a nitrogen atom, while one methylene
(dC64.4; dH 3.97 and 4.21), one methyl (dC53.3; dH 3.77), and two
quaternary carbons (dC 71.8 and 175.5) were those bearing an oxy-
gen atom.


Partial structures a (C-8 to C-11), b (C-18 and C-19), and c (C-3,
C-13, and C-14) were deduced from detailed analysis of 1H–1H
COSY spectrum of 1 (Fig. 1). The structure of the octahydroisoquin-
oline ring (C-3 to C-5, C-13 to C-15, C-19 to C-20, C-2, C-6, and N-4)
was deduced from the HMBC correlations. The HMBC cross peaks
of H-5, H-14, and H3-18 to C-20, and H-5 and H-14 to C-19 indi-
cated the connection among C-5, C-14, and C-19 through C-20.
The connection between C-16 and C-21 through C-15 was deduced
from HMBC correlations of H2-16 to C-15 and C-21. And the con-
nection to indole ring was elucidated by HMBC correlations for
H2-16 to C-2 and H3-18 to C-6. Thus, the gross structure of alsti-
lobanine A was elucidated to be 1 possessing a novel tetracyclic
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Table 1
1H NMR Data [dH (J, Hz)] of Alstilobanines A (1)–E (5) in CD3OD at 300 K


1 2 3 4 5


3a 3.38 (br d, 12.5) 3.58 (dd, 13.8, 3.7) 3.01 (2H, m) 3.65 (2H, dd, 12.5, 3.5) 3.21 (m)
3b 3.02 (dd, 12.5, 12.2) 3.37 (dd, 13.8, 4.6) 3.19 (m)
5a 3.34 (2H, m) 4.90 (m) 4.75 (br s) 4.41 (d, 12.1) 2.96 (d, 13.1)
5b 4.05 (d, 12.6) 2.61 (d, 13.1)
6 6.29 (s)
8 7.47 (d, 7.9) 7.69 (d, 7.9) 7.62 (d, 7.9) 7.48 (d, 7.9) 7.44 (d, 7.9)
9 7.02 (dd, 7.8, 7.2) 7.20 (dd, 7.7, 7.2) 7.09 (dd, 7.4, 7.4) 7.00 (dd, 7.3, 7.7) 7.04 (dd, 7.5, 7.4)
10 7.11 (dd, 7.1, 8.1) 7.25 (dd, 7.5, 7.5) 7.17 (dd, 7.7, 7.4) 7.09 (dd, 7.3, 7.8) 7.10 (dd, 7.8, 7.2)
11 7.32 (d, 8.2) 7.45 (d, 8.0) 7.40 (d, 8.1) 7.33 (d, 8.1) 7.47 (d, 8.1)
13a 2.07 (br d, 13.6) 2.54 (dddd, 15.0, 2.15 (m) 1.97 (dddd, 14.1, 1.72 (m)


14.5, 4.6, 4.5) 12.3, 12.0, 4.7)
13b 1.92 (m) 1.75 (br d, 15.8) 1.73 (br d, 15.0) 1.17 (dd, 14.3, 2.9) 1.19 (dddd, 14.1,


13.5, 13.3, 5.6)
14 2.74 (dd, 12.8, 4.0) 3.00 (br d, 3.0) 2.97 (d, 2.3) 3.57 (br d, 12.0) 2.74 (dd, 13.3, 5.2)
16a 4.21 (d, 11.6) 4.37 (d, 12.1) 4.35 (d, 12.1) 4.77 (m) 4.13 (d, 11.5)
16b 3.97 (d, 11.6) 4.04 (d, 12.1) 4.01 (d, 12.1) 4.22 (d, 12.0) 3.84 (d, 11.4)
18a 1.24 (d, 7.1) 3.70 (ddd, 13.0, 3.6, 3.6) 3.69 (ddd, 13.1, 3.5, 2.6) 4.40 (m) 4.31 (dd, 11.6, 3.1)
18b 3.64 (brdd, 12.0, 11.9) 3.60 (brdd, 12.2, 12.2) 4.34 (br d, 17.9) 3.57 (dd, 11.6, 3.1)
19a 3.19 (m) 2.12 (ddd, 12.1, 12.0, 2.2) 2.11 (m) 5.87 (br s) 3.18 (dd, 3.1, 3.1)
19b 1.19 (m) 1.26 (m)
20 3.55 (m) 2.86 (m)
OMe 3.77 (s) 3.82 (s) 3.79 (s) 3.71 (s) 3.90 (s)
NMe 3.40 (s) 3.48 (s)
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skeleton with a hydroxymethylene and a methoxycarbonyl at C-
15, a methyl at C-19, and a hydroxyl at C-20. The relative stereo-
chemistry of 1 was elucidated by NOESY correlations as shown in
computer-generated 3D drawing (Fig. 2). The presence of cis fused
octahydroisoquinoline including stereochemistry at C-15 and C-19
was elucidated by NOESY correlations among H-14, H2-16, and
H3-18 and between H-8 and H-19. The chair conformation of a
piperidine ring was suggested by 3J coupling constants
(3JH-3/H-13 = 12.2 Hz), and NOESY correlations of H-3a to H-5a. Thus,
the relative stereochemistry of 1 was assigned as shown in Figure 2.


Alstilobanine B (2) showed the pseudomolecular ion peak at m/
z 357 (M+H)+ in ESIMS, and the molecular formula, C20H24N2O4,
was established by HRESIMS [m/z 357.1807, (M+H)+D
�0.2 mmu]. IR spectrum suggested the presence of carbonyl
(1731 cm�1) group. The 13C NMR (Table 2) spectrum of 2 disclosed
twenty carbon signals due to one ester carbonyl (dC 172.6), four sp2


quaternary carbons (dC 140.5, 138.6, 128.0, and 104.0), one sp3


quaternary carbon (dC 56.2), four sp2 methines (dC 124.1, 122.0,
118.7, and 113.0), three sp3 methines (dC 73.2, 37.3, and 34.7), five
sp3 methylenes (dC 79.0, 69.9, 58.7, 33.0, and 26.7), and two meth-

yls (dC 56.4 and 53.2) attached to nitrogen and/or oxygen atoms.
Proton and carbon signals for 2 were assigned by detailed analysis
of the HSQC spectrum. The 1H–1H COSY spectrum revealed connec-
tivities of C-8 to C-11 in unit a and C-3 to C-13, C-13 to C-14, C-14
to C-20, C-18 to C-20, and C-5 to C-20 in unit b (Fig. 3). HMBC cor-
relations of H-8 (dH 7.69) to C-12 (dC 138.6) and C-6 (dC 104.0), H-
11 (dH 7.45) to C-7 (d C 128.0), H-5 (dH 4.90) to C-2 (dC 140.5), C-6,
and C-7, and H2-16 (dH 4.37 and 4.04) to C-2, C-14 (dC 37.3), and

C-15 (dC 56.2) revealed the presence of a tetrahydrocarbazole ring
(C-2, C-14 to C-15, C20, C-5 to C-12, and N-1). The presence of an
oxepane ring (C-14 to C-16, C-18 to C-20, and O-17) was deduced
from the HMBC correlation of H2-16 to C-18 (dC 69.9). HMBC cor-
relations of H-16a and H3-22 (dH 3.82) to C-21 (dC 172.6) implied
a methoxy carbonyl group connected at C-15. Cross peaks of H2-
3 (dH 3.58 and 3.37) to C-5 (dC 73.2) and H3-23 (dH 3.40) to C-3
and C-5 in the HMBC spectrum via the remaining oxygenated
nitrogen atom implied the presence of an N-methylpiperidine N-







Table 2
13C NMR Data (dC) of alstilobanines A (1)–E (5) in CD3OD at 300 K


1 2 3 4 5


2 130.7 140.5 138.8 135.2 135.3
3 45.8 58.7 37.0 67.5 39.8
5 53.6 73.2 51.7 75.9 49.0
6 115.9 104.0 104.2 101.2 112.5
7 127.7 128.0 127.1 129.1 126.4
8 118.7 118.7 118.8 121.1 118.0
9 119.9 122.0 120.8 120.7 120.7
10 123.1 124.1 123.5 123.0 122.4
11 112.3 113.0 112.4 112.2 113.0
12 138.9 138.6 138.6 138.0 137.8
13 22.3 26.7 28.9 25.5 23.4
14 37.4 37.3 38.5 45.5 51.5
15 53.7 56.2 55.9 57.3 56.2
16 64.4 79.0 78.9 71.9 75.4
18 18.8 69.9 69.8 70.1 67.2
19 39.0 33.0 33.5 135.2 43.9
20 71.8 34.7 38.3 129.1 75.6
COOMe 175.5 172.6 173.1 174.0 172.9


53.3 53.2 53.0 53.1 53.2
NMe 56.4 57.3


Figure 3. Selected 2D NMR correlations for alstilobanine B (2).


Figure 1. Selected 2D NMR correlations for alstilobanine A (1).
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oxide ring (C-3, C-13 to C-14, C-20, C-5, N-4, and C-23). These data
suggested that alstilobanine B possessed the rare uleine skeleton
like undulifoline,4 which has been isolated from Alstonia undulifoli-
a. Thus, the structure of alstilobanine B was elucidated to be 2.


The relative stereochemistry of 2 was elucidated by NOESY cor-
relations as shown in Figure 4. NOESY correlations of H-5 to H-19b,
H-20 to H-13a, H-14 to H-16b, H3-22 to H-13b, and H3-23 to H-5
indicated both a piperidine ring and a methoxy carbonyl group at
C-15 were a-orientation, and both an oxepane ring and N-methyl

Figure 2. Selected NOESY correlations (arrows) and relative stereochemistry for
alstilobanine A (1).

were b-orientation. Thus, the relative stereochemistry of 2 was as-
signed as shown in Figure 4.


Alstilobanine C (3) showed the pseudomolecular ion peak
at m/z 327 (M+H)+ in ESIMS, and the molecular formula,
C19H22N2O3, was established by HRESIMS [m/z 327.1702,
(M+H)+D �0.1 mmu], which was smaller than that of 2 by a
30 mu. The 1H and 13C NMR data (Tables 1 and 2) of 3 were anal-
ogous to that of 2 except for the following observation: N-methyl
signal (dH 3.40) lacking in 3 appeared for 2. Detailed analysis of
2D NMR data (1H–1H COSY, HSQC, and HMBC) suggested that
gross structure of 3 was the same as that of 2except for N-oxide
N-methyl group. The relative stereochemistry of 3 was deduced to
be the same as those of 2 by NOESY correlations of H-5 to H-19b,
H-14 to H-16b and H-18b, and H-20 to H-19a. Thus, alstilobanine
C was assigned as 3.


Alstilobanine D (4) showed the pseudomolecular ion peak at m/
z 357 (M+H)+ in ESIMS, and the molecular formula, C20H24N2O4,
was established by HRESIMS [m/z 357.1806, (M+H)+D
�0.3 mmu]. The NMR data of 4 compared with those of 6,7-seco-
angustilobine B (7),3d the similar chemical shift pattern except
for that of around N-methyl group was observed. The presence of
an N-oxide N-methyl group at N-4 was assigned by 13C NMR chem-
ical shifts of C-3 (dC 67.5), C-5 (dC 75.9), and C-23 (dC 57.3). The rel-
ative stereochemistry of N-methyl group of 4 was deduced to be a-
orientation by a NOESY correlation between H-14 and H3-23. Thus,
alstilobanine D was assigned as 4.


Alstilobanine E (5) showed the pseudomolecular ion peak at m/
z 343 (M+H)+ in ESIMS, and the molecular formula, C19H22N2O4,
was established by HRESIMS [m/z 343.1651 (M+H)+D �0.1 mmu].
1H and 13C NMR data (Tables 1 and 2, respectively) suggested the
presence of one ester carbonyl, four sp2 quaternary carbons, four
sp2 methines, five sp3 methylenes, two sp3 methines, two sp3 qua-
ternary carbons, and one methyl carbon. Among them, signals due
to four nitrogen-bearing carbons at dC 39.8, 49.0, 135.3, and 137.8,

igure 4. Selected NOESY correlations (arrows) and relative stereochemistry for

F


alstilobanine B (2).







Figure 5. Selected 2D NMR correlations for alstilobanine E (5).


Figure 6. Selected NOESY correlations (arrows) and relative stereochemistry for
alstilobanine E (5).
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four oxygen-bearing carbons at dC 53.2, 67.2, 75.4, and 75.6 ap-
peared. The molecular structure of 5 was deduced from extensive
analyses of the two-dimensional NMR data, including the 1H–1H
COSY, HSQC, and HMBC spectra. The 1H–1H COSY spectrum
revealed connectivities of three partial structures a (C-8 to C-11),
b (C-18 to C-19), and c (C-3 to C-13 and C-13 to C-14) as shown
in Figure 5. Connectivities of C-5 and C-14 to C-19 through C-20-

Scheme 1. Plausible biogenetic forma

bearing a hydroxyl group were implied by HMBC correlations for
H-5 and H-14 to C-20 (dC 75.6) and C-19 (dC 43.9). Cross peaks of
H-5 to C-3 (dC 39.8) and C-14 (dC 51.5) in the HMBC spectrum via
a nitrogen atom implied the presence of a piperidine ring. HMBC
correlations were observed for H-18 to C-6 (dC 112.5) and C-16
(dC 75.4) suggesting that C-18 was connected to C-16 through an
oxygen atom and C-19 was to C-6 of an indole ring. The presence
of methoxy carbonyl group at C-15 was implied by HMBC cross
peaks for H3-22 and H2-16 to C-21 (dC 172.9), and H-14 and
H2-16 to C-15 (dC 56.2). Thus, the molecular structure of alstiloba-
nine E was elucidated to be 5 possessing a pentacyclic angustilo-
dine skeleton without N-methyl group.6


The relative configuration of 5 was elucidated by NOESY corre-
lations as depicted in the computer-generated three-dimensional
drawing (Fig. 6). The presence of cis fused decahydroisoquinoline
was elucidated by NOESY correlation of H-14 to H-16a and no cor-
relation of H-5 to H-18. The boat conformation of a piperidine ring
was suggested by 3J coupling constants 3JH2—13=H-14 ¼ 5:2 and
13.3 Hz), and NOESY correlations of H-14 to H-3a, H-19 to H-5a,
and H-5b to H-13b.


Biogenetic relationship among monoterpene indole alkaloids
such as stemmadenine and 5-nor-indole derivatives such as valles-
amine and apparicine has been discussed.7 A plausible biogenetic
path for a series of alstilobanines can be proposed in Scheme 1. Alsti-
lobanines B (2) and C (3) possessing uleine skeleton and alstiloba-
nine D (4) possessing seco-angustilobine B-type skeleton might be
generated through N-oxidation of pericine-type indole alkaloid such
as stemmadenine and pericine by Polonovski-type fragmentation8


followed by recyclization, while alstilobanines A (1) and E (5) pos-
sessing angustilodine skeleton with and without an ether linkage
might be derived from seco-angustilobine B-type skeleton through
introduction of an epoxide at C-19 followed by cyclization and for-
mation of C-6 to C-19 bond (Scheme 1).


1.2. Vasorelaxant activity


Alstilobanines A (1)–E (5), undulifoline (6), 6,7-seco-angustilo-
bine B (7), and alstonamic acid (8) showed a slow relaxation activ-

tion of alstilobanines A (1)–E (5).
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ity against phenylephrine (PE, 3 � 10�7 M)-induced contractions of
thoracic rat aortic rings with endothelium (1: 44.3%; 2: 21.2%; 3:
28.0%; 4: 10.0%; 5: 6.8%; 6: 33.3%; 7: 7.0%; 8: 35.0% at 3 � 10�5


M, respectively). Alstilobanine A (1) possessing angustilodine skel-
eton without an ether linkage showed more potent activity than
alstilobanine E (5) with an ether linkage. Alstilobanines B (2), C
(3), and undulifoline (6) with uleine skeleton showed a moderate
activity, whereas alstilobanine D (4) and 6,7-seco-angustilobine B
(7) with seco skeleton of alstonamic acid (8) showed a weak
activity.9

2. Experimental


2.1. General methods


1H and 2D NMR spectra were recorded on a Bruker Avance 600
spectrometer and chemical shifts were reported using residual
CD3OD (dH 3.31 and dC 49.0) as internal standards. HSQC experi-
ments were optimized for 1JCH = 145 Hz and HMBC experiments
for nJCH = 8 Hz. High resolution positive-mode ESI mass spectra were
obtained on a Thermo Scientific LTQ Orbitrap XL spectrometer.


2.2. Materials


The leaves of A. angustiloba were collected at Malaysia in 2006.
A voucher specimen has been deposited in the herbarium of Hoshi
University.


2.3. Extraction and isolation


The leaves of A. angustiloba (100 g) were crushed and extracted
with MeOH. The MeOH extract (7.5 g) was treated with 3% tartaric
acid (pH 2) and then partitioned with EtOAc. The aqueous layer
was treated with saturated Na2CO3 (aq) to pH 9 and extracted with
CHCl3 to give alkaloidal fraction (324 mg). The alkaloidal fraction
was purified by SiO2 column (CHCl3/MeOH 1:0 ? 0:1) and the frac-
tion eluted by MeOH was purified by ODS HPLC (MeOH/H2O/
CF3CO2H, 10:90:0.1 ? 55:45:0.1 ? 100:0:0.1; flow rate, 3 mL/
min; UV detection at 210 nm) to afford alstilobanines A (1,
0.002%), B (2, 0.002%), C (3, 0.003%), D (4, 0.002%), and E (5,
0.003%) together with known alkaloids, undulifoline (6, 0.006%),4


6, 7-seco-angustilobine B (7, 0.003%),3d and alstonamic acid (8,
0.003%).5


2.4. Alstilobanine A (1)


Colorless solid; ½a�25
D �13� (c 0.1, MeOH); IR (film) mmax 3284,


2924, and 1723 cm�1; UV (MeOH) kmax 284 (e 281) and 224 nm
(e 1235); 1H and 13C NMR data (Tables 1 and 2); ESIMS m/z 345
(M+H)+; HRESIMS m/z 345.1809 [(M+H)+, calcd for C19H25N2O4:
345.1809].


2.5. Alstilobanine B (2)


Colorless amorphous solid; ½a�25
D +18� (c 0.05, MeOH); IR (film)


mmax 3419, 2952, and 1731 cm�1; UV (MeOH) kmax 281 (e 1908)
and 226 nm (e 2011); 1H and 13C NMR data (Tables 1 and 2); ESIMS
m/z 357 (M+H)+; HRESIMS m/z 357.1807 [(M+H)+, calcd for
C20H25N2O4: 357.1809].


2.6. Alstilobanine C (3)


Colorless amorphous solid; ½a�25
D �13� (c 0.07, MeOH); IR (film)


mmax 3420 cm�1; UV (MeOH) kmax 281 (e 3006) and 228 nm (e

2712); 1H and 13C NMR data (Tables 1 and 2); ESIMS m/z 327
(M+H)+; HRESIMS m/z 327.1702 [(M+H)+, calcd for C19H23N2O3:
327.1703].


2.7. Alstilobanine D (4)


Colorless amorphous solid; ½a�25
D +93� (c 0.05, MeOH); IR (film)


mmax 3734 and 2922 cm�1; UV (MeOH) kmax 282 (e571) and
228 nm (e 7008); 1H and 13C NMR data (Tables 1 and 2); ESIMS
m/z 357. (M+H)+; HRESIMS m/z 357.1806 [(M+H)+, calcd for
C20H25N2O4: 357.1809].


2.8. Alstilobanine E (5)


Colorless amorphous solid; ½a�25
D +16� (c 0.08, MeOH); IR (film)


mmax 3734 and 3445 cm�1; UV (MeOH) kmax 282 (e 173) and
230 nm (e 1860); 1H and 13C NMR data (Tables 1 and 2); ESIMS
m/z 343 (M+H)+; HRESIMS m/z 343.1651 [(M+H)+, calcd for
C19H23N2O4, 343.1652].


2.9. Vasodilation assay9


A male Wistar rat weighting 260 g was sacrificed by bleeding
from carotid arteries under an anesthetization. A section of the
thoracic aorta between the aortic arch and the diaphragm was re-
moved and placed in oxygenated, and modified Krebs-Henseleit
solution (KHS: 118.0 mM NaCl, 4.7 mM KCl, 25.0 mM NaHCO3,
1.8 mM CaCl2, 1.2 mM NaH2PO4, 1.2 mM MgSO4, and 11.0 mM glu-
cose). The aorta was cleaned of loosely adhering fat and connective
tissue and cut into ring preparations, 3 mm in length. The tissue
was placed in a well-oxygenated (95% O2, and 5% CO2) bath of
5 mL KHS solution at 37 �C with one end connected to a tissue
holder and the other to a force–displacement transducer (Nihon
Kohden, TB-611T). The tissue was equilibrated for 60 min under
a resting tension of 1.0 g. During this time the KHS in the tissue
bath was replaced every 20 min.


After equilibration, each aortic ring was contracted by treat-
ment with 3 � 10�7 M phenylephrine (PE). The presence of func-
tional endothelial cells was confirmed by demonstrating
relaxation to 10�5 M acetylcholine (ACh), and aortic ring in which
80% relaxation occurred was regarded as tissues with endothelium.
When the PE-induced contraction reached a plateau, each sample
was added.


These animal experimental studies were conducted in accor-
dance with the Guiding Principles for the Care and Use of Labora-
tory Animals, Hoshi University and under the supervision of the
Committee on Animal Research of Hoshi University, which is
accredited by the Ministry of Education, Science, Sports Culture,
and Technology of Japan.
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The synthesis and characterization of novel C1 -phenyl-substituted D -THC analogs were previously
reported by our laboratory. Within this small series of compounds, the C10-dimethyl phenyl group was
found to impart 13.5-fold selectivity for the CB2 receptor with a Ki 0.91 nM. The current study expands
on the previous report by evaluating the effects of aromatic ring substitution on CB1 and CB2 receptor
subtype binding and selectivity. The ring substituents synthesized in this study include aliphatic, halo-
gen, nitrile, and acetamido functional groups. In addition, the isosteric replacement of the phenyl group
by thiophene was evaluated. The anti-glioma activities of selected compounds were evaluated in vitro
and compared to the lead compound 2.


� 2008 Elsevier Ltd. All rights reserved.

Figure 1.

1. Introduction


The hemp plant, Cannabis sativa, is the major source of tricyclic
terpenoids with a core benzopyran structure that are referred to as
classical cannabinoids. The natural product D9-THC, and its isomer
D8-THC (1, Fig. 1) are the prototypical members of this class of can-
nabinoids. They bind to the CB1 and CB2 cannabinoid receptors
and act as agonists or partial agonists.1 Compounds such as D8-
THC and its synthetic analogs have potential indication in the
treatment of diverse pathological conditions ranging from cancer,2


inflammation,3 glaucoma,4 epilepsy,5,6 and pain,7 thus kindling
extensive research in this field.


Efforts directed at elucidating the SAR of classical cannabinoids
have focused on the tricyclic ring structure and the C-3 alkyl side
chain. The different side chain modifications that have been re-
ported so far include branched chain alkyls,8,9 unsaturated al-
kyls,10–12 alkyls containing 10,10-cyclic functionality,13


adamantyl,14 and cycloalkyl side chains containing 10,10-dimethyl
and 10,10-dithiolane functionalities.15 These modifications have
been directed at improving binding affinities as well as the CB1/
CB2 selectivity. We had previously reported a series of D8-THC
analogs with a phenyl side chain and with differing functionalities
at the 10 position including dimethyl, dithiolane, methylene, and
ketone groups. In this series, the analog with a 10,10-dimethyl func-
tionality (2) displayed greatly enhanced binding affinities for both
the CB1 and the CB2 receptor (CB1 Ki = 12.3 nM, CB2 Ki = 0.91 nM)
when compared to D8-THC (CB1 Ki = 28.5 nM and CB2

ll rights reserved.


: +1 901 448 6828.
II).

Ki = 25.0 nM) as well as 13-fold selectivity for the CB2 receptor
when compared to D8-THC.


The high CB2-binding affinity as well as modest CB2 selectivity
exhibited by compound 2 prompted us to further explore the SAR
of the phenyl-substituted side chain series of D8-THC analogs. The
objectives of this study include an improved understanding of the
functional group requirements of the ligand-binding pocket (LBP)
of the CB2 receptor as well as augmentation of CB2 affinity and
selectivity.
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Scheme 2. Reagents and conditions: (a) CuCN, DMF, reflux, 6 h; (b) BBr3, �78 �C,
12 h.


Scheme 3. Reagents and conditions: (a) Pd2(dba)2, DCPB, LiHMDS; (b) acetyl chl-
oride, pyr; (c) BBr3, �78 �C, 12 h.
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To probe potential hydrophobic, electrostatic, and hydrogen-
bonding interactions with the amino acid residues present in the
LBP of the receptor, substituents were introduced that include
methyl, ethyl, propyl, dimethyl, fluoro, chloro, bromo, nitrile, and
amide at the para, meta, and ortho-positions of the side chain phe-
nyl ring (3) or a combination thereof. The choice of substituents
not only enables the probing of different binding interactions with
the receptor but also is compatible with the existing synthetic
strategy. The effects of replacing the phenyl ring with the bioisos-
teric replacement 2-thiophene (4) on the binding affinities for the
CB1 and the CB2 receptor were investigated. Selected compounds
were also evaluated for cytotoxic effects on human glioma cell
lines.


2. Results and discussion


2.1. Chemistry


The synthesis of the phenyl-substituted side chain analogs of
D8-THC utilized 3,5-dimethoxy benzaldehyde as the starting mate-
rial. This was reacted with the appropriately substituted Grignard
reagents to afford the corresponding alcohols (Scheme 1).16 In
cases where the Grignard reagents were not commercially avail-
able, the Grignard reagents were prepared by reacting the substi-
tuted aromatic or heteroaromatic bromides with magnesium
turnings. Oxidation of the alcohols with PCC afforded the diphenyl
ketone intermediates 5–17, which were then reacted with di-
methyl zinc and titanium (IV) chloride to yield the corresponding
C10-dimethyl-substituted compounds 18–30. The 3,5-dimethoxy-
phenyl intermediates 18–30 were converted to resorcinols 31–43
using boron tribromide.17 Intermediates 28 and 29 were converted
to nitriles using copper (I) cyanide18 and then deprotected using
boron tribromide to yield resorcinols 44 and 45 (Scheme 2). Palla-
dium-catalyzed amination strategy19 was employed to effect the
conversion of 29 to the amine which was then reacted with acetyl
chloride to yield amide 46 (Scheme 3).


Synthesis of the D8-THC generally employs an acid-catalyzed
ring closure between the resorcinol and (+)-D2-p-menthene-1,
8-diol or (+)-D2,8-p-menthadien-1-ol. The later compound was
synthesized using the method of Rickards20 starting from trans-
(R)-(+)-limonene oxide. The published procedure utilized a 50:50
mixture of cis- and trans-(+)-limonene oxide in a trans-diaxial
epoxide ring opening utilizing sodium phenyl selenide. Although

Scheme 1. Reagents and conditions: (a) 1—ArMgBr, THF, �20 �C, 6 h; 2—1 N HCl;

this is an effective strategy for preparing (+)-cis-D2,8-p-menthadi-
en-1-ol, only one half of the selenide is productively consumed.
To address this issue, trans-(R)-(+)-limonene oxide was obtained
from a 50:50 mixture of limonene oxide isomers (47) by Steiner’s
kinetic separation technique using aqueous pyrazole (Scheme
4).21 The trans-limonene oxide (48) was converted to the selenide
by reaction with diphenyl diselenide under reducing conditions
followed by oxidation using hydrogen peroxide.20 The selenoxide
was then decomposed in refluxing chloroform to yield (+)-D2,8-p-
menthadien-1-ol (49). The D8-THC analogs 4 and 50–64 were then
obtained by reacting resorcinols 31–46 with (+)-D2,8-p-menthadi-
en-1-ol or (+)-D2-p-menthene-1,8-diol in the presence of p-toluene
sulfonic acid (Scheme 5).


2.2. Receptor-binding assays


Cell membranes from HEK293 EBNA cells transfected with the
human CB1 receptor or the human CB2 receptors were used in
the receptor-binding assays.15 The binding affinities of compounds

(b) PCC, DCM, 12 h; (c) Me2Zn, TiCl4, DCM, �40 �C, 4 h; (d) BBr3, �78 �C, 12 h.







Scheme 4. Reagents and conditions: (a) pyrazole, H2O, reflux, 5 h; (b) NaBH4, di-
phenyl diselenide, reflux, 2 h; (c) 1—H2O2, 20 �C 5 h; 2—reflux.


Scheme 5. Reagents and conditions: (a) D2,8-p-menthadien-1-ol or D2-p-menth-
ene-1,8-diol, p-TSA, C6H6, 80 �C.


Table 1
Binding affinities of the C10-substituted aryl 8D-THC analogs for the CB1 and CB2
receptorsa


Compound C10-Substituent CB1 Ki
a (nM) CB2 Ki


a (nM) Ratio CB1/CB2


D8-THC 28.5 (±3.30) 25.0 (±4.80) 1.14
2 Phenyl 12.3 (±0.61) 0.91 (±0.08) 13.5
50 4-Methylphenyl 3.13 (±0.37) 0.88 (±0.05) 3.56
51 3-Methylphenyl 2.53 (±0.54) 1.13 (±0.02) 2.24
52 2-Methylphenyl 34.4 (±2.84) 10.65 (±1.27) 3.23
53 3,5-Dimethylphenyl 11.0 (±1.67) 7.45 (±0.38) 1.48
54 4-Ethylphenyl 1.85 (±0.16) 0.67 (±0.05) 2.76
55 4-Propylphenyl 1.77 (±0.20) 7.83 (±0.79) 0.23
56 4-Fluorophenyl 76.1 (±1.55) 12.4 (±0.24) 6.14
57 3-Fluorophenyl 5.26 (±0.94) 0.90 (±0.02) 5.84
58 4-Chlorophenyl 18.8 (±1.39) 1.68 (±0.20) 11.2
59 3-Chlorophenyl 2.80 (±0.05) 3.54 (±0.71) 0.79
60 4-Bromophenyl 5.03 (±0.39) 1.54 (±0.16) 3.26
61 3-Bromophenyl 1.59 (±0.16) 0.54 (±0.03) 2.94
4 2-Thiophene 1.08 (±0.04) 0.27 (±0.01) 4.0
62 4-Cyanophenyl 9.25 (±0.23) 2.53 (±0.23) 3.66
63 3-Cyanophenyl 2.72 (±0.29) 0.91 (±0.05) 2.98
64 N-Acetamidophenyl 13.7 (±1.88) 13.6 (±1.62) 1.01


a The Ki values for D8-THC and the C10 aryl analogs were obtained from three
independent experiments run in triplicate showing the standard error of the mean
in parentheses.
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4 and 50–64 were determined by measuring the displacement of
[3H]CP 55, 940 from the CB1 and CB2 receptor preparations by
increasing concentrations of the D8-THC analogs (Table 1). Non-
specific binding was determined using 10 lM WIN 55212-2.


The substituted phenyl analogs displayed a broad range of
binding affinities for the CB1 and CB2 receptors (Table 1). The
CB1-binding affinities ranged from 1.08 to 76.1 nM while the CB2
affinities ranged from 0.27 to 13.6 nM. The para- and the meta-
substituted compounds showed significantly different binding pro-
files, with the meta-substituted analogs generally displaying en-
hanced binding affinities for both the receptor subtypes when
compared to their para-substituted counterparts.


Introduction of halogen substituents fluoro, chloro, and bromo
at either the para or meta-positions of the phenyl side chain re-
sulted in considerable changes in CB1 and CB2 receptor-binding
affinities when compared to compound 2 (CB1 Ki = 12.3 nM and
CB2 Ki = 0.91 nM). In the para series, the CB1 affinities increased
with increasing size and decreased electronegativity of the halo-
gen substituent, thus following the order Br (60, Ki = 5.03 nM) > Cl
(58, Ki = 18.8 nM) > F (56, Ki = 76.1 nM). As with the para-substi-
tuted series, analogs with a halogen substituent at the meta-posi-

tion of the phenyl side chain, 61 (Br, Ki = 1.59 nM) > 59 (Cl,
Ki = 2.8 nM) > 57 (F, Ki = 5.26 nM), showed increase in CB1 recep-
tor-binding affinities with increasing size and decreased electro-
negativity of the halogen substituent. Interestingly, the meta-
substituted analogs exhibited 3- to 14-fold improvements in
CB1 receptor-binding affinity when compared to their para-
substituted counterparts as well as the lead compound 2
(Ki = 12.3 nM). These data show that halogen substitution in the
meta-position of the phenyl side chain is beneficial to enhancing
CB1 receptor affinity.


The CB2 receptor-binding affinities also increased with increas-
ing size and decreased electronegativity of the halogen substituent
in the para-position for compounds 60 (Br, Ki = 1.54 nM) > 58 (Cl,
Ki = 1.68 nM) > 56 (F, Ki = 12.4 nM). These compounds, however,
displayed a modest to high reduction in affinity for the CB2 recep-
tor when compared to compound 2 (Ki = 0.91 M). On the other
hand, introduction of halogens at the meta-position of the phenyl
side chain resulted in analogs with CB2 receptor affinities compa-
rable to or better than compound 2. These results suggest that the
presence of halogen substituents at the meta-position of the
phenyl side chain is favorable for both CB1- and CB2-binding
affinities.


Introduction of the nitrile and amide substituents also pro-
duced significant effects on both CB1 and CB2 receptor-binding
affinities. The presence of a nitrile group at the para-position of
the phenyl side chain resulted in a slight improvement in CB1
receptor-binding affinity (63, Ki = 9.25 nM), relative to the lead
compound 2. However, the meta substitution yielded almost a
5-fold improvement in CB1-binding affinity (63, Ki = 2.72) when
compared to 2. The improvement in CB1 receptor-binding affinity
with the introduction of a nitrile group is in agreement with pre-
viously published reports on nitrile derivatives of D8-THC.17 A
comparison of the CB2 receptor-binding affinities of the nitrile-
substituted analogs shows that these compounds either displayed
lower affinity (62, Ki = 2.53 nM) or comparable affinity (63,
Ki = 0.91 nM) to the lead compound 2 (Ki = 0.91 nM). Introduction
of the amide group into the phenyl ring (64) had no effect on the
CB1 affinity (Ki = 13.7 nM) relative to the parent compound 2,
however, this substitution resulted in a 13-fold decrease in the
CB2 receptor binding. The reduction in CB2-binding affinity for
the m-amide analog may be attributed to the presence of a bulky
substituent at the meta-position of the side chain, a conclusion
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that is supported by the data obtained for the alkyl side chain
analogs.


The substituted C10-phenyl-D8-THC analogs containing a halo-
gen, nitrile, or amide provide insights into potential electrostatic
and/or hydrogen bond interactions within the ligand-binding
receptor pockets. For the CB1 receptor, introduction of electron
withdrawing or hydrogen bond acceptors at either the para or
meta-position causes a significant change in CB1 binding. The
greatest impact on affinities is observed for meta substitution sug-
gesting the presence of favorable electrostatic interactions and/or
hydrogen-bond donors in the corresponding regions of the LBP of
the CB1 receptor. In the case of the CB2 receptor, introduction of
these substituents either resulted in decrease in CB2-binding affin-
ity with halogens and nitrile at the para-position, or meta analogs
with comparable or slightly higher CB2 affinity.


Introduction of a para-methyl phenyl side chain (50) resulted in
almost 4-fold improvement in CB1-binding affinity (Ki = 3.13 nM)
when compared to the lead compound 2 (Ki = 12.3 nM) while the
presence of a meta methyl group (51, Ki = 2.53 nM) produced a 5-
fold increase in CB1 affinity. The CB2-binding affinities of com-
pounds 50 and 51 were comparable to that of compound 2. On
the other hand, introduction of the ortho methyl group (52) caused
a significant decrease in both CB1 (Ki = 34.4 nM) and CB2
(Ki = 10.6 nM) binding affinities. The presence of the bulky methyl
group at the ortho-position will produce unfavorable steric interac-
tions with the dimethyl substituent at the C-10 position which, in
turn, would cause the side chain to adopt an unfavorable geometry
for receptor binding. Elongation of the alkyl substituent resulted in
analogs with enhanced CB1-binding affinities. The CB1-binding
affinities of the p-alkyl-substituted analogs followed the order p-
methyl (50, Ki = 3.13 nM) < p-ethyl (54, Ki = 1.85 nM) < p-propyl
(55, Ki = 1.77 nM). The rank order indicates that the LBP of the
CB1 receptor can tolerate bulky hydrophobic substituents, which
is in concurrence with previous reports that CB1 affinity is directly
linked to the length of the side chain. Specifically, the CB1 affinity
increases with increasing carbons from 3 to 10, with a seven or
eight carbon chain being optimal for activity.22 In the case of CB2
affinity, elongation of the alkyl substituent to ethyl (54,
Ki = 0.67 nM) resulted in increase in affinity while further elonga-
tion to a propyl group (55, Ki = 7.83 nM) led to an 8-fold decrease
in affinity, when compared to 2 (Ki = 0.91 nM). These results in
combination with the halogen and nitrile data suggest that the
CB2 receptor has lower steric tolerance as compared to the CB1
receptor. Introduction of 3,5-dimethyl functionality in the phenyl
side chain (53) decreased both CB1- and CB2-binding affinities
(CB1, Ki = 11.0 nM; CB2, Ki = 7.45 nM) relative to the meta- and
para-methyl analogs.


The introduction of the bioisosteric phenyl ring replacement
thiophene (62) led to 11-fold improvement in CB1 affinity
(Ki = 1.08 nM) and 3-fold improvement in CB2 affinity
(Ki = 0.27 nM) when compared to the lead compound 2. The en-
hanced affinity of the 2-thiophene ring may be related to reduced
steric interactions with the LBP. Alternatively, a reduction in the
rotational energy around the C10–C20 bond may allow the molecule
to adopt a favorable geometry to bind with the LBP. The most sig-
nificant finding is that compound 4 displays very high CB2 affinity
that is comparable to some of the most potent CB2 analogs re-
ported to date such as CP-55244 (CB2, Ki = 0.21 nM)23 and R-(+)-
WIN55212 (CB2, Ki = 0.28 nM).24


2.3. Cytotoxicity against human glioma cancer cells


Cannabinoids are gaining increasing attention as novel thera-
peutic agents for the treatment of a broad spectrum of cancer
types. Cannabinoids have now been shown to induce apoptosis
in prostate25–27 and skin carcinomas,28 glioma29–31 and lym-

phoma/leukemia32; furthermore, a decrease in tumor size and/or
cell growth inhibition has been reported in breast,25,33,34


uterus,35,36 and lung cancers,37,38 and in thyroid epithelioma.39 In
addition, cannabinoids manifest collateral effects by decreasing
the production of vascular epidermal growth factor and activation
of the vascular epidermal growth factor receptor 2 in vitro and in
vivo,40 inhibiting bi-dimensional capillary-like tube formation
and activity of matrix metalloprotease 241; and down-regulation
of the expression of tissue inhibitors of metalloproteinase 1 in
vitro.42


Glioblastoma multiforme (GBM) is the most common and
malignant of all the primary brain tumors with a median survival
for GBM patients of 3–12 months.43–45 Recent reports suggest
that chemotherapeutic intervention with D8-THC and synthetic
cannabinoids may offer a novel strategy for GBM therapy.30,31,46,47


The lead compound 2 was previously evaluated in the side flank
model of human glioma using the U87 cell line, wherein the tu-
mor load was decreased 75% relative to untreated controls.48 In
efforts to develop cannabinoid-based anti-neoplastic agents with
unique properties, selected analogs of 2 were screened against a
panel of human glioma cell lines U-87MG, T98G, LN-229,
DBTRG-O5MG, and MT310 (a primary tumor cell line). Com-
pounds were selected based on increasing ratios of CB1- to
CB2-binding affinities. Within this set of compounds the Kis ran-
ged from 1.08 to 76.1 nM for the CB1 and 0.27 to 12.4 nM for the
CB2. Increasing concentrations of compounds 4, 54, 55, 56, and 58
were assayed compared to the lead compound 2 (Table 2). A
quantitative analysis of the limited data set did not reveal a sig-
nificant correlation between the compound Ki and the EC50s.
Qualitatively, compound 4 manifested broad-spectrum cytotoxic-
ity across glioma cell lines (Fig. 2). The LN-229 glioma exhibited
the highest sensitivity to the C10 aryl analogs and the primary cell
line MT310 manifested reduced cytotoxicity. The high mortality,
short life-expectancy, and lack of efficacious drugs against GBM
make our novel series of D8-THC analogs attractive leads for
anti-cancer drug development. Probably the most important
property of these compounds is the high probability for blood
brain barrier penetration. Unlike existing therapies, this property
should allow the drug to bath the CNS and facilitate treatment of
distant glioblastoma foci, the most common cause of reoccur-
rence and death in GBM patients.

3. Conclusions


In this study, we evaluated the functional group requirements
of the LBPs of the CB1 and CB2 cannabinoid receptors by intro-
ducing aromatic/heteroaromatic side chains. The substituents
methyl, ethyl, propyl, 3,5-dimethyl, fluoro, chloro, bromo, nitrile,
and amide were introduced in the phenyl ring. A classical bioisos-
teric replacement of the phenyl ring, thiophene, was also intro-
duced in the side chain. In general, the meta-substituted series
of compounds exhibited higher CB1 and CB2 affinities than their
para-substituted counterparts. Introduction of electron-withdraw-
ing substituents at the meta-position of the phenyl side chain
greatly enhanced CB1-binding affinities while the CB2 affinities
were equivalent or slightly enhanced when compared to the lead
compound 2. The introduction of aliphatic chains on the phenyl
side chain differentially affected CB1 and CB2 binding with re-
spect to the size/steric bulk of the substituent. Analog 4 contain-
ing the thiophene ring displayed very high CB2 and CB1-binding
affinities. The CB2-binding affinity of compound 4 is comparable
to some of the most potent CB2 ligands reported so far, such as
CP-55244 and R-(+)-WIN55212. A more thorough QSAR analysis
of analogs 2, 4, and 50–64 is presented in an accompanying
paper.







Table 2
The EC50 values of selected C10 aryl D8-THC analogsa


Compound U-87MG EC50 (lM) T98G EC50 (lM) LN-229 EC50 (lM) DBTRG-O5MG EC50 (lM) MT310 EC50 (lM)


2 3.08 (±0.30) 4.68 (±0.45) 2.63 (±0.32) 2.27 (±0.18) 4.92 (±1.08)
54 2.52 (±0.26) 3.23 (±0.47) 1.67 (±0.21) 3.00 (±0.23) 4.11 (±0.18)
55 3.17 (±0.31) 3.63 (±0.51) 2.44 (±0.45) 3.58 (±0.22) 6.46 (±0.62)
56 2.55 (±0.43) 3.30 (±0.73) 2.02 (±0.29) 3.08 (±0.24) 8.78 (±0.80)
58 3.27 (±0.17) 3.40 (±0.32) 2.87 (±0.21) 4.61 (±0.17) 7.31 (±0.53)


4 1.83 (±0.06) 2.21 (±0.2) 2.02 (±0.33) 2.67 (±0.04) 4.10 (±0.24)


a The EC50 values for the D8 -THC C10 aryl analogs were obtained from three independent experiments run in triplicate showing the standard error of the mean in
parentheses.


Figure 2. Comparison of the EC50 values as a function of the CB1/CB2Ki ratio in five
human glioma cell lines.
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Cannabinoids are gaining increasing attention as novel thera-
peutic agents for the treatment of a broad spectrum of cancer
types. The ability of D8-THC to cross the blood–brain barrier
and the potential of related analogs to do the same make com-
pounds 4 and 50–64 a unique platform from which to develop
novel GBM therapies. To test the potential of the C10 aryl-substi-
tuted analogs, compounds 2, 4, 54, 55, 56, and 58 were screened
for cytotoxicity against five human glioma cell lines. The com-
pounds manifested broad-spectrum cytotoxicity against primary
and standard human glioma cell lines. The EC50s ranged from
1.67 to 8.78 lM with compound 4 exhibiting the highest efficacy.
In conclusion, we believe that the continued development of the
C10 aryl analogs will provide novel insights into the LBP of can-
nabinoid receptors and generate novel leads for anti-cancer drug
development.

4. Experimental


All chemicals and reagents were purchased from Sigma–Aldrich
or Fisher Scientific Inc. Anhydrous solvents were prepared by dis-
tillation over sodium metal or calcium hydride prior to use. Reac-
tions were carried out under dry conditions under an argon
atmosphere. Silica Gel 60, 200–425 mesh was used for flash chro-
matography. Routine NMR spectra were obtained on a Varian Inova
500 MHz NMR and were consistent with the assigned structures.
High-resolution 1D and 2D spectra were obtained on a Varian Ino-
va 500 MHz NMR. All NMR were recorded in CDCl3 unless other-
wise specified. Routine mass spectra were determined on a
Bruker ESQUIRE Ion Trap LC/MS(n) system. Exact mass was deter-
mined at the University of Michigan mass spectrometry facility.
Thin-layer chromatography was performed on silica gel plates
(Merck TLC plates, silica gel 60, F254).

4.1. (p-Tolyl)-(3,5-dimethoxy-phenyl)-methanol


The starting material 3,5-dimethoxy benzaldehyde (3 g,
18.1 mmol) was dissolved in THF (30.5 mL) and the solution was
cooled to�20 �C. To the solution was added p-tolyl magnesium bro-
mide (21.7 mL, 1 M solution, 21.7 mmol) and the reaction mixture
was allowed to stir at�20 �C for 6 h. The reaction mixture was then
quenched with 1 N HCl, extracted with ether and the organic layer
was then dried over sodium sulfate and evaporated. The crude mix-
ture was then purified by column chromatography using ethyl ace-
tate/hexane (20:80) yielding alcohol as a white solid (3.73 g,
79.9%). Rf = 0.24 (ethyl acetate/hexane 20:80); 1H NMR (500 MHz,
CDCl3): d (ppm) 2.17 (s, 1H), 2.33 (s, 3H), 3.76 (s, 6H), 5.73 (s, 1H),
6.35 (t, J = 2.5 Hz, 1H), 6.55 (d, J = 2.5 Hz, 2H), 7.14 (d, J = 7.5 Hz,
2H), 7.26 (d, J = 8 Hz, 2H); MS: (ESI, Pos) m/z 281.0 [(M+23)+].


Utilizing the appropriately substituted Grignard reagents, the
following alcohols were similarly prepared.


4.2. (m-Tolyl)-(3,5-dimethoxy-phenyl)-methanol


Colorless oil (1.45 g, 31.1%). Rf = 0.26 (ethyl acetate/hexane
20:80); 1H NMR (500 MHz, CDCl3): d (ppm) 2.17 (d, J = 3.5 Hz,
1H), 2.33 (s, 3H), 3.77 (s, 6H), 5.73 (d, J = 3.5 Hz, 1H), 6.36 (t,
J = 2.5 Hz, 1H), 6.56 (d, J = 2 Hz, 2H), 7.08 (d, J = 7.5 Hz, 1H), 7.19
(m, 3H); MS: (ESI, Pos) m/z 281.0 [(M+23)+].


4.3. (o-Tolyl)-(3,5-dimethoxy-phenyl)-methanol


Colorless oil (4.47 g, 95.9%). Rf = 0.3 (ethyl acetate/hexane
20:80); 1H NMR (500 MHz, CDCl3): d (ppm) 2.13 (d, J = 3.5 Hz,
1H), 2.29 (s, 3H), 3.75 (s, 6H), 5.93 (d, J = 3.5 Hz, 1H), 6.36 (t,
J = 2.5 Hz, 1H), 6.49 (d, J = 2 Hz, 2H), 7.14 (m, 2H), 7.21 (m, 2H),
7.46 (m, 1H); MS: (ESI, Pos) m/z 281.0 [(M+23)+].


4.4. (4-Fluoro-phenyl)-(3,5-dimethoxy-phenyl)-methanol


White solid (4.17 g, 88.1%). Rf = 0.18 (ethyl acetate/hexane
20:80); 1H NMR (500 MHz, CDCl3): d (ppm) 2.27 (d, J = 3 Hz, 1H),
3.76 (s, 6H), 5.74 (d, J = 2 Hz, 1H), 6.37 (t, J = 2.5 Hz, 1H), 6.51 (d,
J = 2.5 Hz, 2H), 7.01 (m, 2H), 7.34 (m, 2H); MS: (ESI, Pos) m/z
285.2 [(M+23)+].


4.5. (3-Fluoro-phenyl)-(3,5-dimethoxy-phenyl)-methanol


White solid (3.95 g, 83.4%). Rf = 0.19 (ethyl acetate/hexane
20:80); 1H NMR (500 MHz, CDCl3): d (ppm) 2.30 (d, J = 3.5 Hz,
1H), 3.77 (s, 6H), 5.73 (d, J = 3.5 Hz, 1H), 6.37 (t, J = 2 Hz, 1H),
6.52 (d, J = 2 Hz, 2H), 6.95 (m, 1H), 7.13 (m, 2H), 7.28 (m, 1H);
MS: (ESI, Pos) m/z 285.2 [(M+23)+].


4.6. (4-Chloro-phenyl)-(3,5-dimethoxy-phenyl)-methanol


White solid (4.23 g, 84.0%). Rf = 0.24 (ethyl acetate/hexane
20:80); 1H NMR (500 MHz, CDCl3): d (ppm) 2.25 (d, J = 3.5 Hz, 1H),
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3.76 (s, 6H), 5.72 (d, J = 3 Hz, 1H), 6.36 (t, J = 2.5 Hz, 1H), 6.50 (d,
J = 2.5 Hz, 2H), 7.3 (m, 4H); MS: (ESI, Pos) m/z 301.0 [(M+23)+].


4.7. (3-Chloro-phenyl)-(3,5-dimethoxy-phenyl)-methanol


White solid (3.59 g, 71.3%). Rf = 0.27 (ethyl acetate/hexane
20:80); 1H NMR (500 MHz, CDCl3): d (ppm) 2.22 (d, J = 3.5 Hz,
1H), 3.77 (s, 6H), 5.73 (d, J = 3.5 Hz, 1H), 6.38 (t, J = 2.5 Hz, 1H),
6.52 (d, J = 2.5 Hz, 2H), 7.25 (m, 3H), 7.39 (m, 1H); MS: (ESI, Pos)
m/z 301.0 [(M+23)+].


4.8. (4-Bromo-phenyl)-(3,5-dimethoxy-phenyl)-methanol


The reaction of 1,4-dibromo-benzene (1 g, 4.24 mmol) with mag-
nesium turnings (0.15 g, 6.35 mmol) in ether (6 mL) followed by
reaction with 3,5-dimethoxy benzaldehyde (0.527 g, 3.18 mmol)
in THF (3 mL) yielded the alcohol (0.63 g, 61.3%) as a colorless oil.
Rf = 0.3 (ethyl acetate/hexane 20:80); 1H NMR (500 MHz, CDCl3): d
(ppm) 2.10 (br s, 1H), 3.69 (s, 6H), 5.64 (s, 1H), 6.30 (t, J = 2.5 Hz,
1H), 6.43 (d, J = 2.5 Hz, 2H), 7.19 (d, J = 8 Hz, 2H), 7.38 (d, J = 8.5 Hz,
2H); MS: (ESI, Pos) m/z 346.2 [(M+23)+].


4.9. (3-Bromo-phenyl)-(3,5-dimethoxy-phenyl)-methanol


White solid (0.87 g, 56.5%). Rf = 0.32 (ethyl acetate/hexane
20:80); 1H NMR (500 MHz, CDCl3): d (ppm) 2.25 (br s, 1H), 3.79
(s, 6H), 5.73 (s, 1H), 6.40 (t, J = 2.5 Hz, 1H), 6.53 (d, J = 2.5 Hz,
2H), 7.21 (t, J = 8.0 Hz, 1H), 7.32 (d, 8 Hz, 1H), 7.42 (dt, J = 4, 8 Hz,
1H), 7.58 (m, 1H); MS: (ESI, Pos) m/z 346.2 [(M+23)+].


4.10. (3,5-Dimethoxy-phenyl)-(4-ethyl-phenyl)-methanol


4-Bromo-ethyl benzene (3.72 mL, d = 1.34, 27 mmol) and mag-
nesium turnings (0.97 g, 40 mmol) were heated to reflux for 1 h
in THF (40 mL) then cooled to room temperature. The solution
was cooled to �20 �C and 3,5-dimethoxy benzaldehyde (3.32 g,
20 mmol) dissolved in THF (18 mL) cooled to �20 �C was added
and followed by stirring at that temperature for 6 h. The reaction
mixture was then quenched with 1 N HCl, extracted with ether,
and the organic layer was then dried over sodium sulfate and evap-
orated. The crude mixture was then purified by column chroma-
tography using ethyl acetate/hexane (20:80) to give the pure
alcohol as a white solid (4.95 g, 67.2%). Rf = 0.3 (ethyl acetate/hex-
ane 20:80); 1H NMR (500 MHz, CDCl3): d (ppm) 1.143 (t, J = 7.5 Hz,
3H), 2.26 (br s, 1H), 2.55 (q, J = 7.5 Hz, 2H), 3.69 (s, 6H), 5.66 (s, 1H),
6.28 (t, J = 2.5 Hz, 1H), 6.48 (d, J = 2.5 Hz, 2H), 7.09 (d, J = 8.5 Hz,
2H), 7.21 (d, J = 9 Hz, 2H); MS: (ESI, Pos) m/z 295.1 [(M+23)+].


Utilizing the appropriately substituted bromo-benzene deriva-
tives the following alcohols were similarly prepared.


4.11. (3,5-Dimethoxy-phenyl)-(4-propyl-phenyl)-methanol


White solid (4.44 g, 61.8%). Rf = 0.31 (ethyl acetate/hexane
20:80); 1H NMR (500 MHz, CDCl3): d (ppm) 0.97 (t, J = 7.5 Hz,
3H), 1.69 (m, 2H), 2.28 (br s, 1H), 2.67 (t, J = 7.5 Hz, 2H), 3.72 (s,
6H), 5.68 (s, 1H), 6.30 (t, J = 2.5 Hz, 1H), 6.52 (d, J = 2.5 Hz, 2H),
7.1 (d, J = 8.5 Hz, 2H), 7.36 (d, J = 9 Hz, 2H); MS: (ESI, Pos) m/z
309.1 [(M+23)+].


4.12. (3,5-Dimethoxy-phenyl)-(3,5-dimethyl-phenyl)-methanol


White solid (4.02 g, 54.6%). Rf = 0.33 (ethyl acetate/hexane
20:80); 1H NMR (500 MHz, CDCl3): d (ppm) 2.25 (br s, 1H), 2.37
(s, 6H), 3.76 (s, 6H), 5.69 (s, 1H), 6.36 (t, J = 2.5 Hz, 1H), 6.61 (d,
J = 2.5 Hz, 2H), 7.1 (s, 1H), 7.21 (s, 2H); MS: (ESI, Pos) m/z 295.1
[(M+23)+].

4.13. (2-Thiophenyl)-(3,5-dimethoxy-phenyl)-methanol


Gray oil (2.52 g, 55.7%). Rf = 0.25 (ethyl acetate/hexane 20:80);
1H NMR (500 MHz, CDCl3): d (ppm) 2.38 (m, 1H), 3.78 (s, 6H),
5.99 (d, J = 4 Hz, 1H), 6.40 (t, J = 2 Hz, 1H), 6.62 (d, J = 2 Hz, 2H),
6.93 (m, 2H), 7.26 (m, 1H); MS: (ESI, Pos) m/z 273.0 [(M+23)+].


4.14. (p-Tolyl)-(3,5-dimethoxy-phenyl)-methanone (5)


(p-Tolyl)-(3,5-dimethoxy-phenyl)-methanol (3.02 g, 11.7 mmol)
was dissolved in CH2Cl2 (46 mL) and to that Celite (5.04 g) and
PCC (5.04 g, 23.4 mmol) were added. The reaction mixture was al-
lowed to stir at room temperature overnight, then diluted with
ether (100 mL), and filtered over a pad of silica. The filtrate was
evaporated and purified by column chromatography using ethyl
acetate/hexane (10:90) to afford the ketone as a white solid
(1.71 g, 57.0%). Rf = 0.27 (ethyl acetate/hexane 10:90); 1H NMR
(500 MHz, CDCl3): d (ppm) 2.44 (s, 3H), 3.83 (s, 6H), 5.99 (d,
J = 4 Hz, 1H), 6.40 (t, J = 2 Hz, 1H), 6.62 (d, J = 2 Hz, 2H), 6.93 (m,
2H), 7.26 (m, 2H); MS: (ESI, Pos) m/z 279.0 [(M+23)+].


Utilizing the appropriately substituted alcohols, the following
ketones were similarly prepared.


4.15. (m-Tolyl)-(3,5-dimethoxy-phenyl)-methanone (6)


White solid (0.77 g, 59.7%). Rf = 0.29 (ethyl acetate/hexane
10:90); 1H NMR (500 MHz, CDCl3): d (ppm) 2.42 (s, 3H), 3.83 (s,
6H), 6.67 (t, J = 2.5 Hz, 1H), 6.92 (d, J = 2 Hz, 2H), 7.37 (m, 2H), 7.58
(d, J = 7.5 Hz, 1H), 7.64 (s, 1H); MS: (ESI, Pos) m/z 279.2 [(M+23)+].


4.16. (o-Tolyl)-(3,5-dimethoxy-phenyl)-methanone (7)


White solid (2.08 g, 67.8%). Rf = 0.31 (ethyl acetate/hexane
10:90). Mp 65–67 �C; 1H NMR (500 MHz, CDCl3): d (ppm) 2.34 (s,
3H), 3.81 (s, 6H), 6.67 (t, J = 2.5 Hz, 1H), 6.93 (d, J = 2 Hz, 2H),
7.24 (m, 1H), 7.30 (m, 2H), 7.38 (td, J = 1.5, 7.5 Hz, 1H); MS: (ESI,
Pos) m/z 279.1 [(M+23)+].


4.17. (3,5-Dimethyl-phenyl)-(3,5-dimethoxy-phenyl)-
methanone (8)


White solid (3.5 g, 86.9%); Rf = 0.35 (ethyl acetate/hexane
10:90); 1H NMR (500 MHz, CDCl3): d (ppm) 2.37 (s, 6H), 3.83 (s,
6H), 6.67 (t, J = 2.5 Hz, 1H), 6.91 (d, J = 2.5 Hz, 2H), 7.22 (br s,
1H), 7.41 (br s, 2H); MS: (ESI, Pos) m/z 293.2 [(M+23)+].


4.18. (4-Ethyl-phenyl)-(3,5-dimethoxy-phenyl)-methanone (9)


White solid (3.67 g, 74.7%). Rf = 0.35 (ethyl acetate/hexane
10:90); 1H NMR (500 MHz, CDCl3): d (ppm) 1.30 (t, J = 7.5 Hz,
3H), 2.75 (q, J = 7.5 Hz, 2H), 3.85 (s, 6H), 6.68 (t, J = 2.5 Hz, 1H),
6.93 (d, J = 2.5 Hz, 2H), 7.32 (d, J = 8.5 Hz, 2H), 7.78 (d, J = 9 Hz,
2H); MS: (ESI, Pos) m/z 293.2 [(M+23)+].


4.19. (4-Propyl-phenyl)-(3,5-dimethoxy-phenyl)-methanone (10)


White solid (3.34 g, 75.9%). Rf = 0.36 (ethyl acetate/hexane
10:90); 1H NMR (500 MHz, CDCl3): d (ppm) 0.97 (t, J = 7.5 Hz,
3H), 1.69 (m, 2H), 2.67 (t, J = 7.5 Hz, 2H), 3.83 (s, 6H), 6.67 (t,
J = 2.5 Hz, 1H), 6.91 (d, J = 2.5 Hz, 2H), 7.28 (d, J = 8.5 Hz, 2H),
7.75 (d, J = 9 Hz, 2H); MS: (ESI, Pos) m/z 307.2 [(M+23)+].


4.20. (4-Fluoro-phenyl)-(3,5-dimethoxy-phenyl)-methanone (11)


Colorless oil (2.71 g, 91.0%). Rf = 0.29 (ethyl acetate/hexane
10:90); 1H NMR (500 MHz, CDCl3): d (ppm) 3.83 (s, 6H), 6.67 (t,
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J = 2.5 Hz, 1H), 6.88 (d, J = 2.5 Hz, 2H), 7.15 (m, 2H), 7.86 (m, 2H);
MS: (ESI, Pos) m/z 283.1 [(M+23)+].


4.21. (3-Fluoro-phenyl)-(3,5-dimethoxy-phenyl)-methanone (12)


Colorless oil (2.81 g, 89.9%). Rf = 0.31 (ethyl acetate/hexane
10:90); 1H NMR (500 MHz, CDCl3): d (ppm) 3.83 (s, 6H), 6.69
(t, J = 2 Hz, 1H), 6.90 (d, J = 2 Hz, 2H), 7.29 (m, 1H), 7.46 (m,
1H), 7.51 (m, 1H), 7.58 (m, 1H); MS: (ESI, Pos) m/z 283.2
[(M+23)+].


4.22. (4-Chloro-phenyl)-(3,5-dimethoxy-phenyl)-methanone
(13)


White solid (2.07 g, 74.8%). Rf = 0.29 (ethyl acetate/hexane
10:90); 1H NMR (500 MHz, CDCl3): d (ppm) 3.83 (s, 6H), 6.68 (t,
J = 2 Hz, 1H), 6.88 (d, J = 2.5 Hz, 2H), 7.46 (d, J = 8.5 Hz, 2H), 7.77
(d, J = 8.5 Hz, 2H); MS: (ESI, Pos) m/z 299.0 [(M+23)+].


4.23. (3-Chloro-phenyl)-(3,5-dimethoxy-phenyl)-methanone
(14)


Yellow oil (2.22 g, 76.6%). Rf = 0.3 (ethyl acetate/hexane
10:90); 1H NMR (500 MHz, CDCl3): d (ppm) 3.83 (s, 6H), 6.69
(t, J = 2.5 Hz, 1H), 6.89 (d, J = 2.5 Hz, 2H), 7.41 (t, J = 8 Hz, 1H),
7.55 (m, 1H), 7.67 (m, 1H), 7.79 (t, J = 2.5 Hz, 1H); MS: (ESI,
Pos) m/z 299.1 [(M+23)+].


4.24. (4-Bromo-phenyl)-(3,5-dimethoxy-phenyl)-methanone
(15)


White solid (3.3 g, 83.0%). Rf = 0.39 (ethyl acetate/hexane
10:90); 1H NMR (500 MHz, CDCl3): d (ppm) 3.85 (s, 6H), 6.70 (t,
J = 2 Hz, 1H), 6.90 (d, J = 2.5 Hz, 2H), 7.64 (d, J = 8.5 Hz, 2H), 7.71
(d, J = 8.5 Hz, 2H); MS: (ESI, Pos) m/z 344.1 [(M+23)+].


4.25. (3-Bromo-phenyl)-(3,5-dimethoxy-phenyl)-methanone
(16)


White solid (0.72 g, 63.6%). Rf = 0.39 (ethyl acetate/hexane
10:90); 1H NMR (500 MHz, CDCl3): d (ppm) 3.85 (s, 6H), 6.71 (t,
J = 2 Hz, 1H), 6.91 (d, J = 2.5 Hz, 2H), 7.38 (t, J = 8 Hz, 1H), 7.74
(m, 2H), 7.97 (br s, 1H); MS: (ESI, Pos) m/z 344.1 [(M+23)+].


4.26. (2-Thiophenyl)-(3,5-dimethoxy-phenyl)-methanone (17)


Yellow solid (1.12 g, 49.6%). Rf = 0.21 (ethyl acetate/hexane
10:90); 1H NMR (500 MHz, CDCl3): d (ppm) 3.84 (s, 6H), 6.67 (t,
J = 2.5 Hz, 1H), 6.91 (d, J = 2.5 Hz, 2H), 7.16 (m, 1H), 7.70 (d,
J = 4 Hz, 1H), 7.72 (d, J = 4 Hz, 1H); MS: (ESI, Pos) m/z 270.9
[(M+23)+].


4.27. 1-[1-(p-Tolyl)-1-methyl-ethyl]-3,5-dimethoxy-benzene (18)


To methylene chloride (26.3 mL) in a flask cooled to �40 �C and
held at this temperature and titanium(IV) chloride (37.3 mL, 1 M
solution, 37.3 mmol) was added dropwise, followed by dimethyl
zinc (18.5 mL, 2 M solution, 37.3 mmol). The reaction mixture
was allowed to stir at that temperature for 15 min then a solution
of ketone 5 (1.6 g, 6.25 mmol) in methylene chloride (10 mL) was
added and the mixtusre was stirred at �40 �C for 2 h after which
it was allowed to warm to �10 �C for 2 h. The mixture was then
poured into ice and the aqueous layer was extracted with methy-
lene chloride. The organic layer was then evaporated under re-
duced pressure and the crude product was purified by column
chromatography using ethyl acetate/hexane (4:96) to afford 18

as a yellow oil (1.11 g, 65.8%). Rf = 0.36 (ethyl acetate/hexane
5:95); 1H NMR (500 MHz, CDCl3): d (ppm) 1.63 (s, 6H), 2.30 (s,
3H), 3.73 (s, 6H), 6.29 (t, J = 2.5 Hz, 1H), 6.39 (d, J = 2.5 Hz, 2H),
7.06 (d, J = 8.5 Hz, 2H), 7.12 (d, J = 8.5 Hz, 1H); MS: (ESI, Pos) m/z
293.3 [(M+23)+].


Utilizing appropriately substituted ketones, the following di-
methyl intermediates were similarly synthesized.


4.28. 1-[1-(m-Tolyl)-1-methyl-ethyl]-3,5-dimethoxy-benzene
(19)


Colorless oil (0.54 g, 75.3%). Rf = 0.35 (ethyl acetate/hexane
5:95); 1H NMR (500 MHz, CDCl3): d (ppm) 1.55 (s, 6H), 2.22 (s,
3H), 3.65 (s, 6H), 6.22 (t, J = 2 Hz, 1H), 6.32 (d, J = 2.5 Hz, 2H),
6.89 (m, 1H), 6.96 (m, 2H), 7.06 (t, J = 7.5 Hz, 1H); MS: (ESI, Pos)
m/z 293.2 [(M+23)+].


4.29. 1-[1-(o-Tolyl)-1-methyl-ethyl]-3,5-dimethoxy-benzene
(20)


Yellow oil (1.82 g, 82.9%). Rf = 0.35 (ethyl acetate/hexane 5:95);
1H NMR (500 MHz, CDCl3): d (ppm) 1.67 (s, 6H), 1.88 (s, 3H), 3.74
(s, 6H), 6.30 (t, J = 2 Hz, 1H), 6.34 (d, J = 2.5 Hz, 2H), 7.06 (d, J = 8 Hz,
1H), 7.22 (m, 2H), 7.54 (dd, J = 2, 8 Hz, 1H); MS: (ESI, Pos) m/z 293.2
[(M+23)+].


4.30. 1-[1-(3,5-Dimethyl-phenyl)-1-methyl-ethyl]-3,5-
dimethoxy-benzene (21)


Yellow oil (2.17 g, 81.9%). Rf = 0.5 (ethyl acetate/hexane 6:94);
1H NMR (500 MHz, CDCl3): d (ppm) 1.62 (s, 6H), 2.26 (s, 6H),
3.73 (s, 6H), 6.29 (t, J = 2.5 Hz, 1H), 6.39 (d, J = 2.5 Hz, 2H), 6.80
(br s, 1H), 6.84 (br s, 2H); MS: (ESI, Pos) m/z 307.3 [(M+23)+].


4.31. 1-[1-(4-Ethyl-phenyl)-1-methyl-ethyl]-3,5-dimethoxy-
benzene (22)


Yellow oil (1.01 g, 78.3%). Rf = 0.45 (ethyl acetate/hexane 6:94);
1H NMR (500 MHz, CDCl3): d (ppm) 1.22 (t, J = 7.5 Hz, 3H), 1.64 (s,
6H), 2.60 (q, J = 7.5 Hz, 2H), 3.74 (s, 6H), 6.29 (t, J = 2.5 Hz, 1H), 6.40
(d, J = 2 Hz, 2H), 7.08 (d, J = 8 Hz, 2H), 7.14 (d, J = 8.5 Hz, 2H); MS:
(ESI, Pos) m/z 307.4 [(M+23)+].


4.32. 1-[1-(4-Propyl-phenyl)-1-methyl-ethyl]-3,5-dimethoxy-
benzene (23)


Yellow oil (0.3 g, 74.5%). Rf = 0.47 (ethyl acetate/hexane
6:94); 1H NMR (500 MHz, CDCl3): d (ppm) 0.93 (t, J = 7.5 Hz,
3H), 1.61 (m, 2H), 1.64 (s, 6H), 2.55 (t, J = 7.5 Hz, 2H), 3.73 (s,
6H), 6.29 (t, J = 2.5 Hz, 1H), 6.39 (d, J = 2.5 Hz, 2H), 7.06 (d,
J = 8 Hz, 2H), 7.13 (d, J = 8 Hz, 2H); MS: (ESI, Pos) m/z 321.2
[(M+23)+].


4.33. 1-[1-(4-Fluoro-phenyl)-1-methyl-ethyl]-3,5-dimethoxy-
benzene (24)


Yellow oil (1.52 g, 76.7%). Rf = 0.37 (ethyl acetate/hexane 6:94);
1H NMR (500 MHz, CDCl3): d (ppm) 1.63 (s, 6H), 3.73 (s, 6H), 6.30
(t, J = 2 Hz, 1H), 6.35 (d, J = 2.5 Hz, 2H), 6.93 (m, 2H), 7.19 (m, 2H);
MS: (ESI, Pos) m/z 297.3 [(M+23)+].


4.34. 1-[1-(3-Fluoro-phenyl)-1-methyl-ethyl]-3,5-dimethoxy-
benzene (25)


Yellow oil (1.66 g, 87.0%). Rf = 0.37 (ethyl acetate/hexane 6:94);
1H NMR (500 MHz, CDCl3): d (ppm) 1.68 (s, 6H), 3.77 (s, 6H), 6.35







6496 M. Krishnamurthy et al. / Bioorg. Med. Chem. 16 (2008) 6489–6500

(t, J = 2 Hz, 1H), 6.41 (d, J = 2.5 Hz, 2H), 6.87 (td, J = 3, 8.5 Hz, 1H),
6.97 (dt, J = 2, 11 Hz, 1H), 7.04 (d, J = 8 Hz, 1H), 7.24 (m, 1H); MS:
(ESI, Pos) m/z 297.2 [(M+23)+].


4.35. 1-[1-(4-Chloro-phenyl)-1-methyl-ethyl]-3,5-dimethoxy-
benzene (26)


Yellow oil (1.63 g, 88.6%). Rf = 0.42 (ethyl acetate/hexane 6:94);
1H NMR (500 MHz, CDCl3): d (ppm) 1.62 (s, 6H), 3.73 (s, 6H), 6.30
(t, J = 2 Hz, 1H), 6.35 (d, J = 2 Hz, 2H), 7.16 (d, J = 8.5 Hz, 2H), 7.21
(d, J = 9 Hz, 3H); MS: (ESI, Pos) m/z 313.1 [(M+23)+].


4.36. 1-[1-(3-Chloro-phenyl)-1-methyl-ethyl]-3,5-dimethoxy-
benzene (27)


Colorless oil (1.85 g, 88.0%). Rf = 0.42 (ethyl acetate/hexane
6:94); 1H NMR (500 MHz, CDCl3): d (ppm) 1.63 (s, 6H), 3.73 (s,
6H), 6.30 (t, J = 2 Hz, 1H), 6.36 (d, J = 2 Hz, 2H), 7.08 (dt, J = 1.5,
7.5 Hz, 1H), 7.16 (m, 2H), 7.23 (t, J = 2 Hz, 1H); MS: (ESI, Pos) m/z
313.1 [(M+23)+].


4.37. 1-[1-(4-Bromo-phenyl)-1-methyl-ethyl]-3,5-dimethoxy-
benzene (28)


Colorless oil (2.37 g, 82.3%). Rf = 0.43 (ethyl acetate/hexane
6:94); 1H NMR (500 MHz, CDCl3): d (ppm) 1.66 (s, 6H), 3.79 (s,
6H), 6.32 (t, J = 2 Hz, 1H), 6.38 (d, J = 2.5 Hz, 2H), 7.12 (d,
J = 8.5 Hz, 2H), 7.40 (d, J = 8.5 Hz, 2H); MS: (ESI, Pos) m/z 358.2
[(M+23)+].


4.38. 1-[1-(3-Bromo-phenyl)-1-methyl-ethyl]-3,5-dimethoxy-
benzene (29)


Colorless oil (2.34 g, 89.7%). Rf = 0.39 (ethyl acetate/hexane
5:95); 1H NMR (500 MHz, CDCl3): d (ppm) 1.68 (s, 6H), 3.77 (s,
6H), 6.33 (t, J = 2 Hz, 1H), 6.38 (d, J = 2.5 Hz, 2H), 7.15 (m, 2H),
7.33 (m, 1H), 7.42 (m, 1H); MS: (ESI, Pos) m/z 358.1 [(M+23)+].


4.39. 2-[1-(3,5-Dimethoxy-phenyl)-1-methyl-ethyl]-thiophene
(30)


Colorless oil (0.69 g, 65.3%). Rf = 0.31 (ethyl acetate/hexane
5:95); 1H NMR (500 MHz, CDCl3): d (ppm) 1.74 (s, 6H), 3.74 (s,
6H), 6.31 (t, J = 2.5 Hz, 1H), 6.47 (d, J = 2 Hz, 2H), 6.83 (dd, J = 1.5,
3.5 Hz, 1H), 6.90 (m, 1H), 7.13 (dd, J = 1.5, 5 Hz, 1H); MS: (ESI,
Pos) m/z 285.2 [(M+23)+].


4.40. 4-[1-(3,5-Dimethoxy-phenyl)-1-methyl-ethyl]-
benzonitrile (44)


Bromide 28 (0.57 g, 1.7 mmol) and copper (I) cyanide (0.40 g,
4.48 mmol) in DMF (4.1 mL) were heated to reflux for 6 h. The
mixture was then poured into a solution of ethylene diamine
(3 mL) in water (10 mL). The crude product was extracted by re-
peated washing with ethyl acetate. The organic layer was washed
with water and brine and then dried over sodium sulfate. The sol-
vent was removed under reduced pressure and purified via col-
umn chromatography using ethyl acetate/hexane (8:92) to yield
a colorless oil (0.42 g, 87.8%). Rf = 0.21 (ethyl acetate/hexane
8:92); 1H NMR (500 MHz, CDCl3): d (ppm) 1.67 (s, 6H), 3.76 (s,
6H), 6.32 (t, J = 2 Hz, 1H), 6.38 (d, J = 2.5 Hz, 2H), 7.35 (d,
J = 8.5 Hz, 2H), 7.58 (d, J = 8.5 Hz, 2H); MS: (ESI, Pos) m/z 304.3
[(M+23)+].


Utilizing appropriately substituted bromide, the following di-
methyl intermediate was similarly synthesized.

4.41. 3-[1-(3,5-Dimethoxy-phenyl)-1-methyl-ethyl]-
benzonitrile (45)


Colorless oil. Rf = 0.23 (ethyl acetate/hexane 8:92); 1H NMR
(500 MHz, CDCl3): d (ppm) 1.67 (s, 6H), 3.80 (s, 6H), 6.31 (t,
J = 2 Hz, 1H), 6.35 (d, J = 2.5 Hz, 2H), 7.37 (t, J = 7.5 Hz, 1H), 7.48
(m, 2H), 7.56 (m, 1H); MS: (ESI, Pos) m/z 304.3 [(M+23)+].


4.42. 3-[1-(3,5-Dimethoxy-phenyl)-1-methyl-ethyl]-phenyl
amine


Into an oven-dried flask were added Pd2(dba)3 (0.016 g,
0.018 mmol) and 2-dicyclohexylphosphinobiphenyl (0.015 g,
0.043 mmol) and the flask was evacuated and filled with argon.
To this were added bromide 29 (1.2 g, 3.58 mmol) and LiHMDS
(4.3 mL, 1 M solution, 4.3 mmol) and the reaction mixture was
stirred in a preheated oil bath at 65 �C for 15 h. The mixture
was cooled to room temperature and then reacted with 1 M HCl
(5 mL) for 5 min. The solution was then neutralized with 1 M
NaOH and the aqueous phase was extracted with CH2Cl2, washed
with water and brine, and then dried over sodium sulfate. The or-
ganic layer was evaporated and the product was obtained as a
light brown oil (0.75 g, 77.2%) by column chromatography using
ethyl acetate/hexane (15:85). Rf = 0.21 (ethyl acetate/hexane
15:85); 1H NMR (500 MHz, CDCl3): d (ppm) 1.61 (s, 6H), 3.21
(br s, 1H), 3.73 (s, 6H), 6.29 (t, J = 2 Hz, 1H), 6.40 (d, J = 2.5 Hz,
2H), 6.51 (m, 1H), 6.54 (t, J = 2.5 Hz, 1H), 6.67 (m, 1H), 7.05 (t,
J = 7.5 Hz, 1H); MS: (ESI, Pos) m/z 294.2 [(M+23)+] and 272.2
[(M+1)+].


4.43. N-{3-[1-(3,5-Dimethoxy-phenyl)-1-methyl-ethyl]-
phenyl}acetamide (46)


Acetyl chloride (0.08 mL, d = 1.10, 1.21 mmol) and pyridine
(0.15 mL) were added into a solution of 3-[1-(3,5-Dimethoxy-phe-
nyl)-1-methyl-ethyl]-phenyl amine (0.3 g, 1.10 mmol) in CH2Cl2


(1.53 mL) cooled to 0 �C. The reaction mixture was then allowed
to stir at 0 �C for 2 h. The mixture was washed with 2 N HCl, water,
and brine and dried over sodium sulfate. The organic layer was
then evaporated and the amide was obtained by column chroma-
tography using ethyl acetate/hexane (30:70) as colorless oil
(0.24 g, 69.3%). Rf = 0.39 (ethyl acetate/hexane 50:50); 1H NMR
(500 MHz, CDCl3): d (ppm) 1.63(s, 6H), 2.13 (s, 3H), 3.74 (s, 6H),
6.30 (t, J = 2 Hz, 1H), 6.38 (d, J = 2.5 Hz, 2H), 7.01 (d, J = 7.5 Hz,
1H), 7.12 (s, 1H), 7.13 (br s, 1H), 7.23 (t, J = 8 Hz, 1H), 7.53 (d,
J = 7.5 Hz, 1H); MS: (ESI, Pos) m/z 336.2 [(M+23)+].


4.44. 5-(1-Methyl-1-p-tolyl-ethyl)-benzene-1,3-diol (31)


A solution of compound 18 (0.85 g, 3.15 mmol) in methylene
chloride (128 mL) was cooled to �78 �C to which was added
BBr3 (8.06 mL, 1 M solution, 8.06 mmol). The reaction mixture
was allowed to stir at �78 �C for 3 h then warmed to room tem-
perature and stirred overnight. The reaction was then quenched
with methanol (20 mL) and extracted with ether. The ethereal
layer was washed with bicarbonate, water, and brine and dried
over sodium sulfate. The organic layer was evaporated and com-
pound 31 was obtained by column chromatography using ethyl
acetate/hexane (30:70) as a white solid (0.71 g, 93.2%). Rf = 0.25
(ethyl acetate/hexane 30:70); 1H NMR (500 MHz, CDCl3): d
(ppm) 1.60 (s, 6H), 2.31 (s, 3H), 4.69 (s, 2H), 6.16 (t, J = 2.5 Hz,
1H), 6.27 (d, J = 2.5 Hz, 2H), 7.07 (d, J = 8 Hz, 2H), 7.13 (d,
J = 8.5 Hz, 2H); MS: (ESI, Neg) m/z 241.2 [(M�1)�].


Utilizing the same procedure, the following resorcinols were
synthesized.
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4.45. 5-(1-Methyl-1-m-tolyl-ethyl)-benzene-1,3-diol (32)


Colorless oil (0.33 g, 94.4%). Rf = 0.28 (ethyl acetate/hexane
30:70); 1H NMR (500 MHz, CDCl3): d (ppm) 1.61 (s, 6H), 2.31 (s,
3H), 4.80 (s, 2H), 6.17 (t, J = 2.5 Hz, 1H), 6.27 (d, J = 2.5 Hz, 2H),
6.99 (d, J = 7.5 Hz, 1H), 7.03 (m, 2H), 7.16 (t, J = 8 Hz, 1H); MS:
(ESI, Neg) m/z 241.2 [(M�1)�].


4.46. 5-(1-Methyl-1-o-tolyl-ethyl)-benzene-1,3-diol (33)


Colorless oil (0.32 g, 93.2%). Rf = 0.26 (ethyl acetate/hexane
30:70); 1H NMR (500 MHz, CDCl3): d (ppm) 1.64 (s, 6H), 1.98 (s,
3H), 4.59 (s, 2H), 6.18 (t, J = 2 Hz, 1H), 6.23 (d, J = 2.5 Hz, 2H),
7.08 (d, J = 8 Hz, 1H), 7.20 (m, 2H), 7.55 (dd, J = 2, 8 Hz, 1H); MS:
(ESI, Neg) m/z 241.2 [(M�1)�].


4.47. 5-(1-(3,5-Dimethyl-phenyl)-1-methyl-ethyl)-benzene-1,3-
diol (34)


White solid (1.3 g, 83.4%). Rf = 0.33 (ethyl acetate/hexane
30:70); 1H NMR (500 MHz, CDCl3): d (ppm) 1.62 (s, 6H), 2.23 (s,
6H), 4.60 (s, 2H), 6.19 (t, J = 2 Hz, 1H), 6.29 (d, J = 2.5 Hz, 2H),
6.86 (m, 3H); MS: (ESI, Neg) m/z 255.3 [(M�1)�].


4.48. 5-(1-(4-Ethyl-phenyl)-1-methyl-ethyl)-benzene-1,3-diol
(35)


Colorless oil (1 g, 65.2%). Rf = 0.32 (ethyl acetate/hexane 30:70);
1H NMR (500 MHz, CDCl3): d (ppm) 1.25 (t, J = 7.5 Hz, 3H), 1.63 (s,
6H), 2.65 (q, J = 7.5 Hz, 2H), 4.59 (s, 2H), 6.19 (t, J = 2.5 Hz, 1H), 6.30
(d, J = 2.5 Hz, 2H), 7.12 (d, J = 8.5 Hz, 2H), 7.17 (d, J = 8.5 Hz, 2H);
MS: (ESI, Neg) m/z 255.3 [(M�1)�].


4.49. 5-(1-(4-Propyl-phenyl)-1-methyl-ethyl)-benzene-1,3-diol
(36)


Colorless oil (0.68 g, 68.2%). Rf = 0.34 (ethyl acetate/hexane
30:70); 1H NMR (500 MHz, CDCl3): d (ppm) 0.97 (t, J = 7.5 Hz,
3H), 1.28 (t, J = 7.5 Hz, 2H), 1.63 (s, 6H), 2.57 (m, 2H), 4.64 (s,
2H), 6.19 (t, J = 2 Hz, 1H), 6.30 (d, J = 2.5 Hz, 2H), 7.09 (d,
J = 8.5 Hz, 2H), 7.16 (d, J = 8.5 Hz, 2H); MS: (ESI, Neg) m/z 269.3
[(M�1)�].


4.50. 5-(1-(4-Fluoro-phenyl)-1-methyl-ethyl)-benzene-1,3-diol
(37)


Cream colored solid (0.89 g, 96.2%). Rf = 0.29 (ethyl acetate/hex-
ane 30:70); 1H NMR (500 MHz, CDCl3): d (ppm) 1.63 (s, 6H), 4.63 (s,
2H), 6.20 (t, J = 2.5 Hz, 1H), 6.274 (d, J = 2.5 Hz, 2H), 6.97 (m, 2H),
7.203 (m, 2H); MS: (ESI, Neg) m/z 245.1 [(M�1)�].


4.51. 5-(1-(3-Fluoro-phenyl)-1-methyl-ethyl)-benzene-1,3-diol
(38)


Cream colored solid (1.01 g, 94.5%). Rf = 0.28 (ethyl acetate/hex-
ane 30:70); 1H NMR (500 MHz, CDCl3): d (ppm) 1.63 (s, 6H), 4.60 (s,
2H), 6.20 (t, J = 2.5 Hz, 1H), 6.28 (d, J = 2.5 Hz, 2H), 6.94 (m, 3H),
7.23 (m, 1H); MS: (ESI, Neg) m/z 245.1 [(M�1)�].


4.52. 5-(1-(4-Chloro-phenyl)-1-methyl-ethyl)-benzene-1,3-diol
(39)


White solid (0.87 g, 95.3%). Rf = 0.3 (ethyl acetate/hexane 30:70);
1H NMR (500 MHz, CDCl3): d (ppm) 1.60 (s, 6H), 4.65 (s, 2H), 6.18 (t,
J = 2.5 Hz, 1H), 6.24 (d, J = 2.5 Hz, 2H), 7.15 (d, J = 8.5 Hz, 2H), 7.23
(d, J = 8.5 Hz, 2H); MS: (ESI, Neg) m/z 261.2 [(M�1)�].

4.53. 5-(1-(3-Chloro-phenyl)-1-methyl-ethyl)-benzene-1,3-diol
(40)


Cream colored solid (0.94 g, 93.7%). Rf = 0.31 (ethyl acetate/hex-
ane 30:70); 1H NMR (500 MHz, CDCl3): d (ppm) 1.60 (s, 6H), 4.89 (s,
2H), 6.19 (t, J = 2.5 Hz, 1H), 6.25 (d, J = 2.5 Hz, 2H), 7.08 (dt, J = 1.5,
7.5 Hz, 1H), 7.19 (m, 3H); MS: (ESI, Neg) m/z 261.2 [(M�1)�].


4.54. 5-(1-(4-Bromo-phenyl)-1-methyl-ethyl)-benzene-1,3-diol
(41)


White solid (0.39 g, 92.5%). Rf = 0.33 (ethyl acetate/hexane
30:70); 1H NMR (500 MHz, CDCl3): d (ppm) 1.62 (s, 6H), 4.61 (s,
2H), 6.20 (t, J = 2.5 Hz, 1H), 6.26 (d, J = 2.5 Hz, 2H), 7.12 (d, J = 8.5 Hz,
2H), 7.39 (d, J = 8.5 Hz, 2H); MS: (ESI, Neg) m/z 306.2 [(M�1)�].


4.55. 5-(1-(3-Bromo-phenyl)-1-methyl-ethyl)-benzene-1,3-diol
(42)


Yellow oil (0.49 g, 92.5%). Rf = 0.34 (ethyl acetate/hexane
30:70); 1H NMR (500 MHz, CDCl3): d (ppm) 1.63 (s, 6H), 4.62 (s,
2H), 6.20 (t, J = 2.5 Hz, 1H), 6.27 (d, J = 2.5 Hz, 2H), 7.16 (d,
J = 4 Hz, 2H), 7.33 (m, 1H), 7.40 (m, 1H); MS: (ESI, Neg) m/z 306.2
[(M�1)�].


4.56. 5-(1-Methyl-1-thiophen-2-yl-ethyl)-benzene-1,3-diol (43)


White solid (0.87 g, 95.3%). Rf = 0.3 (ethyl acetate/hexane 30:70);
1H NMR (500 MHz, CDCl3): d (ppm) 1.60 (s, 6H), 4.65 (s, 2H), 6.18
(t, J = 2 Hz, 1H), 6.24 (d, J = 2.5 Hz, 2H), 7.15 (d, J = 8.5 Hz, 2H), 7.23
(d, J = 8.5 Hz, 2H); MS: (ESI, Neg) m/z 233.1 [(M�1)�].


4.57. 4-[1-(3,5-Dihydroxy-phenyl)-1-methyl-ethyl]-
benzonitrile (44)


Colorless oil (0.19 g, 54.1%). Rf = 0.21 (ethyl acetate/hexane
30:70); 1H NMR (500 MHz, CDCl3): d (ppm) 1.65 (s, 6H), 4.73 (s,
2H), 6.22 (t, J = 2.5 Hz, 1H), 6.26 (d, J = 2.5 Hz, 2H), 7.35 (d,
J = 8.5 Hz, 2H), 7.59 (d, J = 8.5 Hz, 2H); MS: (ESI, Neg) m/z 252.3
[(M�1)�].


4.58. 3-[1-(3,5-Dihydroxy-phenyl)-1-methyl-ethyl]-
benzonitrile (45)


Colorless oil (0.28 g, 97.2%). Rf = 0.22 (ethyl acetate/hexane
30:70); 1H NMR (500 MHz, CDCl3): d (ppm) 1.65 (s, 6H), 4.68 (s,
2H), 6.22 (t, J = 2 Hz, 1H), 6.26 (d, J = 2.5 Hz, 2H), 7.38 (t,
J = 7.5 Hz, 2H), 7.49 (tt, J = 1.5, 7.5 Hz, 2H), 7.56 (t, J = 1.5 Hz, 1H);
MS: (ESI, Neg) m/z 252.3 [(M�1)�].


4.59. N-{3-[1-(3,5-dihydroxy-phenyl)-1-methyl-ethyl]-phenyl}-
acetamide (46)


Light brown oil (0.18 g, 79.1%). Rf = 0.15 (ethyl acetate/hexane
50:50); 1H NMR (500 MHz, DMSO): d (ppm) 1.51 (s, 6H), 1.99 (s,
3H), 5.99 (t, J = 2 Hz, 1H), 6.04 (d, J = 2.5 Hz, 2H), 6.89 (d,
J = 7.5 Hz, 1H), 7.18 (t, J = 8 Hz, 1H), 7.29 (s, 1H), 7.53 (d,
J = 7.5 Hz, 1H), 9.01 (s, 2H), 9.83 (s, 1H); MS: (ESI, Pos) m/z 308.2
[(M+23)+].


4.60. trans-(R)-(+)-Limonene oxide (48)


The kinetic separation of cis/trans(+)-limonene oxide (53.8 mL,
d = 0.93, 328 mmol) was carried out as described by Steiner et
al.,21 using pyrazole (3.72 g, 54.7 mmol) and de-ionized water
(177 mL). Yield 21.2 g, (84.8%); 1H NMR (500 MHz, CDCl3): d
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(ppm) 1.31 (s, 3H), 1.39 (m, 2H), 1.69 (s, 3H), 1.71 (m, 2H), 1.86 (m,
2H), 2.06 (m, 1H), 2.98 (m, 1H), 4.66 (s, 2H); MS: (ESI, Pos) m/z
175.2 [(M+23)+].


4.61. (+)-(1S,4R)-p-Mentha-2,8-dien-1-ol (49)


trans-(R)-(+)-Limonene oxide (48, 5.1 g, 33.5 mmol) was con-
verted to (+)-(1S,4R)-p-mentha-2,8-dien-1-ol, utilizing the method
of Richards and Watson.20 Yield 1.58 g (31.6%) as a colorless oil. a23


D


+53.8� (CHCl3); 1H NMR (500 MHz, CDCl3): d (ppm) 1.22 (s, 3H),
1.46 (br s, 1H), 1.59 (m, 2H), 1.67 (s, 3H), 1.76 (m, 2H), 2.67 (m,
1H), 4.59 (m, 1H), 4.71 (t, J = 1.5 Hz, 1H), 5.54 (dd, J = 3, 7 Hz,
1H), 5.64 (dd, J = 1.5, 7 Hz, 1H); MS: (ESI, Pos) m/z 151.2
[(M�1)�].


4.62. 6,6,9-Trimethyl-3-(1-methyl-1-p-tolyl-ethyl)-6a,7,10,10a-
tetrahydro-6H-benzo[c]chromen-1-ol (50)


Resorcinol 31 (0.63 g, 2.60 mmol), (+)-D2-p-menthene-1,8-diol
(0.44 g, 2.60 mmol), and p-toluene sulfonic acid (0.02 g,
0.11 mmol) were dissolved in benzene (21.7 mL) and the reaction
mixture was placed in a preheated oil bath at 80 �C and allowed
to stir at that temperature for 6 h. The mixture was then cooled, di-
luted with ether, and washed with bicarbonate, water, and brine.
The ethereal layer was then separated, dried over sodium sulfate,
and evaporated. The product was purified by column chromatogra-
phy using methylene chloride/hexane (40:60) yielding a white
foam (0.545 g, 55.6%). Rf = 0.33 (methylene chloride/hexane, 1:1);
1H NMR (500 MHz, CDCl3): d (ppm) 1.11 (s, CH3, 3H), 1.37 (s,
CH3, 3H), 1.59 (m, CH3, 6H), 1.69 (s, CH3, 3H), 1.81 (m, CH2 and
CH, 3H), 2.14 (m, CH2, 1H), 2.31 (s, CH3, 3H), 2.67 (m, CH, 1H),
3.16 (dd, J = 4.5, 15 Hz, CH2, 1H), 4.53 (s, OH, 1H), 5.42 (d,
J = 4.5 Hz, @CH, 1H), 5.98 (d, J = 2 Hz, ArH, 1H), 6.43 (d, J = 2 Hz,
ArH, 1H), 7.07 (d, J = 8 Hz, ArH, 2H), 7.143 (d, J = 8 Hz, ArH, 2H);
MS: (ESI, Neg) m/z 375.4 [(M�1)�]. HR-EI-MS m/z calcd for
C26H32O2: 376.2402, experimental 376.2391.


Utilizing the same procedure, the following analogs were syn-
thesized using the appropriately substituted resorcinols.


4.63. 6,6,9-Trimethyl-3-(1-methyl-1-m-tolyl-ethyl)-6a,7,10,10a-
tetrahydro-6H-benzo[c]chromen-1-ol (51)


Yellow oil (0.139 g, 28.8%). Rf = 0.34 (methylene chloride/hexane,
1:1); 1H NMR (500 MHz, CDCl3): d (ppm) 1.12 (s, CH3, 3H), 1.38 (s,
CH3, 3H), 1.59 (m, CH3, 6H), 1.69 (s, CH3, 3H), 1.82 (m, CH2 and CH,
3H), 2.14 (m, CH2, 1H), 2.31 (s, CH3, 3H), 2.68 (m, CH, 1H), 3.16 (dd,
J = 4.5, 15 Hz, CH2, 1H), 4.53 (s, OH, 1H), 5.42 (d, J = 4.5 Hz, @CH,
1H), 5.98 (d, J = 2 Hz, ArH, 1H), 6.43 (d, J = 2 Hz, ArH, 1H), 6.98 (d,
J = 7 Hz, ArH, 1H), 7.07 (m, ArH, 2H), 7.15 (t, J = 7.5 Hz, ArH, 1H);
MS: (ESI, Neg) m/z 375.5 [(M�1)�]. HR-EI-MS m/z calcd for
C26H32O2: 376.2402, experimental 376.2387.


4.64. 6,6,9-Trimethyl-3-(1-methyl-1-o-tolyl-ethyl)-6a,7,10,10a-
tetrahydro-6H-benzo[c]chromen-1-ol (52)


White foam (0.13 g, 27.9%). Rf = 0.33 (methylene chloride/hex-
ane, 1:1); 1H NMR (500 MHz, CDCl3): d (ppm) 1.11 (s, CH3, 3H),
1.37 (s, CH3, 3H), 1.61 (m, CH3, 6H), 1.69 (s, CH3, 3H), 1.82 (m,
CH2 and CH, 3H), 1.88 (s, CH3, 3H), 2.12 (m, CH2, 1H), 2.67 (m,
CH, 1H), 3.16 (dd, J = 4.5 Hz, 15 Hz, CH2, 1H), 4.52 (s, OH, 1H),
5.42 (d, J = 4.5 Hz, @CH, 1H), 5.90 (d, J = 2 Hz, ArH, 1H), 6.38 (d,
J = 2 Hz, ArH, 1H), 7.05 (d, J = 7.5 Hz, ArH, 1H), 7.19 (m, ArH, 2H),
7.50 (dd, J = 1, 7.5 Hz, ArH, 1H); MS: (ESI, Neg) m/z 375.4
[(M�1)�]. HR-EI-MS m/z calcd for C26H32O2: 376.2402, experimen-
tal 376.2413.

4.65. 3-[1-(4-Fluoro-phenyl)-1-methyl-ethyl]-6,6,9-trimethyl-
6a,7,10,10a-tetrahydro-6H-benzo[c]chromen-1-ol (56)


Light pink foam (0.59 g, 45.5%). Rf = 0.37 (methylene chloride/
hexane, 1:1); 1H NMR (500 MHz, CDCl3): d (ppm) 1.04 (s, CH3,
3H), 1.30 (s, CH3, 3H), 1.51 (m, CH3, 6H), 1.62 (s, CH3, 3H), 1.75
(m, CH2 and CH, 3H), 2.07 (m, CH2, 1H), 2.61 (m, CH, 1H), 3.09
(dd, J = 4.5, 15 Hz, CH2, 1H), 4.49 (s, OH, 1H), 5.35 (d, J = 4.5 Hz,
@CH, 1H), 5.90 (d, J = 2 Hz, ArH, 1H), 6.32 (d, J = 2 Hz, ArH, 1H),
6.86 (m, ArH, 2H), 7.12 (m, ArH, 2H); MS: (ESI, Neg) m/z 379.5
[(M�1)�]. HR-EI-MS m/z calcd for C25H29FO2: 380.2152, experi-
mental 380.2152.


4.66. 3-[1-(3-Fluoro-phenyl)-1-methyl-ethyl]-6,6,9-trimethyl-
6a,7,10,10a-tetrahydro-6H-benzo[c]chromen-1-ol (57)


White foam (0.36 g, 24.4%). Rf = 0.37 (methylene chloride/hex-
ane, 1:1); 1H NMR (500 MHz, CDCl3): d (ppm) 1.06 (s, CH3, 3H),
1.21 (s, CH3, 3H), 1.53 (m, CH3, 6H), 1.66 (s, CH3, 3H), 1.76 (m,
CH2 and CH, 3H), 2.17 (m, CH2, 1H), 2.52 (m, CH, 1H), 3.08 (dd,
J = 4.5, 15 Hz, CH2, 1H), 4.36 (s, OH, 1H), 5.41 (d, J = 4.5 Hz, @CH,
1H), 5.82 (d, J = 2 Hz, ArH, 1H), 6.22 (d, J = 2 Hz, ArH, 1H), 6.67
(td, J = 2.5, 8.5 Hz, ArH, 1H), 6.88 (m, ArH, 1H), 7.02 (m,
ArH, 1H), 7.12 (m, ArH, 1H); MS: (ESI, Neg) m/z 379.5 [(M�1)�].
HR-EI-MS m/z calcd for C25H29FO2: 380.2152, experimental
380.2152.


4.67. 3-[1-(4-Chloro-phenyl)-1-methyl-ethyl]-6,6,9-trimethyl-
6a,7,10,10a-tetrahydro-6H-benzo[c]chromen-1-ol (58)


White foam (0.63 g, 50.4%). Rf = 0.41 (methylene chloride/hex-
ane, 1:1); 1H NMR (500 MHz, CDCl3): d (ppm) 1.04 (s, CH3, 3H),
1.30 (s, CH3, 3H), 1.51 (m, CH3, 6H), 1.62 (s, CH3, 3H), 1.75 (m,
CH2 and CH, 3H), 2.07 (m, CH2, 1H), 2.61 (m, CH, 1H), 3.09 (dd,
J = 4.5, 15 Hz, CH2, 1H), 4.49 (s, OH, 1H), 5.35 (d, J = 5 Hz, @CH,
1H), 5.89 (d, J = 2 Hz, ArH, 1H), 6.30 (d, J = 2 Hz, ArH, 1H), 7.09 (d,
J = 8.5 Hz, ArH, 2H), 7.15 (d, J = 9 Hz, ArH, 2H); MS: (ESI, Neg) m/z
395.9 [(M�1)�]. HR-EI-MS m/z calcd for C25H29ClO2: 396.1856,
experimental 396.1856.


4.68. 3-[1-(3-Chloro-phenyl)-1-methyl-ethyl]-6,6,9-trimethyl-
6a,7,10,10a-tetrahydro-6H-benzo[c]chromen-1-ol (59)


White foam (0.66 g, 50.6%). Rf = 0.37 (methylene chloride/hex-
ane, 1:1); 1H NMR (500 MHz, CDCl3): d (ppm) 1.04 (s, CH3, 3H),
1.30 (s, CH3, 3H), 1.51 (m, CH3, 6H), 1.62 (s, CH3, 3H), 1.75 (m,
CH2 and CH, 3H), 2.07 (m, CH2, 1H), 2.61 (m, CH, 1H), 3.09 (m,
CH2, 1H), 4.51 (s, OH, 1H), 5.35 (d, J = 4.5, 15 Hz, @CH, 1H), 5.89
(d, J = 1.5 Hz, ArH, 1H), 6.31 (d, J = 1.5 Hz, ArH, 1H), 7.03 (dt, J = 2,
7.5 Hz, ArH, 1H), 7.07 (m, ArH, 2H), 7.17 (t, J = 2 Hz, ArH, 1H);
MS: (ESI, Neg) m/z 395.9 [(M�1)�]. HR-EI-MS m/z calcd for
C25H29ClO2: 396.1856, experimental 396.1869.


4.69. 3-[1-(4-Bromo-phenyl)-1-methyl-ethyl]-6,6,9-trimethyl-
6a,7,10,10a-tetrahydro-6H-benzo[c]chromen-1-ol (60)


White foam (0.13 g, 25.2%). Rf = 0.34 (methylene chloride/hex-
ane, 40:60); 1H NMR (500 MHz, CDCl3): d (ppm) 1.11 (s, CH3,
3H), 1.37 (s, CH3, 3H), 1.58 (m, CH3, 6H), 1.69 (s, CH3, 3H), 1.82
(m, CH2 and CH, 3H), 2.15 (m, CH2, 1H), 2.68 (m, CH, 1H), 3.17
(dd, J = 4.5, 15 Hz, CH2, 1H), 4.57 (s, OH, 1H), 5.42 (d, J = 4.5 Hz,
@CH, 1H), 5.97 (d, J = 2 Hz, ArH, 1H), 6.37 (d, J = 2 Hz, ArH, 1H),
7.12 (d, J = 8.5 Hz, ArH, 2H), 7.36 (d, J = 8.5 Hz, ArH, 2H); MS: (ESI,
Neg) m/z 440.4 [(M�1)�]. HR-EI-MS m/z calcd for C25H29BrO2:
440.1351, experimental 440.1358.
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4.70. 3-[1-(3-Bromo-phenyl)-1-methyl-ethyl]-6,6,9-trimethyl-
6a,7,10,10a-tetrahydro-6H-benzo[c]chromen-1-ol (61)


White foam (0.14 g, 21.3%). Rf = 0.34 (methylene chloride/hex-
ane, 40:60); 1H NMR (500 MHz, CDCl3): d (ppm) 1.12 (s, CH3,
3H), 1.38 (s, CH3, 3H), 1.58 (m, CH3, 6H), 1.69 (s, CH3, 3H),
1.83(m, CH2 and CH, 3H), 2.15 (m, CH2, 1H), 2.68 (m, CH, 1H),
3.16 (dd, J = 4.5, 15 Hz, CH2, 1H), 4.59 (s, OH, 1H), 5.42 (d,
J = 4.5 Hz, @CH, 1H), 5.96 (d, J = 2 Hz, ArH, 1H), 6.38 (d, J = 2 Hz,
ArH, 1H), 7.14 (m, ArH, 2H), 7.30 (m, ArH, 1H), 7.4 (m, ArH, 1H);
MS: (ESI, Neg) m/z 440.4 [(M�1)�]. HR-EI-MS m/z calcd for
C25H29BrO2: 440.1351, experimental 440.1367.


4.71. 6,6,9-Trimethyl-3-(1-methyl-1-thiophen-2-yl-ethyl)-
6a,7,10,10a-tetrahydro-6H-benzo[c]chromen-1-ol (4)


White foam (0.12 g, 21.9%). Rf = 0.37 (methylene chloride/hex-
ane, 1:1); 1H NMR (500 MHz, CDCl3): d (ppm) 1.04 (s, CH3, 3H),
1.30 (s, CH3, 3H), 1.63 (m, CH3, 9H), 1.74 (m, CH2 and CH, 3H),
2.07 (m, CH2, 1H), 2.61 (m, CH, 1H), 3.10 (dd, J = 4.5, 15 Hz, CH2,
1H), 4.50 (s, OH, 1H), 5.35 (d, J = 4.5 Hz, @CH, 1H), 6.04 (d,
J = 2 Hz, ArH, 1H), 6.38 (d, J = 2 Hz, ArH, 1H), 6.76 (dd, J = 1.5 Hz,
3.5 Hz, ArH, 1H), 6.84 (m, ArH, 1H), 7.07 (dd, J = 1 Hz, 5 Hz, ArH,
1H); MS: (ESI, Neg) m/z 367.4 [(M�1)�]. HR-EI-MS m/z calcd for
C23H28O2S: 368.1810, experimental 368.1818.


4.72. 3-[1-(4-Ethyl-phenyl)-1-methyl-ethyl]-6,6,9-trimethyl-
6a,7,10,10a-tetrahydro-6H-benzo[c]chromen-1-ol (54)


Resorcinol 35 (0.4 g, 1.56 mmol), (+)-D2,8-p-mentha-2,8-dien-1-
ol (49, 0.29 g, 1.95 mmol) and p-toluene sulfonic acid (0.055 g,
0.29 mmol) in benzene (13 mL) were dissolved in benzene
(18.3 mL) and the reaction mixture was placed in a preheated oil
bath at 80 �C and allowed to stir for 6 h. The mixture was then cooled,
diluted with ether, and washed with bicarbonate, water, and brine.
The ethereal layer was then separated, dried over sodium sulfate,
and evaporated. The product was purified by column chromatogra-
phy using methylene chloride/hexane (40:60) yielding a white foam
(0.13 g, 25.2%). Rf = 0.29 (methylene chloride/hexane, 40:60); 1H
NMR (500 MHz, CDCl3): d (ppm) 1.11 (s, CH3, 3H), 1.22 (t,
J = 7.5 Hz, CH3, 3H), 1.37(s, CH3, 3H), 1.59 (m, CH3, 6H), 1.69 (s, CH3,
3H), 1.82(m, CH2 and CH, 3H), 2.15 (m, CH2, 1H), 2.62 (q, J = 7.5 Hz,
CH2, 2H), 2.68 (m, CH, 1H), 3.17 (dd, J = 4.5, 15 Hz, CH2, 1H), 4.55 (s,
OH, 1H), 5.42 (d, J = 4.5 Hz, @CH, 1H), 5.98 (d, J = 2 Hz, ArH, 1H),
6.43 (d, J = 2 Hz, ArH, 1H), 7.09 (d, J = 8.0 Hz, ArH, 2H), 7.16 (d,
J = 8.5 Hz, ArH, 2H); MS: (ESI, Neg) m/z 389.4 [(M�1)�]. HR-EI-MS
m/z calcd for C27H34O2: 390.2559, experimental 390.2570.


4.73. 3-[1-(3,5-Dimethyl-phenyl)-1-methyl-ethyl]-6,6,9-
trimethyl-6a,7,10,10a-tetrahydro-6H-benzo[c]chromen-1-ol (53)


Cream colored foam (0.20 g, 33.1%). Rf = 0.34 (methylene chlo-
ride/hexane, 40:60); 1H NMR (500 MHz, CDCl3): d (ppm) 1.12 (s,
CH3, 3H), 1.38(s, CH3, 3H), 1.58 (m, CH3, 6H), 1.69 (s, CH3, 3H),
1.80 (m, CH2 and CH, 3H), 2.14 (m, CH2, 1H), 2.27 (s, CH3, 6H),
2.67 (m, CH, 1H), 3.18 (dd, J = 4.5, 15 Hz, CH2, 1H), 4.54 (s, OH
1H), 5.41 (d, J = 4.5 Hz, @CH, 1H), 5.97 (d, J = 2 Hz, ArH, 1H), 6.42
(d, J = 2 Hz, ArH, 1H), 6.81 (s, ArH, 1H), 6.86 (s, ArH, 2H); MS:
(ESI, Neg) m/z 389.3 [(M�1)�]. HR-EI-MS m/z calcd for C27H34O2,
390.2559: experimental 390.2560.


4.74. 3-[1-(4-Propyl-phenyl)-1-methyl-ethyl]-6,6,9-trimethyl-
6a,7,10,10a-tetrahydro-6H-benzo[c]chromen-1-ol (55)


Cream colored foam (0.30 g, 50.1%). Rf = 0.35 (methylene chlo-
ride/hexane, 40:60); 1H NMR (500 MHz, CDCl3): d (ppm) 0.94 (t,

J = 7.5 Hz, CH3, 3H), 1.11 (s, CH3, 3H), 1.37(s, CH3, 3H), 1.59 (m,
CH3, 6H), 1.63 (m, CH2, 2H), 1.69 (s, CH3, 3H), 1.83 (m, CH2 and
CH, 3H), 2.14 (m, CH2, 1H), 2.54 (t, J = 7.5 Hz, CH2, 2H), 2.68 (m,
CH, 1H), 3.16 (dd, J = 4.5, 15 Hz, CH2, 1H), 4.54 (s, OH, 1H), 5.42
(d, J = 4.5 Hz, @CH, 1H), 5.98 (d, J = 2 Hz, ArH, 1H), 6.44 (d,
J = 2 Hz, ArH, 1H), 7.06 (d, J = 8.0 Hz, ArH, 2H), 7.15(d, J = 8.5 Hz,
ArH, 2H); MS: (ESI, Neg) m/z 403.2 [(M�1)�]. HR-EI-MS m/z calcd
for C28H36O2: 404.2715, experimental 404.2734.


4.75. 3-[1-(4-Cyano-phenyl)-1-methyl-ethyl]-6,6,9-trimethyl-
6a,7,10,10a-tetrahydro-6H-benzo[c]chromen-1-ol (62)


Cream colored foam (0.08 g, 40.2%). Rf = 0.2 (methylene chlo-
ride/hexane, 50:50); 1H NMR (500 MHz, CDCl3): d (ppm) 1.11 (s,
CH3, 3H), 1.37 (s, CH3, 3H), 1.61 (m, CH3, 6H), 1.69 (s, CH3, 3H),
1.83 (m, CH2 and CH, 3H), 2.14 (m, CH2, 1H), 2.68 (m, CH, 1H),
3.16 (dd, J = 4.5, 15 Hz, CH2, 1H), 4.54 (s, OH, 1H), 5.42 (d,
J = 4.5 Hz, @CH, 1H), 5.98 (d, J = 2 Hz, ArH, 1H), 6.34 (d, J = 2 Hz,
ArH, 1H), 7.35 (d, J = 8.0 Hz, ArH, 2H), 7.55(d, J = 8.5 Hz, ArH, 2H);
MS: (ESI, Neg) m/z 386.2 [(M�1)�]. HR-EI-MS m/z calcd for
C26H29NO2: 387.2198, experimental 387.2202.


4.76. 3-[1-(3-Cyano-phenyl)-1-methyl-ethyl]-6,6,9-trimethyl-
6a,7,10,10a-tetrahydro-6H-benzo[c]chromen-1-ol (63)


Cream colored foam (0.04 g, 12.1%). Rf = 0.21(methylene chlo-
ride/hexane, 50:50); 1H NMR (500 MHz, CDCl3): d (ppm) 1.11 (s,
CH3, 3H), 1.37(s, CH3, 3H), 1.61 (m, CH3, 6H), 1.69 (s, CH3, 3H),
1.80 (m, CH2 and CH, 3H), 2.16 (m, CH2, 1H), 2.68 (m, CH, 1H),
3.16 (dd, J = 4.5, 15 Hz, CH2, 1H), 4.63 (s, OH, 1H), 5.42 (d,
J = 4.5 Hz, @CH, 1H), 5.96 (d, J = 2 Hz, ArH, 1H), 6.33 (d, J = 2 Hz,
ArH, 1H), 7.35 (t, J = 7.5 Hz, ArH, 1H), 7.46 (m, ArH, 2H), 7.54 (m,
ArH, 1H); MS: (ESI, Neg) m/z 386.2 [(M�1)�]. HR-EI-MS m/z calcd
for C26H29NO2: 387.2198, experimental 387.2203.


4.77. N-{3-[1-(1-hydroxy-6,6,9-trimethyl)-6a,7,10,10a-
tetrahydro-6H-benzo[c]chromen-3-yl-1-methyl-ethyl]-
phenyl}acetamide (64)


Yellow oil (0.1 g, 24.6%). Rf = 0.35 (ether/methylene chloride,
8:92); 1H NMR (500 MHz, CDCl3): d (ppm) 1.11 (s, CH3, 3H), 1.37(s,
CH3, 3H), 1.56 (m, CH3, 6H), 1.67 (s, CH3, 3H), 1.84 (m, CH2 and CH,
3H), 2.03 (s, –NHCOCH3, 3H), 2.16 (m, CH2, 1H), 2.67 (m, CH, 1H),
3.21 (dd, J = 4.5, 15 Hz, CH2, 1H), 5.41 (d, J = 4.5 Hz, @CH, 1H), 5.91
(d, J = 2 Hz, 1H), 6.40 (d, J = 2 Hz, 1H), 7.01 (d, 8 Hz, ArH, 1H), 7.11
(s, ArH, 1H). 7.18 (t, J = 8 Hz, ArH, 1H), 7.32 (br s, OH, 1H), 7.41 (d,
J = 8 Hz, ArH, 1H), 8.09 (s, -NHCOCH3, 1H); MS: (ESI, Neg) m/z
418.5 [(M�1)�]. HPLC (retention time: 2.75 min).


4.78. Receptor-binding assays


Cell membranes from HEK293 cells transfected with the human
CB1 receptor (Bmax: 1.7 pmol/mg protein, Kd for [3H]CP 55,940
binding: 186 pM) and membranes from CHO-K1 cells transfected
with the human CB2 receptor (Bmax: 3.3 pmol/mg protein, Kd for
[3H]CP 55,940 binding: 0.12 nM) were purchased from Perkin-El-
mer Life Sciences, Inc. [3H]CP 55,940 having a specific activity of
120 Ci/mmol was obtained from Perkin-Elmer Life Sciences, Inc.
All other chemicals and reagents were obtained from Sigma–Al-
drich. The assays were carried out in 96-well plates obtained from
Millipore, Inc. fitted with glass fiber filters (hydrophilic, GFC filters)
having a pore size of 1.2 lm. The filters were soaked with 0.05%
polyethyleneimine solution and washed five times with deionized
water prior to carrying out the assays. The filtrations were carried
out on a 96-well vacuum manifold (Millipore Inc.), the filters
punched out with a pipette tip directly into scintillation vials at







6500 M. Krishnamurthy et al. / Bioorg. Med. Chem. 16 (2008) 6489–6500

the end of the experiment, and vials filled with 5 mL scintillation
cocktail Ecolite (+) (Fisher Scientific). Counting was carried out
on a Beckmann Scintillation Counter model LS6500. Drug solutions
were prepared in DMSO and the radioligand was dissolved in eth-
anol. Incubation buffer: 50 mM Tris–HCl, 5 mM MgCl2, 2.5 mM
EDTA, 0.5 mg/mL fatty acid-free bovine serum albumin, pH 7.4.


Binding protocol for the CB1 receptor: 8 lg of membranes
(20 lL of a 1:8 dilution in incubation buffer) was incubated with
5 lL of drug solution (10�4–10�12 M) and 5 lL of 5.4 nM [3H]CP
55,940 in a total volume of 200 lL for 90 min at 30 �C. Non-specific
binding was determined using 10 lM WIN55, 212-2 (Ki = 20 nM).
The membranes were filtered and the filters washed seven times
with 0.2 mL ice-cold incubation buffer, and allowed to air-dry un-
der vacuum.


Binding protocol for the CB2 receptor: 15.3 lg of membranes
(20 lL of a 1:20 dilution in incubation buffer) was incubated with
5 lL of drug solution (10�4–10�12 M) and 5 lL of 10 nM [3H]CP
55,940 in a total volume of 200 lL for 90 min at 30 �C. Non-specific
binding was determined using 10 lM WIN55,212-2 (Ki = 4.4 nM).
The membranes were filtered and the filters washed seven times
with 0.2 mL ice-cold incubation buffer were allowed to air-dry un-
der vacuum.


Data accumulation and statistical analysis: varying concentra-
tions of drug ranging from 10�4–10�12 M were added in triplicate
for each experiment and the individual molar IC50 values were
determined using GraphPad Prism. The corresponding Ki values
for each drug were determined utilizing the Cheng and Prusoff
equation49 and final data are presented as Ki ± standard error of
mean of n = 3 experiments.

4.79. Glioma cytotoxicity assays


Human cancer cells U-87MG, T98G, LN-229, DBTRG-O5MG
(American Type Culture Collection), and MT310 (primary GBM cell
line, grade IV, a gift from Dr. Valery Kukekov, University of Tennes-
see Health Science Center, Department of Neurosurgery) were cul-
tured in supplemented media according to the recommendations
of the supplier. Cell lines were plated in 96-well flat-bottomed
plates at 70% confluency in a 100 ll total volume of supplemented
media as indicated, and incubated overnight at 37 �C to allow for
adherence. The cultures were inoculated with escalating amounts
of drug and cell death was analyzed at 18 h, using the BioTek Syn-
ergy 2 Multidetection Microplate Reader. The percentage of viable
cells present in the culture at each time point was calculated by
comparing the absorbance value at 450 nm from the CCK-8 assay
(Dojindo Molecular Technologies) for each condition with un-
treated control cells. All assays were conducted per manufacturer’s
protocol. All described values represent the average of three data
points per determination and three independent determinations.
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This study describes the antibacterial properties of synthetically produced mixed aryl–alkyl disulfide
compounds as a means to control the growth of Staphylococcus aureus and Bacillus anthracis. Some of
these compounds exerted strong in vitro bioactivity. Our results indicate that among the 12 different aryl
substituents examined, nitrophenyl derivatives provide the strongest antibiotic activities. This may be
the result of electronic activation of the arylthio moiety as a leaving group for nucleophilic attack on
the disulfide bond. Small alkyl residues on the other sulfur provide the best activity as well, which for
different bacteria appears to be somewhat dependent on the nature of the alkyl moiety. The mechanism
of action of these lipophilic disulfides is likely similar to that of previously reported N-thiolated b-lac-
tams, which have been shown to produce alkyl-CoA disulfides through a thiol-disulfide exchange within
the cytoplasm, ultimately inhibiting type II fatty acid synthesis. However, the mixed alkyl-CoA disulfides
themselves show no antibacterial activity, presumably due to the inability of the highly polar compounds
to cross the bacterial cell membrane. These structurally simple disulfides have been found to inhibit
b-ketoacyl-acyl carrier protein synthase III, or FabH, a key enzyme in type II fatty acid biosynthesis,
and thus may serve as new leads to the development of effective antibacterials for MRSA and anthrax
infections.


� 2008 Elsevier Ltd. All rights reserved.
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Figure 1. Antibacterially active sulfenylating agents.

1. Introduction


The design of new antimicrobial agents has reached unprece-
dented urgency as drug resistance in certain medically relevant
bacteria continues to climb. Our laboratory has recently been
investigating the microbiological properties of N-alkylthio b-lac-
tams1–9 and N-alkylthio-2-oxazolidinones10 (Fig. 1) as potential
antibiotics for treatment of infections caused by methicillin-resis-
tant Staphylococcus aureus (MRSA) and Bacillus anthracis (the caus-
ative agent of anthrax).


These compounds exert selective bacteriostatic properties
against Staphylococcus and Bacillus microbes over most other com-
mon bacterial genera, and demonstrate unique structure–activity
profiles never seen before for b-lactam and 2-oxazolidinone antibi-
otics. One of the structural requirements of these compounds is
that the residues on the heterocyclic ring and sulfur side chain

ll rights reserved.


: +1 813 974 1733.

must be highly lipophilic in order to bestow the most potent anti-
bacterial activities. Most recently our studies have determined that
N-methylthio b-lactams block type II fatty acid biosynthesis in
S. aureus through the initial transfer of the N-alkylthio moiety from
the ring nitrogen onto a cellular target.9 We have since identified
this target as being coenzyme A (CoASH), which is present in large
quantities in the cytoplasm and comprises the redox buffer system
of these bacteria. It is postulated that sulfenylation of coenzyme A
produces an alkyl-CoA disulfide (CoASSR) responsible for inhibiting
lipid biosynthesis (Scheme 1).
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Scheme 1. Sulfenylation of coenzyme A by N-thiolated b-lactams.
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Recent work in the Reynolds laboratory has demonstrated that
these mixed alkyl-CoA disulfides, CoASSR, covalently modify the
fatty acid biosynthesis protein, FabH, and that the inhibitory effects
are highly dependent on the nature of the alkyl side chain R.11 In
our initial investigations, we examined the possibility that the
CoASSR disulfides could directly inhibit microbial growth if fed
to bacteria growing in culture media. However, incubation of S.
aureus cells with CoASSMe does not lead to growth inhibition, as
judged by both Kirby–Bauer well diffusion studies and minimum
inhibitory concentration assays in broth. Although this seemed
surprising at first, given that this compound is likely responsible
for bioactivity in the cell, this suggests that the multiply charged
CoA moiety may not easily traverse the cell membrane to be able
to exert an inhibitory effect within the cytoplasm.12 This led to
the realization that the N-thiolated b-lactam, and presumably the
N-thiolated oxazolidinone as well, may have the requisite cell per-
meability and sulfenylation capabilities for antibacterial activity,
and could generate the CoASSR adduct intracellularly. Since it
was apparent that the lactam or the oxazolidinone rings did not
have any special structural features needed for activity, other than
being relatively lipophilic and able to serve as a leaving group dur-
ing nucleophilic attack on sulfur, we thought that we could utilize
lipophilic disulfides in place of the N-thiolated b-lactams as a
means to deliver electrophilic sulfur species more effectively into
the bacterial cell. In fact, nature has long used disulfides and trisul-
fides as natural sulfenylation agents, as evidenced by the large
number of naturally occurring compounds that have anti-infective
properties.13 Highly notable examples include diallyl disulfide,
diallyl trisulfide, ajoene, S-allylmercaptocysteine, and allicin, found
only in freshly crushed garlic (Fig. 2).14–17 The biological targets
and mode of action of most of these compounds are not precisely
known, but in the case of allicin, there are distinct similarities in
the antibiotic properties to the N-thiolated b-lactams (and N-thio-
lated oxazolidinones). In addition to exhibiting activity against a
wide range of bacteria,18–21 allicin possesses antifungal,22–24 anti-
viral,25,26 antiparasitic,27,28 and anticancer properties. Both the lac-
tams and allicin strongly inhibit fatty acid synthesis,29–32 but also
partially inhibit protein and nucleic acid biosynthesis.33 Both com-
pounds exert their strongest antibacterial activities against mi-
crobes such as S. aureus and B. anthracis that express unusually
low levels of glutathione and relatively high levels of coenzyme
A. Allicin reacts with sulfhydryl residues of various proteins such
as RNA polymerase, thioredoxin reductase, and alcohol dehydroge-
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Figure 2. Naturally occurring disulfide and trisulfide antibacterials from garlic.

nase, and reversibly inhibits acetyl-CoA synthetases.34,35 This cer-
tainly suggests similar modes of action in causing intracellular
sulfenylation of their biological targets. A survey of the patent lit-
erature also uncovered two recent US patent applications describ-
ing the effects of mixed alkyl disulfides as inhibitors of redox
buffers in mammalian cells as a means to restore normal cellular
function, a feature attributed to their high reactivity toward
thioredoxin.36,37


2. Results and discussion


To initiate these investigations, a selection of unsymmetrical
aryl methyl disulfides was synthesized from commercially avail-
able arylthiols as shown in Scheme 2. We selected a group of elec-
tronically diverse arylthiols as coupling partners in this reaction to
obtain aryl methyl disulfides 1–8 for evaluation. The synthesis was
done simply by combining a methanolic solution of the arylthiol
(100 ml of 1.0 M) with a slight excess of the alkyl methanethiol-
sulfonate (105 ml of 1.0 M methanolic solution) and stirring under
an inert atmosphere for 1 h. The solutions were then treated with a
small amount (about 0.3 equiv) of cysteine hydrochloride to con-
sume the excess methanethiolsulfonate. The solution was concen-
trated and taken up in dichloromethane (1 ml), filtered to remove
any cysteine products, treated with Amberlyst 21 resin (weakly ba-
sic), then flushed through a small silica plug to remove impurities.
In most instances, this yielded products >90% pure by 1H NMR.
Yields for these reactions were in most cases high and the disul-
fides were used in microbiological screening assays without fur-
ther purification. We carried out initial antibacterial assays on
these eight aryl methyl disulfides against methicillin-susceptible
S. aureus by Kirby–Bauer disk diffusion on agar plates, according
to National Committee for Clinical Laboratory Standards guide-
lines.38 In each case, 20 lg of the test compound in DMSO was ap-
plied to 6-mm wide wells bored directly into the agar, prior to
inoculation and incubation. The average zones of growth inhibition
(from three trials) produced by the compounds after 24 h of incu-
bation at 37 �C are presented in Table 1. The Kirby–Bauer data indi-
cate that most of the disulfides have weak or no antimicrobial
activity, which suggests that the disulfide bond itself is not enough
of a prerequisite to induce antibacterial activity. Of these eight
compounds, the p-nitrophenyl analogue 8 showed the strongest
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Scheme 2. Synthesis of aryl methyl disulfides 1–8.







Table 1
Zones of bacterial growth inhibition data from Kirby–Bauer testing of disulfides 1–8
against S. aureus (ATCC 25923) on agar plates


1 2 3 4 5 6 7 8


Diameter of zone (mm) 11 10 9 14 23 20 0 35
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in vitro activity against S. aureus, with zones sizes comparable to
some of our previously reported N-thiolated b-lactam com-
pounds.3–8


We then expanded on the structure–activity properties of these
compounds by making structural modifications to the most potent
one, aryl disulfide 8. These include changing the location of the
electron-withdrawing nitro group on the phenyl ring, as well as
the length and branching of the S-alkyl substituent. The same pro-
cedure shown in Scheme 1 was used to prepare m-nitrophenyl
disulfides 9 and o-nitrophenyl disulfides 10, employing the corre-
sponding alkylthio sulfonates as sulfenylating agents.


Antimicrobial screening was done by Kirby–Bauer testing as
well as by determining the minimum inhibitory concentration
(MIC) values of compounds 8–10 by agar serial dilution. The data
shown in Table 2 indicate that all three nitrophenyl disulfide sys-
tems were active against S. aureus and B. anthracis, but it appeared
that p-nitrophenyl disulfides 8 and m-nitro isomers 9 were both

Table 2
Zones of inhibition (on agar plates) and MIC values (in broth) for aryl disulfides 8a–f, 9a–


S-SR


8a-f 9a-d


O2N


NO


Compound Alkyl R S. aureus (ATCC 259


8a Methyl 35 mm
16 lg/ml


8b Ethyl 54 mm
1 lg/ml


8c Isopropyl 85 mm
<0.125 lg/ml


8d sec-Butyl 68 mm
0.8 lg/ml


8e n-Propyl 43 mm
16 lg/ml


8f n-Butyl 53 mm
1 lg/ml


9a Methyl 36 mm
16 lg/ml


9b Ethyl 45 mm
8 lg/ml


9c Isopropyl 85 mm
<0.125 lg/ml


9d sec-Butyl 45 mm
8 lg/ml


10a Methyl 37 mm
16 lg/ml


10b Ethyl 40 mm
16 lg/ml


10c Isopropyl 31 mm
16 lg/ml


10d sec-Butyl 24 mm
32 lg/ml


Penicillin G 33 mm
0.03 lg/ml


Vancomycin 27 mm
0.25 lg/ml


The top value for each compound and microbe is the average diameter of growth inhib
DMSO). The lower value is the minimum inhibitory concentration (MIC) of drug (in lg
completely inhibited. MIC values were determined by serial dilution in 24-well plates a

considerably more active than the o-nitro analogues 10. The en-
hanced bioactivity of these nitrophenyl disulfides compared to
other aryl-substituted analogues suggests that nucleophilic scis-
sion of the disulfide linkage is enhanced by strong electron defi-
ciency on the sulfur centers.


These data revealed that increasing the alkyl chain length of the
aryl–alkyl disulfide from methyl to ethyl to propyl to butyl in-
creased bioactivity somewhat, but not as much as introducing
branching in the chain (Table 2). Thus, the isopropyl disulfides
and sec-butyl, 8c and 8d, respectively, were considerably more ac-
tive than the unbranched side-chain analogues. Additionally, all of
the compounds appeared to be somewhat more active against S.
aureus than MRSA, which is opposite to what we observed previ-
ously for the N-thiolated b-lactams.7 We do not believe that this
difference has anything to do with penicillinase production in
MRSA, since repeating the testing of S. aureus in the presence of
penicillinase protein does not cause a reduction in bioactivity.


The most active series of compounds, p-nitrophenyl disulfides
8a–f, was also tested against Escherichia coli (K12 strain, ATCC
23590) (Table 3). With the lowest MICs being around 16 lg/ml,
none of these derivatives were appreciably active against E. coli.
However, it is interesting that the methyl and ethyl disulfides pos-
sess the strongest activity, which drops off dramatically as the al-
kyl chain is elongated or branched. This is opposite to that
observed for S. aureus and B. anthracis.

d, and 10a–d against S. aureus, MRSA, and B. anthracis


S-SR


2


S-SR


NO2


10a-d


23) MRSA (ATCC 43300) B. anthracis


23 mm 54 mm
32 lg/ml 1 lg/ml
38 mm 67 mm
16 lg/ml 0.25 lg/ml
75 mm 71 mm
<0.125 lg/ml 0.125 lg/ml
54 mm 62 mm
1.0 lg/ml 0.5 lg/ml
38 mm 57 mm
16 lg/ml 1 lg/ml
28 mm 52 mm
32 lg/ml 1 lg/ml
15 mm 43 mm
64 lg/ml 8 lg/ml
12 mm 40 mm
64 lg/ml 8 lg/ml
38 mm 54 mm
16 lg/ml 1 lg/ml
22 mm 41 mm
32 lg/ml 8 lg/ml
26 mm 31 mm
32 lg/ml 16 lg/ml
28 mm 35 mm
32 lg/ml 16 lg/ml
20 mm 27 mm
32 lg/ml 32 lg/ml
20 mm 23 mm
32 lg/ml 32 lg/ml
14 mm nt
64 lg/ml nt
22 mm nt
0.5 lg/ml nt


ition (3 trials) produced after 24 h of incubation using 20 lg of test compound (in
/ml), the lowest concentration of compound in the agar where bacterial growth is
ccording to NCCLS protocols.38 nt = not tested.







Table 3
Comparison of the minimum inhibitory concentration (MIC) values of p-nitrophenyl
alkyl disulfides 8a–f against E. coli in broth


Compound E. coli (ATCC 23590)


8a 16 lg/ml
8b 16 lg/ml
8c 96 lg/ml
8d 128 lg/ml
8e 64 lg/ml
8f 96 lg/ml


6504 E. Turos et al. / Bioorg. Med. Chem. 16 (2008) 6501–6508

The need for an aryl moiety directly on one of the sulfurs was
made apparent when we tested p-nitrobenzyl and p-nitropheneth-
yl disulfides, 11 and 12 (Fig. 3). Neither of these compounds
showed antibacterial activity against S. aureus, but had very weak
activities against B. anthracis (MICs of 32 and 64 lg/ml, respec-
tively). Thus, insertion of a methylene or ethylene group between
the aryl ring and sulfur center dramatically reduces antibacterial
activity, probably due to significantly lower reactivity of the disul-
fide toward nucleophilic displacement.


Likewise, the corresponding sulfide 13 and Ellman’s reagent
(14) were both found to be effectively inactive against S. aureus,

O2N O2N


11 12


SSCH3
SSCH3


Figure 3. p-Nitrobenzyl and p-nitrophenethyl disulfides 11 and 12.


NO2


13


SCH3


O2N


14


S


CO2H


S
CO2H


NO2


Figure 4. Methyl p-nitrophenyl sulfide (13) and Ellman’s reagent (14).


Table 4
Percent inhibitiona of FabH derived from E. coli by disulfides 8a–f


Compound ecFabH (%)


8a 94
8b 98
8c 98.5
8d 96
8e 91
8f 93


a Measured as the percent decrease in activity of FabH in the presence of 5 lM of
disulfides 8a–f, as compared to the same enzyme in the absence of the disulfide.


N
O


MeO


SR


Cl


15a:  R = Me
15b:  R = s-Bu


Figure 5. N-Alkylthio b-lactams (15a and 15b).
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illustrating the need for both a disulfide linkage (in the case of
inactive compound 13) and high lipophilicity (in the case of inac-
tive disulfide 14) for antimicrobial activity (Fig. 4).


In addition to the in vitro properties, we were interested to
determine if the antibacterial activity of the disulfides could be
due to inhibition of a key enzymatic step in lipid biosynthesis in
bacteria. Given our recent finding that N-thiolated lactams react
with coenzyme A to create a mixed CoA disulfide and inhibit fatty
acid biosynthesis, we decided to investigate whether the disulfides
could directly inhibit b-ketoacyl-acyl carrier protein synthase III, or
FabH, a key enzyme in type II fatty acid biosynthesis. Thus, addi-
tional experiments using compounds 8a–f to determine inhibition
capabilities against purified E. coli FabH verify that the disulfides
are highly active against this enzyme. This was carried out as de-
scribed previously.39 Each compound in this series showed >90%
inhibition of E. coli FabH at a disulfide concentration of 5 lM (Table
4).


For comparison, N-alkylthio b-lactams 15a and 15b were also
tested, and both of these thiolating lactams exhibited inhibitory
activity against purified E. coli FabH (Fig. 5). At 1 lM, methylthio
lactam 15a inhibits FabH catalytic activity by 89%, while sec-butyl-
thio lactam 15b induces a 30% decrease in activity. These assays
were done in the absence of coenzyme A, thus showing that the
compounds directly act on FabH protein.


These results provide the first evidence that the disulfides and
the N-alkylthio b-lactams can inhibit bacterial growth in the same
manner, directly through FabH inactivation. However, once inside
the bacterial cell, the disulfides and N-alkylthio b-lactams can indi-
rectly inhibit FabH catalysis by readily forming alkyl-CoA mixed
disulfide adducts, which in turn can impede FabH function. Indeed,
Reynolds has previously reported that methyl-CoA mixed disulfide
effectively inhibits E. coli-expressed FabH (IC50 = 57 lM) (Fig. 6).11


Data is not yet available for inhibition studies on FabH from S.
aureus.


It is noteworthy that the trends in activity observed for the
nitrophenyl disulfides 8–10 coincide with previous observations
on the relative dimensions of the active site in each of the micro-
bial species studied. The active site of the E. coli FabH has been re-
ported to preferentially bind S-acetyl-CoA over larger or branched
S-acyl-CoA analogues.40 By contrast, the FabH from both Staphylo-
coccus41 and Bacillus42 have larger active-site pockets, which favor
reactions with branched S-acyl-CoA species such as S-isobutyryl-
CoA.43 These trends are followed precisely in the bioactivities of
the disulfide series, providing strong indirect evidence that these
compounds may selectively bind to FabH in a mechanism-based
manner. One possibility is that the aryl–alkyl disulfides may inhibit
FabH by reversibly ‘capping’ the active-site cysteine through a
thiol-disulfide exchange. The reported X-ray crystal structures44,45


of FabH from S. aureus indicate a fairly deep, lipophilic ‘pocket’ into
which S-acyl-CoA or S-acyl-ACP are able to stretch their lipophilic
arm during binding. A proximal cysteine residue is located within
the active site, and it is this available thiol that we speculate may
be sulfenylated by entry of the aryl–alkyl disulfides into the en-

Figure 6. Methyl-coenzyme A mixed disulfide.
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Figure 7. FabH inhibitor disulfide 16.
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zyme. Reynolds has recently reported that the asymmetric disul-
fide 16 inhibits the activity of Mycobacterium tuberculosis and
E. coli FabH enzymes, by capping an active-site cysteine thiol by
sulfenylation, and that this capping destroys catalytic functioning
of the enzyme (Fig. 7). We presume that a similar event could be
occurring intracellularly in the FabH protein of S. aureus in the
presence of the disulfides.46

3. Conclusions


The aryl–alkyl disulfides examined in this initial study possess
strong in vitro antimicrobial properties against S. aureus (including
MRSA) and B. anthracis, and only weak activity against E. coli. Of
the structural variants included in our study, the nitrophenyl al-
kyl disulfides exhibit the greatest in vitro potency. Perhaps even
more interestingly, it seems that the efficacy of these compounds
may be ‘tuned’ to select for a particular bacterial species: for E.
coli, the methyl aryl disulfides are optimal, while for Staphylococ-
cus and Bacillus, the isopropyl- and sec-butyl aryl disulfides ap-
pear to be more efficacious. The fact that the in vitro
microbiological properties of these compounds, determined from
agar diffusion and agar MIC measurements, coincide with the
FabH inhibition capabilities certainly points to the fact that this
key enzyme is associated with the biological properties of the
compounds. These results also highlight the fact that the N-thio-
lated b-lactams (and presumably N-thiolated oxazolidinones), re-
ported previously as selective bacteriostatic agents for
Staphylococcusand Bacillus, may act similarly by directly inhibiting
FabH protein in MRSA and B. anthracis.


The structural effects on bioactivity of these compounds raise
several key questions regarding the role of the aryl nitro substitu-
ent, whether it can be satisfactorily substituted for other function-
alities (such as water solubilizing groups), and if the aryl ring
substituent in some way aids in specific binding of the molecule
to the FabH active site prior to sulfenylation. Understanding the
ability of alkyl-CoA mixed disulfides to covalently deactivate bac-
terial fatty acid synthesis represents a major advance in the quest
for novel antibacterials. However, due to the demonstrated inabil-
ity of CoA mixed disulfides to traverse the cell membrane, the al-
kyl-CoA disulfides are not directly useful as therapeutics. This
research shows that prodrugs such as the described disulfides
and the previously reported N-alkylthio b-lactams can be used to
produce the CoA mixed disulfides within the bacterial target.


The activity of methyl-CoA disulfide against ecFabH provides
strong evidence that in prokaryotic cells which contain CoA, the al-
kyl–aryl disulfides and N-alkylthio b-lactams may function as
prodrugs to produce alkyl-CoA disulfides, and that these mixed
disulfides can then inhibit the fatty acid cycle through inhibition
of FabH. This mechanism is unique in that it involves a thiol-disul-
fide exchange from the alkyl-CoA disulfide to the active-site cys-
teine of FabH, a suggestion that is supported by protein
crystallographic studies. Reynolds reported an X-ray crystal struc-
ture of E. coli FabH showing the methylthio group from methyl-CoA
disulfide being covalently bound to the active-site cysteine
(112Cys). While the catalytic activity of the methylthiolated (deac-
tivated) FabH protein could not be regenerated simply by dialysis,
treatment with dithiothreitol (DTT) quickly restores full catalytic

function. This suggests that formation of the cysteine-alkyl FabH
disulfide (either via the alkyl-CoA disulfide, the alkyl–aryl disul-
fide, or N-alkylthio b-lactam) is irreversible under buffered aque-
ous conditions, but that addition of a thiol can regenerate the
catalytic form through thiol-disulfide exchange.


The finding that these simple alkyl–aryl disulfides are generally
less active against E. coli than S. aureus or B. anthracis may also re-
flect differences in the thiol-redox buffers of these three mi-
crobes.13,47 Staphylococcus and Bacillus utilize a coenzyme A
based thiol-redox buffer, while E. coli uses a glutathione buffer.
Consequently, the effects of the aryl–alkyl disulfides in glutathi-
one-based eukaryotic cells would likely also be dampened, which
is a question we are now exploring.


For the past decade, there had been considerable interest in the
development of FabH inhibitors as potential antibacterial
agents.48,49 The key role of FabH in Type II fatty acid synthesis, as
well as the unique differences between bacterial and mammalian
FAS pathways, makes this protein a desirable target for the selec-
tive inhibition of bacterial growth. We are exploring potential
applications of these disulfide inhibitors of FabH as antibacterial
agents for life-threatening bacterial infections.

4. Experimental


4.1. General methods


Reagents were purchased from Sigma–Aldrich Chemical Com-
pany or Acros Chemical Company. Methanethiolsulfonates were
purchased from Toronto Research Chemicals. Reagents were used
without further purification. Solvents were obtained from Fischer
Scientific Company. Thin-layer chromatography (TLC) was carried
out using EM Reagent plates with fluorescence indicator (SiO2-
60, F-254). Products were purified by flash chromatography using
J.T. Baker flash chromatography silica gel (40 lm). NMR spectra
were recorded in CDCl3 unless otherwise noted. 13C NMR spectra
were proton broad-band decoupled. Methylene chloride and THF
were distilled prior to use. Prior to the preparation of the disulfides,
methanol was purged of oxygen by bubbling nitrogen an inert gas
through it for several minutes.


4.2. m-Nitrobenzenethiol50


To a solution of m-nitrobenzene disulfide (300 mg, 0.97 mmol)
in anhydrous THF (2 ml) was added solid NaBH4 (140 mg,
3.4 mmol) in small portions. The resulting mixture was stirred at
rt under an inert atmosphere. After 2 h, the reaction mixture was
cooled in an ice bath, then about 5 ml of icewater was added to
the mixture. The resulting mixture was acidified with HCl (1 M),
then extracted with CH2Cl2 (10 ml). The organic layer was then
washed with water (10 ml), then brine (10 ml), dried over MgSO4,
and concentrated in vacuo to give the thiol (248 mg, 83%) as a pale
yellow oil. 1H NMR (CDCl3, 400 MHz): d 8.10 (d, J = 2.0 Hz, 1H);
7.97 (dd, J = 8.0, 2.0 Hz, 1H); 7.54 (d, J = 8.0 Hz, 1H); 7.38 (t,
J = 8.0 Hz, 1H); 3.68 (s, 1H); 13C NMR (CDCl3, 100 MHz): d 134.9,
130.0, 123.9, 120.7.


4.3. o-Nitrobenzenethiol


Prepared exactly as described above, except that the reaction
was allowed to run for 3 h, and the products required chromatog-
raphy (silica with hexanes:CH2Cl2) to give the thiol (160 mg, 61%)
as a pale yellow flocculent solid. Mp: 44–45 �C. 1H NMR (CDCl3,
400 MHz): d 8.24 (d, J = 8.0 Hz, 1H); 7.42 (d, J = 4.0 Hz, 1H); 7.29–
7.24 (m, 1H); 4.00 (s, 1H). 13C NMR (CDCl3, 100 MHz): d 133.9,
132.2, 126.5, 126.0.
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4.4. p-Nitrobenzyl thiol


Thioacetic acid (386 ll, 5.40 mmol) was added to a mixture of
4-nitrobenzyl bromide (600 mg, 2.79 mmol) and anhydrous
K2CO3 (380 mg, 2.75 mmol) in acetone (3 ml), and the resulting
mixture was stirred at rt for 2 h under an inert atmosphere. The
mix was then partitioned between CH2Cl2 (10 ml) and water
(10 ml). The organic layer was separated, then washed quickly
with saturated aqueous NaHCO3 (10 ml) and brine (10 ml). The or-
ganic solution was concentrated in vacuo, then taken up in meth-
anol (5 ml). Aqueous H2SO4 (50%, 1 ml) was added, and the
solution was heated to reflux for 3 h, under N2. The solution was
partitioned between ether (30 ml) and water (30 ml). The ether
layer was washed with water (2� 30 ml), then brine (10 ml). The
solution was dried over Na2SO4, then concentrated in vacuo to give
the thiol (317 mg, 67%) as a yellow solid. Mp: 49–52 �C. 1H NMR
(200 MHz, CDCl3): d 8.19 (d, J = 8.8 Hz, 2H); 7.02 (d, J = 8.6 Hz,
2H); 3.82 (d, J = 7.8 Hz, 2H); 1.84 (t, J = 8.1 Hz, 1H).


4.5. p-Nitrophenethyl thiol


Prepared according to the general procedure described above,
except that the reaction time was 45 min. Isolated 170 mg (69%)
as a yellow liquid. 1H NMR (200 MHz, CDCl3): d 8.17 (d,
J = 8.8 Hz, 2H); 7.35 (d, J = 8.8 Hz, 2H); 3.04 (t, J = 7.7 Hz, 2H);
2.84 (dt, J = 5.9 Hz, 7.7 Hz, 2H); 1.38 (t, J = 5.9 Hz, 1H).


4.6. Synthesis of alkyl–aryl disulfides: general procedure


To a 1.0 M solution of arylthiol in MeOH (100 ll) was added a
solution of alkyl methanethiolsulfonate in MeOH (105 ll of a
1.0 M solution, 1.05 equiv). After stirring at rt under an inert atmo-
sphere for 1 h, the solutions were treated with a small amount
(about 0.3 equiv) of cysteine hydrochloride in order to consume
the excess thiosulfonate. The mixture was then concentrated under
reduced pressure. The solid was taken up in CH2Cl2 (1 ml), and the
insoluble material was filtered off. The solution was stirred with
Amberlyst-21 resin (weakly basic), (approx. 0.2 equiv, pre-swelled
in CH2Cl2) for 3 min. The solution was drawn off of the resin,
quickly passed through a small silica plug using dichloromethane,
and concentrated in vacuo to give the desired product.


4.6.1. 3,4-Difluorophenyl methyl disulfide (1)
9.6 mg (50%) as a colorless oil. 1H NMR (250 MHz, CDCl3): d


7.37–7.29 (m, 1H); 7.18–7.00 (m, 2H); 2.34 (s, 3H).


4.6.2. 3,4-Dimethylphenyl methyl disulfide (2)
Isolated 9.7 mg (53%) as a colorless oil. 1H NMR (250 MHz,


CDCl3): d 7.22 (d, J = 8.4 Hz, 1H); 7.18 (s, 1H); 7.02 (d, J = 7.7 Hz,
1H); 2.70 (s, 3H); 2.19 (s, 3H); 2.18 (s, 3H).


4.6.3. m-Ethoxyphenyl methyl disulfide (3)
Isolated 5.6 mg (28%) as a colorless oil. 1H NMR (400 MHz,


CDCl3): d 7.21 (t, J = 8.0 Hz, 1H); 7.09–7.05 (m, 2H); 6.74 (dd,
J = 8.0, 1.2 Hz, 1H); 4.04 (q, J = 7.1 Hz, 2H); 2.43 (s, 3H); 1.41 (t,
J = 7.4 Hz, 3H).


4.6.4. o-(Hydroxymethyl)phenyl methyl disulfide (4)
1H NMR (400 MHz, CDCl3): d 7.73 (d, J = 8.8 Hz, 1H); 7.44 (dd,


J = 6.6, 2.2 Hz, 1H); 7.32–7.24 (m, 2H); 4.83 (d, J = 5.2 Hz, 2H);
2.42 (s, 3H); 2.02 (br t, J = 6.0 Hz, 1H).


4.6.5. Methyl 2-pyridinyl disulfide (5)
1H NMR indicates that about 10% of material is unreacted thiol.


1H NMR (400 MHz, CDCl3): d 8.46 (d, J = 4.4 Hz, 1H); 7.68–7.61 (m,
2H); 7.07 (t, J = 6.6 Hz, 1H); 2.49 (s, 3H).

4.6.6. p-Acetamidophenyl methyl disulfide (6)
To a solution of p-acetamidobenzenethiol (50 mg, 0.3 mmol) in


dry CH2Cl2 (3 ml) was added triethylamine (127 ll, 0.9 mmol, 3
equiv), followed by acetyl chloride (32 ll, 0.45 mmol). The reac-
tion mixture was stirred at rt for 1 h, then it was diluted with
dichloromethane, washed with water, then 5% aq HCl, then 5%
aq NaHCO3, dried over MgSO4, then concentrated in vacuo to give
a yellow oil which solidified on standing. Chromotography (1:1
petroleum ether:ethyl acetate) gave 18 mg (29%) as a light brown
solid. 1H NMR (400 MHz, CDCl3): d 7.47 (s, 4H); 2.41 (s, 3H); 2.16
(s, 3H).


4.6.7. p-Aminophenyl methyl disulfide (7)
To a solution of p-aminobenzenethiol (125 mg, 1 mmol) in


methanol (1 ml) was added methylthio methanesulfonate (94 ll,
1 mmol) in a single portion. The reaction mixture was stirred at
rt under N2. After 2 h, the solution was loaded onto an SCX column
and eluted with methanol, followed by 1 M ammonia in methanol.
The basic eluents were concentrated in vacuo to a yellow oil. Chro-
matography (1:1 hexanes/CH2Cl2 with 1% isopropyl amine) yielded
8 (140 mg, 82%) as a pale yellow oil. 1H NMR (250 MHz, CDCl3): d
7.28 (d, J = 8.6 Hz, 2H); 6.54 (d, J = 8.6 Hz, 2H); 3.60 (br s, 2H); 2.34
(s, 3H). Treatment with HCl/ether gave 5 mg of the HCl salt. Biolog-
ical testing was performed on the acid salt. 1H NMR (400 MHz,
d6-DMSO): d 7.46 (br s, 2H); 7.05 (br s, 2H); 2.47 (s, 3H); 2.43
(s, 3H).


4.6.8. p-Nitrophenyl methyl disulfide (8a)
Isolated 15.3 mg (76%) as a yellow oil. 1H NMR (400 MHz,


CDCl3): d 8.17 (d, J = 8.8 Hz, 2H); 7.63 (d, J = 8.8 Hz, 2H); 2.46 (s,
3H). Resynthesis using 10� scale yielded 184 mg (92%) as a slightly
oily, bright yellow solid. Mp: 29–32 �C. 13C NMR (100 MHz, CDCl3):
d 126.6, 126.0, 124.7, 124.4, 22.9.


4.6.9. Ethyl p-nitrophenyl disulfide (8b)
1H NMR (400 MHz, CDCl3): d 8.14 (d, J = 8.8 Hz, 2H); 7.64 (d,


J = 8.8 Hz, 2H); 2.77 (q, J = 7.0 Hz, 2H); 1.31 (t, J = 7.2 Hz, 3H).


4.6.10. Isopropyl p-nitrophenyl disulfide (8c)
1H NMR (400 MHz, CDCl3): d 8.14 (d, J = 8.8 Hz, 2H); 7.64 (d,


J = 8.8 Hz, 2H); 3.10 (septuplet, J = 6.5 Hz, 1H); 1.30 (d, J = 6.8 Hz,
6H).


4.6.11. sec-Butyl p-nitrophenyl disulfide (8d)
1H NMR (400 MHz, CDCl3): d 8.14 (d, J = 8.8 Hz, 2H); 7.64 (d,


J = 8.8 Hz, 2H); 2.88–2.83 (m, 1H); 1.73–1.64 (m, 1H); 1.57–1.50
(m, 1H); 1.27 (d, J = 6.8 Hz, 3H); 0.97 (t, J = 7.2 Hz, 3H).


4.6.12. p-Nitrophenyl n-propyl disulfide (8e)
1H NMR (400 MHz, CDCl3): d 8.14 (d, J = 8.8 Hz, 2H); 7.63 (d,


J = 8.8 Hz, 2H); 2.73 (t, J = 7.2 Hz, 2H); 1.68 (tq, J = 7.2, 7.6 Hz,
2H); 0.98 (t, J = 7.6 Hz, 3H).


4.6.13. n-Butyl p-nitrophenyl disulfide (8f)
1H NMR (400 MHz, CDCl3): d 8.15 (d, J = 8.0 Hz, 2H); d 7.64 (d,


J = 8.8 Hz, 2H); d 2.95 (t, J = 7.4 Hz, 2H); d 1.65–1.61 (m, 2H); d
1.42–1.37 (m, 2H); d 0.88 (t, J = 7.2 Hz, 3H).


4.6.14. Methyl o-nitrophenyl disulfide (9a)
Isolated 13.9 mg (69%) as an oily yellow solid. 1H NMR


(400 MHz, CDCl3): d 8.27–8.23 (m, 2H); 7.69 (t, J = 7.4 Hz, 1H);
7.35 (d, J = 7.2 Hz, 1H); 2.41 (s, 3H).


4.6.15. Ethyl o-nitrophenyl disulfide (9b)
Isolated 13.2 mg (62%) as an oily yellow solid. 1H NMR


(400 MHz, CDCl3): d 8.28 (d, J = 8.0 Hz, 1H); 8.24 (d, J = 8.0 Hz,
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1H); 7.66 (t, J = 7.4 Hz, 1H); 7.33 (t, J = 7.6 Hz, 1H); 2.74 (q,
J = 7.3 Hz, 2H); 1.31 (t, J = 7.2 Hz, 3H).


4.6.16. Isopropyl o-nitrophenyl disulfide (9c)
Chromatographed on silica with 3% dichloromethane in hex-


anes as eluent. Isolated 13.7 mg (60%) as a yellow oil. 1H NMR
(400 MHz, CDCl3): d 8.28 (d, J = 8.8 Hz, 1H); 8.23 (d, J = 8.8 Hz,
1H); 7.64 (t, J = 7.9 Hz, 1H); 7.31 (t, J = 7.6 Hz, 1H); 3.05 (s,
J = 6.8 Hz, 1H); 1.31 (d, J = 6.8 Hz, 6H).


4.6.17. Butyl o-nitrophenyl disulfide (9d)
Chromatographed on silica with 3% dichloromethane in hex-


anes as eluent. Isolated 12.9 mg (54%) as a yellow oil. 1H NMR
(400 MHz, CDCl3): d 8.29 (d, J = 8.0 Hz, 1H); 8.22 (d, J = 8.8 Hz,
1H); 7.64 (t, J = 7.8 Hz, 1H); 7.31 (t, J = 8.0 Hz, 1H); 2.86–2.79 (m,
1H); 1.75–1.60 (m, 1H); 1.58–1.50 (m, 1H); 1.28 (d, J = 7.2 Hz,
3H); 0.98 (t, J = 7.8 Hz, 3H).


4.6.18. Methyl m-nitrophenyl disulfide (10a)
Isolated 7.6 mg (38%) as a colorless oil. 1H NMR (400 MHz,


CDCl3): d 8.39 (s, 1H); 8.04 (d, J = 6.4Hz, 1H); 7.79 (d, J = 8.0 Hz,
1H); 7.49 (t, J = 8.0 Hz, 1H); 2.47 (s, 3H).


4.6.19. Ethyl m-nitrophenyl disulfide (10b)
Isolated 7.7 mg (36%) as a colorless oil. 1H NMR (400 MHz,


CDCl3): d 8.41 (s, 1H); 8.02 (d, J = 7.2 Hz, 1H); 7.80 (d, J = 7.2 Hz,
1H); 7.47 (t, J = 7.2 Hz, 1H); 2.78 (q, J = 7.3 Hz, 2H); 1.32 (t,
J = 7.2 Hz, 3H).


4.6.20. Isopropyl m-nitrophenyl disulfide (10c)
Isolated 17.0 mg (75%) as a colorless oil. 1H NMR (400 MHz,


CDCl3): d 8.41 (s, 1H); 8.01 (d, J = 8.0 Hz, 1H); 7.80 (d, J = 7.2 Hz,
1H); 7.46 (t, J = 7.2 Hz, 1H); 3.09 (septet, J = 6.8 Hz, 1H); 1.30 (d,
J = 6.8 Hz, 6H).


4.6.21. Butyl m-nitrophenyl disulfide (10d)
Isolated 12.6 mg (52%) as a colorless oil. 1H NMR (400 MHz,


CDCl3): d 8.42 (s, 1H) 8.00 (d, J = 8.0 Hz, 1H); 7.80 (d, J = 8.0 Hz,
1H); 7.45 (t, J = 8.0 Hz, 1H); 2.88–2.83 (m, 1H); 1.73–1.68 (m, 1H);
1.57–1.50 (m, 1H); 1.28 (d, J = 7.2 Hz, 3H); 0.97 (t, J = 7.2 Hz, 3H).


4.6.22. Methyl 4-nitrobenzyl disulfide (11)
Prepared according to the general procedure outlined above for


the aryl–alkyl disulfides. Following chromatography (3:1 hexanes/
CH2Cl2), 3.1 mg (5%) was obtained as a pale yellow solid. 1H NMR
(200 MHz, CDCl3): d 8.20 (d, J = 8.7 Hz, 2H); 7.51 (d, J = 8.6 Hz,
2H); 3.94 (s, 2H); 2.15 (s, 3H).


4.6.23. Methyl 2-(p-nitrophenethyl) disulfide (12)
Obtained 9.7 mg (15%) as a pale yellow oil. 1H NMR (200 MHz,


CDCl3): d 8.17 (d, J = 8.0 Hz, 2H); 7.37 (d, J = 8.0 Hz, 2H); 3.19–
2.85 (m, 4H); 2.43 (s, 3H). MS (EI) m/z: 229 (M+).


4.7. General microbiological methods


Staphylococcus aureus (ATCC 25923) and MRSA (ATCC 43300)
were purchased from ATCC sources. Bacillus bacteria from Sterne
spore vaccine was purchased from Colorado Serum Co., Denver, CO.


4.7.1. Culture preparation
From a freezer stock in tryptic soy broth (Difco Laboratories, De-


troit, MI) and 20% glycerol, a culture of each microorganism was
transferred with a sterile Dacron swab to Trypticase� Soy Agar
(TSA) plates (Becton-Dickinson Laboratories, Cockeysville, MD),
streaked for isolation, and incubated at 37 �C for 24 h. A 108 stan-
dardized cell count suspension was then made in sterile phos-

phate-buffered saline (pH 7.2) and swabbed across fresh TSA
plates.


4.7.2. Antimicrobial testing: Kirby–Bauer method
Sterile saline (5 ml) was inoculated with a swab of bacteria, then


the concentration was adjusted to 0.5 McFarland standard. Bacterial
solution was then streaked across a TSA plate to give an even lawn of
bacteria. Sterile pipet tips (1–30 ll) were used to drill 6 mm wells
into the agar plate, then 20 ll of 1 mg/ml drug in DMSO was added
to the well. Plates were inoculated overnight at 37 �C.


4.7.3. Agar dilution minimal inhibitory concentration (MIC)
assay


A stock solution of 1 mg/ml of each disulfide was prepared in
DMSO. Freshly prepared Mueller-Hinton agar (1.5 ml) was added
to each well of a 24-well plate, and to each well was then added
a specified amount of the disulfide test solution in order to a give
a final drug concentration of 256 mg/ml down to 0.125 lg/ml.
One well within each series received 0.1 ml of DMSO as a blank.
The contents of each well were thoroughly stirred to evenly dis-
tribute the antimicrobial solution within the agar. Once the agar
completely solidified, 10 ll of Mueller-Hinton broth saline contain-
ing 0.5 McFarland standard of the test bacteria was pipetted on top
of each well and the plates were then incubated for 24 h at 37 �C.
Bacterial growth was assessed by visual observation of growth.


4.7.4. FabH enzyme assay
FabH assays were carried out using a standard coupled trichlo-


roacetic acid precipitation assay which determines the rate of for-
mation of radiolabeled 3-ketoacyl ACP from malonyl ACP and
radiolabeled acetyl-CoA. In this coupled assay Streptomyces glau-
scescens FabD is used to generate the malonyl ACP substrate from
malonyl-CoA and Streptomyces glauscescens ACP. For inhibition
studies, A standard 20 ll reaction mixture of ecFabH (2 pmol of
monomer, 100 nM) and test compound (0.02 nmol, 1 lM for com-
pounds 15a and 15b; 0.1 nmol, 5 lM for compounds 8a–f) in
50 mM sodium phosphate buffer (pH 7.4) was incubated at room
temperature for 15 min prior to addition to a solution of
[1-14C]acetyl-CoA (0.8 nmol, 40 lM) and MACP (0.2 nmol,
10 lM). The inhibition was measured using standard FabH as-
say.51 The % inhibition was determined by measuring FabH activ-
ity in the presence of test compound relative to a negative control
that has no inhibitor (100% activity). The assay was run in
duplicate.
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Signal transducers and activators of transcription 6 (STAT6) is a key regulator of the type 2 helper T (Th2)
cell immune response and a potential therapeutic target for allergic diseases such as asthma and atopic
diseases. To search for potent and orally bioavailable STAT6 inhibitors, we synthesized a series of 4-ben-
zylaminopyrimidine-5-carboxamide derivatives and evaluated their STAT6 inhibitory activities. Among
these compounds, 2-[(4-morpholin-4-ylphenyl)amino]-4-[(2,3,6-trifluorobenzyl)amino]pyrimidine-5-
carboxamide (25y, YM-341619, AS1617612) showed potent STAT6 inhibition with an IC50 of 0.70 nM,
and also inhibited Th2 differentiation in mouse spleen T cells induced by interleukin (IL)-4 with an
IC50 of 0.28 nM without affecting type 1 helper T (Th1) cell differentiation induced by IL-12. In addition,
compound 25y showed an oral bioavailability of 25% in mouse.


� 2008 Elsevier Ltd. All rights reserved.\
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1. Introduction


Naive CD4+ T helper (Th) cells differentiate into two cell types,
which are designated as type 1 helper T (Th1) and type 2 helper T
(Th2) cells.1 Th1 cells produce Th1 cytokines such as interferon-c
(IFN-c), interleukin (IL)-2, and tumor necrosis factor-b for enhance-
ment of cell-mediated immunity for elimination of intracellular
pathogens. In contrast, Th2 cells produce Th2 cytokines such as
IL-4, IL-5, IL-10, and IL-13 for modulation of humoral immunity
for protection against parasites and allergens. Th1 and Th2 re-
sponses are balanced under normal conditions, and an imbalance
in these responses is thought to play an important role in the path-
ogenesis of allergic and autoimmune diseases.2


Differentiation of Th cells into Th2 cells is tightly regulated by
several transcription factors.3 Signal transducers and activators of
transcription 6 (STAT6) is one of the most important transcription
factors for differentiation of Th2 cells and regulation of signal
transduction pathways induced by IL-4 and IL-13.4 In STAT6-defi-
cient mice, Th cells fail to differentiate into Th2 cells, and B cells

ll rights reserved.


: +81 6 6340 5414.
(S. Nagashima).
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are unable to produce immunoglobulin E.5 In addition, antigen-in-
duced airway hyperresponsiveness and eosinophil infiltration are
significantly decreased.6 These findings indicate that STAT6 might
be an excellent therapeutic target for various allergic diseases,
including asthma and atopic diseases.


We have previously reported a series of 2-{[2-(4-hydroxy-
phenyl)ethyl]amino}pyrimidine-5-carboxamide derivatives as no-
vel STAT6 inhibitors (Fig. 1).7 An investigation of their structure–
activity relationships (SARs) for STAT6 inhibition showed that the

H


1a R=H
1b (AS1571499) R=Cl


Figure 1. Structures of 2-{[2-(4-hydroxyphenyl)ethyl]amino}pyrimidine-5-carbox-
amide derivatives.
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hydroxyl group at the 4-position of the benzene ring of the phen-
ethyl moiety was important for activity and that the benzylamino
group was a suitable substituent at C-4 of the pyrimidine ring. Se-
lected 2-{[2-(4-hydroxyphenyl)ethyl]amino}pyrimidines showed
potent STAT6 inhibition and, in particular, AS1517499 (1b) inhib-
ited Th2 differentiation without influencing Th1 differentiation.
However, preliminary pharmacokinetic studies revealed that these
compounds were eliminated immediately in mouse after intrave-
nous administration. It is well known that phenolic compounds
commonly form conjugates at the hydroxyl group by sulfation
and glucuronidation and, to a lesser extent, by acetylation and
phosphorylation.8 Therefore, we hypothesized that metabolic
instability due to the phenolic moiety might be a reason for the
poor pharmacokinetic profile.


Based on this hypothesis, we have attempted to find potent and
orally bioavailable STAT6 inhibitors by two strategies. The first of
these was introduction of substituents at positions ortho to the
phenolic hydroxyl group for interference with the conjugation
reaction, and this led to the design of the 2-(3,5-dichloro-4-
hydroxyphenyl)ethyl derivative. The second strategy involved
exploration of alternative structures without a phenolic hydroxyl
group, instead of the 2-(4-hydroxyphenyl)ethylamino moiety of
compound 1a, including design of 2-phenylaminopyrimidine
derivatives with alcoholic and heterocyclic moieties. In this report,
we describe the synthesis and SARs of a series of 4-benzylamino-
pyrimidine-5-carboxamide derivatives, and also report the effects
on Th1/Th2 differentiation and pharmacokinetic properties of se-
lected compounds.


2. Chemistry


The synthesis of 2-{[2-(3,5-dichloro-4-hydroxyphenyl)ethyl]-
amino}pyrimidine derivative 6 is shown in Scheme 1. Chlorination
of N-[2-(4-hydroxyphenyl)ethyl] acetamide (2) with N-chlorosuc-
cinimide (NCS) gave dichloro derivative 3, followed by hydrolysis
to give 2-(3,5-dichloro-4-hydroxyphenyl)ethylamine (4). Substitu-
tion of the methylsulfonyl derivative 57 by compound 4 provided
the desired compound 6.


Scheme 2 shows the synthesis of 4-benzylaminopyrimidine
derivatives 17–24, 25a–e, and 27. Nucleophilic substitution reac-
tions of ethyl 2,4-dichloropyrimidine-5-carboxylate (7) with vari-
ous benzylamines were carried out at �70 �C in tetrahydrofuran
(THF) to afford 4-benzylamino derivatives 8–10 in 67–72% yield.
Hydrolysis of compounds 8–10 with 1 M NaOH in THF at 50 �C
gave the corresponding carboxylic acids 11–13, followed by treat-
ment with oxalyl chloride and aqueous ammonia to give the car-
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Scheme 1. Reagents and conditions: (a) NCS/DMF, 40 �C; (

boxamides 14–16, respectively. The chloro groups of 14–16 were
substituted with the appropriate aniline derivatives to afford the
desired 4-benzylaminopyrimidine-5-carboxamides 17–24, 25a–c,
and 26. Hydrogenation of the nitro group of 25c furnished the ami-
no derivative 25d, and subsequent reaction of 25d with acetyl
chloride gave the acetamide derivative 25e. Deprotection of the
tert-butoxycarbonyl (Boc) group of 26 afforded the piperazine
derivative 27.


The synthesis of 2-[(4-morpholin-4-ylphenyl)amino]pyrimi-
dine derivatives 25f–y is outlined in Scheme 3. A substitution reac-
tion of ethyl 2-chloro-4-methylsulfanylpyrimidine-5-carboxylate
(28)7 with 4-morpholinoaniline gave 2-amino-4-methylsulfanyl-
pyrimidine derivative 29 as the sole product. Hydrolysis of 29 gave
the carboxylic acid 30, followed by condensation with aqueous
ammonia in the presence of 1-(3-dimethylaminopropyl)-3-ethyl-
carbodiimide hydrochloride (EDC�HCl) and 1-hydroxybenzotria-
zole (HOBt) to afford the carboxamide 31. The methylsulfinyl
derivative32 was obtained by oxidation of 31 with m-chloroper-
benzoic acid (m-CPBA), and displacement of the methylsulfinyl
group of 32 with the appropriate benzylamine and subsequent
treatment with sodium bisulfite provided the desired molecules
25f–y.


3. Results and discussion


The ability of the compounds to inhibit STAT6 activation was
measured using a previously reported STAT6-dependent promoter
reporter assay.7 The activity of 2-{[2-(4-hydroxyphenyl)ethyl]-
amino}pyrimidine-5-carboxamide derivatives is shown in Table
1. As previously reported, the acidity of the phenolic group is an
important factor in the activity; that is, compounds with more
acidic hydroxyl groups tend to show more potent activity.7 Li et
al. have shown that the pKa values of phenol, 2-chlorophenol,
and 2,6-dichlorophenol are 10.09, 9.13, and 7.15, respectively,9


and based on this report it is likely that the hydroxyl group of com-
pound 6 is more acidic than those of compounds 1a and 1b, sug-
gesting that 6 might show more potent activity than 1a and 1b.
However, 6 was equipotent to 1a and approximately 3-fold less po-
tent than 1b. These results indicate that the two chloro groups in
compound 6 might interfere with an interaction between the hy-
droxyl group and a target protein in the STAT6 activation pathway.


The activity of 4-benzylaminopyrimidine derivatives without
phenolic hydroxyl groups is shown in Table 2. The 4-[(2-hydroxy-
ethyl)phenyl]amino derivative 17 showed equipotent activity to
1a, and replacement of the ethylene linker of 17 to propylene
(18) was tolerated. These results reveal that the phenolic hydroxyl
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Scheme 2. Reagents and conditions: (a) benzylamine, 2-nitrobenzylamine, or 2-methylsulfonylbenzylamine, iPr2NEt/THF, �70 �C; (b) 1 M NaOH/THF, 50 �C; (c) i—(COCl)2,
cat. DMF/CH2Cl2, ii—NH4OH (28%), 0 �C; (d) R2-C6H4-NH2/NMP, 80–90 �C; (e) H2, 10% Pd-C/DMF; (f) Ac2O/pyridine; (g) 4 M HCl–dioxane/dioxane–H2O.
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group of 1a may be interchangeable with alcoholic hydroxyl
groups. Introduction of a 3-hydroxypyrrolidine group (19) instead
of the hydroxyalkyl groups of 17 and 18 also retained the activity,
and 4-hydroxypiperidine derivative 20 was about 6-fold more po-
tent than 1a. Removal of the hydroxyl groups (21, 22) of 19 and 20
resulted in a 6- to 8-fold decrease of the activity. Interestingly,
piperidine derivatives 20 and 22 tended to show more potent

activity than the corresponding pyrrolidine derivatives 19 and
21, respectively. Conversion of the piperidin-1-yl group of com-
pound 22 to piperazines (24, 27) and a morpholine (25a) caused
a 17- to 19-fold increase in potency. These results suggest that ter-
minal hetero atoms in R2 may be required for potent STAT6 inhib-
itory activity, and this was supported by the 1-methylpiperidin-4-
yl derivative 23 showing a potency 7 times higher than that of the
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Scheme 3. Reagents and conditions: (a) 4-morpholinoaniline, 4 M HCl–dioxane/NMP, 90 �C; (b) 1 M NaOH/MeOH; (c) EDC�HCl, HOBt/DMF, then, NH4OH (28%); (d) m-CPBA
DMA, <5 �C; (e) benzylamines, iPr2NEt/DMA, 80–90 �C, then aqueous NaHSO3.
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piperidin-1-yl derivative 22. We hypothesized that the nitrogen
and oxygen atoms of the piperazine and morpholine rings might
act as hydrogen bond acceptors in interacting with a target protein.


The pharmacokinetic profiles of compounds 6 and 25a in mouse
are shown in Table 3. Compound 6 showed high total body clear-
ance (CLtot) and a short half-life (t1/2) after intravenous administra-
tion, and low oral bioavailability. In contrast, compound 25a had a
decreased CLtot and a somewhat longer t1/2 relative to compound 6.
Furthermore, 25a had an oral bioavailability of 30%. These results
indicate that 25 might be metabolically more stable and preferable
for oral administration compared to 6.


The activity of 2-[(morpholine-4-yl)phenyl]aminopyrimidine
derivatives with various substituted benzylamino groups at C-4
of the pyrimidine ring is shown in Table 4. Among the monoflu-
orinated compounds, the 2-fluoro (25j) and 3-fluoro (25m) deriv-
atives were about 4-fold more potent than the unsubstituted
derivative 25a; however, the 4-fluoro compound (25r) was 100-

fold less potent. In the series of 2-substituted benzyl derivatives,
the methyl (25f), methoxy (25g), and chloro (25i) derivatives
showed comparable activity to 25a. The hydroxyl (25h), trifluoro-
methyl (25k), nitro (25c), and methylsulfanyl (25l) derivatives
were 3- to 5-fold less active than 25a, and introduction of amino
(25d), acetamide (25e), or methylsulfonyl (25b) groups decreased
the activity dramatically. Among the 3-substituted benzyl deriva-
tives, the hydroxyl (25q), methoxy (25p), and chloro (25n) deriv-
atives were 3- to 6-fold less active than 25a, and the
trifluoromethyl derivative 25o was 20-fold less active than 25a.
Among compounds with two fluoro groups, the 2,3-difluoro
(25s), 2,5-difluoro (25u), and 2,6-difluoro (25v) derivatives were
equipotent to the 2-fluoro (25j) and 3-fluoro (25m) compounds;
however, the 3,5-difluoro derivative 25w was unexpectedly 3-fold
less active than the 3-fluoro derivative 25m. As for the 4-fluoro
derivative 25r, the 2,4-difluoro compound 25t displayed a drop
in activity of greater than 2 orders of magnitude compared to







Table 1
STAT6 inhibitory activity of 2-{[2-(4-hydroxyphenyl)ethyl]amino}pyrimidine-5-car-
boxamide derivatives 1a, 1b, and 6
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a IC50 values are averages of two or three experiments.
b See Ref. 7.


Table 2
STAT6 inhibitory activity of 2-benzylaminopyrimidine-5-carboxamide derivatives
17–24, 25a, and 27
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20 NOH 16
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22 N 120


24 NNMe 6.2


27 NNH 7.0


25a NO 6.5


23 NMe 17


a IC50 values are averages of two or three experiments.


Table 3
Pharmacokinetic parameters of compounds 6 and 25a in mousea


iv po


CLtot
b (mL/min/kg) t1/2


c (h) Vd
d (mL/kg) Fe (%)


6f 168 0.06 931 1.0
25ag 59.6 0.76 3909 30


a Each value is an average of data from three animals.
b Total body clearance.
c Plasma half-life.
d Distribution volume.
e Bioavailability.
f Dosed at 1 mg/kg, iv and 10 mg/kg, po.
g Dosed at 1 mg/kg, iv and 3 mg/kg, po.


Table 4
STAT6 inhibitory activity of 4-benzylamino-2-(4-morpholin-4-ylphenyl)aminopyrim-
idine-5-carboxamide derivatives 25a–y
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Compound R1 IC50
a (nM)


25a H 6.5
25j 2-F 1.4
25m 3-F 1.8
25r 4-F 650
25f 2-Me 11
25g 2-OMe 8.2
25h 2-OH 22
25i 2-Cl 7.9
25k 2-CF3 25
25c 2-NO2 38
25d 2-NH2 310
25e 2-CH3CONH 5200
25l 2-SMe 23
25b 2-SO2Me 2000
25n 3-Cl 36
25o 3-CF3 130
25p 3-OMe 25
25q 3-OH 19
25s 2,3-F2 2.1
25t 2,4-F2 310
25u 2,5-F2 1.6
25v 2,6-F2 2.2
25w 3,5-F2 5.5
25x 2,3,5-F3 1.8
25y 2,3,6-F3 0.70


a IC50 values are averages of two or three experiments.
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the 2,3-difluoro (25s), 2,5-difluoro (25u), and 2,6-difluoro (25v)
derivatives. For the trifluorobenzyl compounds, the 2,3,5-trifluoro
derivative 25x maintained activity and the 2,3,6-trifluoro deriva-

tive 25y showed the most potent activity with an IC50 of 0.70 nM.
These results indicate that introduction of fluoro groups at the 2-
or 3-position of the benzyl group was effective in enhancing
activity.


To assess the benzyl moiety further, we performed a quantita-
tive SAR (QSAR) analysis of the compounds shown in Table 4, using
molecular mass, molecular volume, molar refractivity,10 Verloop L,
and B1–B5,11 ellipsoidal volume, Wiener topological index,12 bond
dipole moment, and E-state indices13 as descriptors. These param-
eters were calculated using TSAR.14 Partition coefficient (cLogP)
and molecular surface area (MSA) were calculated using CLOGP15


and Molecular Operating Environment (MOE) software,16 respec-
tively. Selection of descriptors was performed with a genetic algo-
rithm,17 and the QuaSAR-Evolution algorithm provided by MOE
was used for selection of variables.14 The activities of the 2-(mor-
pholin-4-yl)phenylaminopyrimidine derivatives were described







Table 5
pIC50 values and calculated physiochemical descriptors of compounds 20a–y


Compound R1 pIC50 cLogPa MSAb l4
c


25a H 8.19 3.89 427.3 0.4696
25j 2-F 8.85 4.04 433.4 0.4696
25m 3-F 8.74 4.04 433.6 0.4827
25r 4-F 6.19 4.04 435.3 �0.9483
25f 2-Me 7.96 4.34 448.6 0.4696
25g 2-OMe 8.07 3.81 453.6 0.4696
25h 2-OH 7.66 3.18 438.4 0.4696
25i 2-Cl 8.10 4.61 444.9 0.4696
25k 2-CF3 7.60 4.78 461.1 0.4696
25c 2-NO2 7.42 3.56 453.6 0.4696
25d 2-NH2 6.51 2.62 441.9 0.4696
25e 2-CH3CONH 5.28 2.26 481.4 0.4696
25l 2-SMe 7.64 4.45 471.7 0.4696
25b 2-SO2Me 5.70 2.25 483.8 0.4696
25n 3-Cl 7.44 4.61 447.1 0.4867
25o 3-CF3 6.89 4.78 461.1 0.4707
25p 3-OMe 7.60 3.81 458.9 0.4790
25q 3-OH 7.72 3.23 439.9 0.4790
25s 2,3-F2 8.68 4.11 438.2 0.4827
25t 2,4-F2 6.51 4.18 438.1 �0.9483
25u 2,5-F2 8.26 4.18 437.9 0.4827
25v 2,6-F2 8.66 4.18 431.0 0.4696
25w 3,5-F2 8.25 4.18 438.9 0.4955
25x 2,3,5-F3 8.74 4.25 442.7 0.4955
25y 2,3,6-F3 9.15 4.25 439.0 0.4826


a cLogP values were calculated by CLOGP.15


b MSA values were calculated by MOE.16


c l4 values were calculated by TSAR.14
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by Eq. 1, which includes three physiochemical descriptors: cLogP,
MSA, and bond dipole moment at the 4-position (l4) (Table 5).


pIC50 ¼ 0:591c LogP � 0:0404MSAþ 1:45l4 þ 22:9 ð1Þ


ðn ¼ 25;R ¼ 0:905;R2 ¼ 0:820;RMSE ¼ 0:428; F ¼ 31:8Þ

R = 0.905
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Figure 2. Correlation between calculated and observed pIC50 values of the 4-ben-
zylaminopyrimidine derivatives listed in Table 4.


Table 6
Pharmacokinetic parameters of compound 25y in mousea


iv


CLtot
c (mL/min/kg) t1/2


d (h) Vd
e (mL/kg)


25yb 36.1 1.0 3117


a Each value is an average of data from three animals.
b Compound 25y was administered as the hydrochloride salt. Dosed at 1 mg/kg, iv an


c–e,i See footnote in Table 3.
f Peak height concentration.
g Time of peak concentration.
h Area under the blood concentration–time curve.

Eq. 1 has a good correlation coefficient (R = 0.905) and the cor-
relation between the observed and predicted pIC50 values is shown
in Figure 2. The positive coefficient for cLogP indicates that lipo-
philic molecules have better STAT6 inhibitory activity, whereas
the negative coefficient for MSA indicates that expansion of van
der Waals surface decreases the activity. Furthermore, the positive
coefficient of l4 suggests that these derivatives interact electrostat-
ically with an electronegative region of a target protein at the 4-po-
sition of the phenyl ring of the benzylamino moiety. The decreased
activities of the 4-fluoro derivatives 25r and 25t might be due to
the strong electron-withdrawing group at this position.


Pharmacokinetic parameters for the most potent compound,
25y, are shown in Table 6. This compound had a similar CLtot and
t1/2 to 25a and showed an oral bioavailability of 25% in mouse.
These results indicate that introduction of fluoro groups at the 2-,
3-, and 6-positions of the benzene ring of the benzylamino moiety
does not alter the pharmacokinetic profile.


The effect of compound 25y on differentiation of T cells to Th
subsets was examined using a previously reported method for
determination of the degree of Th1 and Th2 differentiation based
on production of IFN-c and IL-4, respectively.7 As shown in Figure
3, 25y inhibited production of IL-4 with an IC50 of 0.28 nM, but
showed no effect on production of IFN-c. These results indicate
that 25y inhibits Th2 differentiation without influencing Th1 dif-
ferentiation. In addition, 25y inhibited antigen-induced eosinophil
infiltration in the lung of mice by 71% compared to controls after
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Figure 3. The effect of compound 25y on cytokine production of spleen T cells from
mice. Squares indicate the amount of IFN-c produced in a culture in the presence of
IL-12 to induce Th1 cells, and circles indicate the amount of IL-4 produced from Th2
cells differentiated in a culture with IL-4. The cytokine levels in the DMSO control
were 1450 ± 150 ng/mL for IFN-c and 8.8 ± 3.3 ng/mL for IL-4. Data are mean-
s ± SEM expressed as percentages relative to the DMSO control (n = 3).
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oral administration at a dose of 0.3 mg/kg.18 Collectively, our find-
ings indicate that compound 25y (YM-341619, AS1617612) is the
first potent and orally bioavailable STAT6 inhibitor, and we suggest
that this compound could be useful for treatment of allergic dis-
eases such as asthma and atopic diseases.


4. Conclusion


In an attempt to find potent and orally bioavailable STAT6 inhib-
itors, we introduced chloro groups at positions ortho to the phenolic
hydroxyl group of the 2-(4-hydroxyphenyl)ethyl derivative 1a, and
explored alternative structures without phenolic hydroxyl groups
in the 2-(4-hydroxyphenyl)ethyl moiety. The piperazine (24, 27)
and morpholine (25a) derivatives showed potent STAT6 inhibitory
activity. Pharmacokinetic studies indicated that the morpholine
derivative 25a had an oral bioavailability of 30% in mouse. A QSAR
study revealed that introduction of fluoro groups in the 2- or 3-po-
sition of the benzyl group of 25a led to enhancement of activity.
Among the fluorobenzyl derivatives, 2,3,6-trifluorobenzyl deriva-
tive 25y was identified as the most potent STAT6 inhibitor with
an IC50 of 0.70 nM. The QSAR study suggested that the activity
was dependent on the lipophilicity and molecular surface area
and on the bond dipole moment at the 4-position of the phenyl ring
of the benzyl moiety. Compound 25y had an oral bioavailability of
25% in mouse and a selective inhibitory effect on Th2 differentiation
with an IC50 of 0.28 nM. These results show that 25y (YM-341619,
AS1617612) is the first potent and orally bioavailable STAT6 inhib-
itor, and this compound may be useful for treatment of allergic dis-
eases such as asthma and atopic diseases.


5. Experimental


5.1. Chemistry


1H NMR spectra were measured with a JEOL EX400 (400 MHz) or
GX500 (500 MHz) spectrometer; chemical shifts are expressed in d
units using tetramethylsilane as the standard (NMR peak descrip-
tion: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; and
br, broad peak). Compound 6 showed characteristic broad peaks in
the 1H NMR spectrum at room temperature, probably because of
the presence of conformational isomers. Therefore, the 1H NMR
spectrum of compound 6 was measured at 80 �C to confirm the
structure. Mass spectra were recorded with a Hitachi M-80 or a JEOL
JMS-DX300 spectrometer. Organic solutions were dried over anhy-
drous MgSO4 during work-up. Column chromatography was carried
out on silica gel (Kieselgel 60). Unless otherwise noted, all commer-
cial reagents and solvents were used without further purification.


5.1.1. N-[2-(3,5-dichloro-4-hydroxyphenyl)ethyl]acetamide (3)
NCS (8.61 g, 64.4 mmol) was added portionwise to a DMF


(30 mL) solution of N-[2-(4-hydroxyphenyl)ethyl]acetamide 2
(5.50 g, 30.7 mmol) at 45 �C and the mixture was stirred for 1 h
at 50 �C. The reaction mixture was concentrated and the resulting
residue was diluted with H2O and extracted with AcOEt. The or-
ganic layer was dried and concentrated in vacuo. The residue
was chromatographed on silica gel with elution using AcOEt to
give 3 (3.42 g, 45%) as a colorless solid, which was used in the next
reaction without further purification. 1H NMR (DMSO-d6) d 1.76
(3H, s), 2.60 (2H, t, J = 7.2 Hz), 3.19–3.24 (2H, m), 7.19 (2H, s),
7.85 (1H, br), 9.87 (1H, s); FAB MS m/e [M+H]+ 248.


5.1.2. 2-(3,5-Dichloro-4-hydroxyphenyl)ethylamine
hydrochloride (4)


A mixture of compound 3 (3.40 g, 13.7 mmol), acetic acid
(60 mL), and 6 M HCl (20 mL) was refluxed for 12 h. The reaction
mixture was concentrated in vacuo. EtOH (50 mL) was added to

the residue and the mixture was concentrated in vacuo. The result-
ing solid was triturated with acetonitrile and collected by filtration
to give 4 (2.98 g, 90%) as a colorless solid, which was used in the
next reaction without further purification. 1H NMR (DMSO-d6) d
2.81 (2H, t, J = 7.6 Hz), 2.99–3.04 (2H, m), 7.29 (2H, s), 8.085 (2H,
br), 10.02 (1H, s); FAB MS m/e [M+H]+ 206.


5.1.3. 4-(Benzylamino)-2-{[2-(3,5-dichloro-4-hydroxyphenyl)
ethyl]amino}pyrimidine-5-carboxamide (6)


Compound 4 (555 mg, 1.81 mmol) was added to a solution of 57


(660 mg, 2.72 mmol) and diisopropylamine (0.8 mL, 4.58 mmol) in
NMP (6 mL) and the mixture was stirred for 1 h at 100 �C. The reac-
tion mixture was then diluted with AcOEt and washed successively
with H2O and saturated aqueous NaCl. The organic layer was dried
and concentrated in vacuo, and the residue was chromatographed
on silica gel with elution using CHCl3–MeOH–NH4OH (28%)
(300:10:1) to give a colorless solid, which was recrystallized from
MeOH–THF to give 6 (162 mg, 21%) as a colorless solid. Mp 100–
103 �C; 1H NMR (DMSO-d6, 80 �C) d 2.69 (2H, t, J = 7.0 Hz), 3.40–
3.45 (2H, m), 4.62 (2H, d, J = 5.9 Hz), 6.92 (1H, br), 7.11 (4H, br),
7.20–7.23 (1H, m), 7.29–7.30 (4H, m), 8.38 (1H, s), 9.32 (1H, br
s), 9.55 (1H, br s); FAB MS m/e [M+H]+ 432. Anal. Calcd for
C20H19Cl2N5O2�0.7H2O: C, 53.99; H, 4.62; Cl, 15.94; N, 15.74.
Found: C, 54.39; H, 4.65; Cl, 16.07; N, 15.32.


5.1.4. Ethyl 4-benzylamino-2-chloropyrimidine-5-carboxylate
(8)


A THF (100 mL) solution of benzylamine (5.71 mL, 55 mmol)
was added dropwise to a THF (200 mL) solution of ethyl 2,4-dichlo-
ropyrimidine-5-carboxylate 3 (10.05 g, 45.5 mmol) and diisopro-
pylethylamine (7.9 mL, 45.5 mmol) at �70 �C and the mixture
was stirred for 0.5 h at �70 �C. The reaction mixture was then di-
luted with AcOEt and washed successively with H2O and saturated
aqueous NaCl. The organic layer was dried and concentrated in va-
cuo. The residue was chromatographed on silica gel with elution
using hexane–AcOEt (20:1) to give 8 (9.51 g, 72%) as a colorless
powder, which was used in the next reaction without further puri-
fication. 1H NMR (DMSO-d6) d 1.31 (3H, t, J = 7.1 Hz), 4.32 (2H, q,
J = 7.1 Hz), 4.68 (2H, d, J = 5.8 Hz), 7.24–7.35 (6H, m), 8.64 (1H, s),
8.93 (1H, br t, J = 5.8 Hz); FAB MS m/e [M+H]+ 292.


5.1.5. Ethyl 2-chloro-4-{[2-(methylsulfonyl)benzyl]amino}
pyrimidine-5-carboxylate (9)


Compound 9 was prepared from compound 7 and 2-(methylsul-
fonyl)benzylamine in 72% yield as a colorless powder, using a sim-
ilar approach to that described for 8. Compound 9 was used in the
next reaction without further purification. 1H NMR (CDCl3) d 1.26
(3H, t, J = 7.2 Hz), 3.25 (3H, s), 4.38 (2H, q, J = 7.2 Hz), 5.09 (2H, d,
J = 6.6 Hz), 7.50 (1H, t, J = 7.3 Hz), 7.62 (1H, t, J = 7.3 Hz), 7.69
(1H, d, J = 7.8 Hz), 8.06 (1H, d, J = 7.8 Hz), 8.68 (1H, s), 9.13 (1H,
br); FAB MS m/e [M+H]+ 370.


5.1.6. Ethyl 2-chloro-4-[(2-nitrobenzyl)amino]pyrimidine-5-
carboxylate (10)


Compound 10 was prepared from compound 7 and 2-nitroben-
zylamine in 67% yield as a colorless powder, using a similar ap-
proach to that described for 8. Compound 10 was used in the
next reaction without further purification. 1H NMR (CDCl3) d 1.38
(3H, t, J = 7.1 Hz), 4.37 (2H, q, J = 7.1 Hz), 5.04 (2H, d, J = 6.4 Hz),
7.45–7.51 (1H, m), 7.63 (1H, dt, J = 1.3, 7.5 Hz), 7.72 (1H, dd,
J = 1.3, 8.3 Hz), 8.69 (1H, s), 9.10 (1H, br); FAB MS m/e [M+H]+ 337.


5.1.7. 4-(Benzylamino)-2-chloropyrimidine-5-carboxylic acid
(11)


1 M NaOH (34 mL) was added to a solution of 8 (9.44 g,
32.4 mmol) in THF (90 mL) and the mixture was stirred for 2 h at
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50 �C. 1 M HCl (34 mL) was added and the resulting solid was col-
lected by filtration to give 11 (8.45 g, 99%) as a colorless powder,
which was used in the next reaction without further purification.
1H NMR (DMSO-d6) d 4.67 (2H, d, J = 5.8 Hz), 7.24–7.38 (6H, m),
8.61 (1H, s), 9.04 (1H, br); FAB MS m/e [M�H]� 262.


5.1.8. 2-Chloro-4-{[2-(methylsulfonyl)benzyl]amino}pyrimidine-
5-carboxylic acid (12)


Compound 12 was prepared from compound 9 in 88% yield as a
colorless powder, using a similar approach to that described for 11.
Compound 12 was used in the next reaction without further puri-
fication. 1H NMR (CDCl3) d 3.28 (3H, s), 5.08 (2H, d, J = 6.4 Hz),
7.49–7.54 (1H, m), 7.61–7.68 (2H, m), 8.02 (1H, d, J = 7.3 Hz),
8.67 (1H, s), 9.27 (1H, br t, J = 6.4 Hz); FAB MS m/e [M+H]+ 342.


5.1.9. 2-Chloro-4-[(2-nitrobenzyl)amino]pyrimidine-5-
carboxylic acid (13)


Compound 13 was prepared from compound 10 in 98% yield as
a colorless powder, using a similar approach to that described for
11. Compound 13 was used in the next reaction without further
purification. 1H NMR (DMSO-d6) d 4.96 (2H, d, J = 6.0 Hz), 7.57
(1H, d, J = 7.5 Hz), 7.73 (1H, dt, J = 1.3, 7.3 Hz), 8.08 (1H, dd,
J = 1.3, 8.3 Hz), 8.63 (1H, s), 9.10 (1H, br t, J = 6.0 Hz), 13.77 (1H,
br); FAB MS m/e [M�H]� 307.


5.1.10. 4-(Benzylamino)-2-chloropyrimidine-5-carboxamide
(14)


Oxalyl dichloride (2.95 mL) and DMF (1 drop) were added to a
suspension of 11 (8.63 g, 32.7 mmol) in CH2Cl2 (90 mL) and the
mixture was stirred for 2 h at room temperature. The reaction mix-
ture was concentrated and the resulting residue was poured into
ice-NH4OH (28%). The resulting solid was collected by filtration
to give 14 (8.20 g, 95%) as a colorless powder, which was used in
the next reaction without further purification. 1H NMR (DMSO-
d6) d 4.63 (2H, d, J = 5.8 Hz), 7.27–7.37 (6H, m), 7.69 (1H, br),
7.97 (0.5H, br), 8.21 (0.5H, br), 8.59 (1H, s), 9.59 (1H, br t,
J = 5.8 Hz); FAB MS m/e [M+H]+ 263.


5.1.11. 2-Chloro-4-{[2-(methylsulfonyl)benzyl]amino}
pyrimidine-5-carboxamide (15)


Compound 15 was prepared from compound 12 in 75% yield as
a colorless powder, using a similar approach to that described for
14. Compound 15 was used in the next reaction without further
purification. 1H NMR (DMSO-d6) d 3.37 (3H, s), 4.99 (2H, d,
J = 6.2 Hz), 7.52–7.58 (2H, m), 7.68–7.73 (2H, m), 7.94 (1H, d,
J = 6.6 Hz), 8.22 (1H, br), 8.60 (1H, s), 9.71 (1H, br t, J = 6.2 Hz);
FAB MS m/e [M+H]+ 341.


5.1.12. 2-Chloro-4-[(2-nitrobenzyl)amino]pyrimidine-5-
carboxamide (16)


Compound 16 was prepared from compound 13 in 81% yield as
a colorless powder, using a similar approach to that described for
14. Compound 16 was used in the next reaction without further
purification. 1H NMR (DMSO-d6) d 4.91 (2H, d, J = 6.0 Hz), 7.53–
7.58 (2H, m), 7.71–7.76 (2H, m), 8.07 (1H, dd, J = 1.5, 8.6 Hz),
8.23 (1H, br), 8.61 (1H, s), 9.74 (1H, br t, J = 6.0 Hz), 13.77 (1H,
br); FAB MS m/e [M+H]+ 308.


5.1.13. 4-Benzylamino-2-{[4-(2-hydroxyethyl)phenyl]amino}
pyrimidine-5-carboxamide hydrochloride (17)


4-(2-Hydroxyethyl)aniline (313 mg, 2.28 mmol) was added to a
solution of 14 (400 mg, 1.52 mmol) in NMP (5 mL) and stirred for
0.5 h at 90 �C. The reaction mixture was cooled and diluted with
AcOEt (50 mL). The resulting solid was collected by filtration and
recrystallized from MeOH–THF to give 17 (327 mg, 54%) as an iv-
ory solid. Mp 233–236 �C; 1H NMR (DMSO-d6) d 2.70 (2H, t,

J = 7.2 Hz), 3.59 (2H, t, J = 7.2 Hz), 4.70 (2H, d, J = 5.6 Hz), 7.18
(2H, d, J = 8.2 Hz), 7.25–7.38 (7H, m), 7.59 (1H, br s), 8.26 (1H, br
s), 8.63 (1H, s), 10.37 (1H, s), 10.79 (1H, s); FAB MS m/e [M+H]+


364. Anal. Calcd for C20H21N5O2�HCl�0.5H2O: C, 58.75; H, 5.67; N,
17.13; Cl, 8.87. Found: C, 58.84; H, 5.50; N, 17.07; Cl, 8.69.


5.1.14. tert-Butyl 4-(4-{[5-(aminocarbonyl)-4-(benzylamino)
pyrimidine-2-yl]amino}phenyl)piperazine-1-carboxylate (26)


Compound 26 was prepared from compound 14 and tert-butyl
4-(4-aminophenyl)piperazine-1-carboxylate in 49% yield as a pale
brown solid, using a similar approach to that described for 17. 1H
NMR (DMSO-d6) d 1.42 (9H, s), 2.97–3.00 (4H,m), 3.42–3.45
(4H,m), 4.66 (2H, d, J = 5.9 Hz), 6.83 (2H, d, J = 8.8 Hz), 7.24–7.34
(7H, m), 7.51 (2H, d, J = 8.8 Hz), 8.51 (1H, s), 9.27 (1H, br), 9.50
(1H, br); FAB MS m/e [M+H]+ 504.


5.1.15. 4-Benzylamino-2-{[4-(3-hydroxypropyl)phenyl]amino}
pyrimidine-5-carboxamide (18)


4-(3-Hydroxypropyl)aniline hydrochloride (342 mg, 1.82 mmol)
was added to a solution of 14 (400 mg, 1.52 mmol) in NMP
(8 mL) and stirred for 2 h at 90 �C. The reaction mixture was cooled
and poured into H2O (50 mL), and neutralized with saturated aque-
ous NaHCO3. The mixture was extracted with AcOEt and the organ-
ic layer was washed successively with H2O and saturated aqueous
NaCl, dried and concentrated in vacuo. The resulting ivory solid
was recrystallized from MeOH to give 18 (76 mg, 13%) as a color-
less solid. Mp 205–206 �C; 1H NMR (DMSO-d6,) d 1.64–1.71 (2H,
m), 2.52–2.55 (2H, m), 3.38–3.42 (2H, m), 4.43 (2H, t, J = 5.4 Hz),
4.68 (2H, d, J = 6.4 Hz), 7.02 (2H, d, J = 8.3 Hz), 7.14 (1H, br s),
7.22–7.26 (1H, m), 7.33–7.36 (4H, m), 7.54 (2H, d, J = 8.3 Hz),
7.79 (1H, br s), 8.32 (1H, s), 9.39 (1H, s), 9.52 (1H, br s); FAB MS
m/e [M+H]+ 378. Anal. Calcd for C21H23N5O2: C, 66.83; H, 6.14; N,
18.55. Found: C, 66.43; H, 6.11; N, 18.54.


5.1.16. 4-Benzylamino-2-{[4-(4-hydroxypiperidin-1-yl)phenyl]
amino}pyrimidine-5-carboxamide (20)


Compound 20 was prepared from compound 14 and 4-(4-
hydroxylpiperidine-1-yl)aniline in 28% yield as a colorless solid,
using a similar approach to that described for 18: mp 188–189 �C
(dec) (MeOH–THF); 1H NMR (DMSO-d6) d 1.43–1.52 (2H, m),
1.79–1.82 (2H, m), 2.73 (2H, dt, J = 2.9, 11.3 Hz), 3.39–3.42 (2H,
m), 3.54-3.61 (1H, m), 4.64 (1H, d, J = 4.4 Hz), 4.66 (2H, d,
J = 5.9 Hz), 6.80 (2H, d, J = 8.8 Hz), 7.12 (1H, br s), 7.22–7.28 (1H,
m), 7.33–7.36 (4H, m), 7.47 (2H, d, J = 8.3 Hz), 7.75 (1H, br s),
8.51 (1H, s), 9.22 (1H, s), 9.49 (1H, br s); FAB MS m/e [M+H]+


419. Anal. Calcd for C23H26N6O2�0.3H2O: C, 65.17; H, 6.32; N,
19.83. Found: C, 65.14; H, 6.46; N, 19.88.


5.1.17. 4-Benzylamino-2-[(4-piperidin-1-ylphenyl)amino]
pyrimidine-5-carboxamide (22)


Compound 22 was prepared from compound 14 and 4-(piper-
idine-1-yl)aniline dihydrochloride in 34% yield as a colorless nee-
dle, using a similar approach to that described for 18: mp 203–
204 �C (MeOH–THF); 1H NMR (DMSO-d6) d 1.47–1.52 (2H, m),
1.58–1.64 (4H, m), 3.00–3.03 (4H, m), 4.66 (2H, d, J = 5.9 Hz),
6.79 (2H, d, J = 8.8 Hz), 7.12 (1H, br s), 7.22–7.28 (1H, m), 7.32–
7.36 (4H, m), 7.47 (2H, d, J = 8.3 Hz), 7.75 (1H, br s), 8.51 (1H,
s), 9.23 (1H, s), 9.49 (1H, br s); FAB MS m/e [M+H]+ 403. Anal.
Calcd for C23H26N6O: C, 68.63; H, 6.51; N, 20.88. Found: C,
68.92; H, 6.59; N, 20.94.


5.1.18. 4-Benzylamino-2-{[4-(4-methylpiperazin-1-yl)phenyl]
amino}pyrimidine-5-carboxamide (24)


Compound 24 was prepared from compound 14 and 4-(4-meth-
ylpiperazin-1-yl)aniline trihydrochloride in 23% yield as an ivory
solid, using a similar approach to that described for 18: mp 202–
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204 �C (MeOH–THF); 1H NMR (DMSO-d6) d 2.24 (3H, s), 2.47–2.49
(4H, m), 3.04–3.06 (4H, m), 4.66 (2H, d, J = 5.9 Hz), 6.89 (2H, d,
J = 9.3 Hz), 7.12 (1H, br s), 7.23–7.28 (1H, m), 7.33–7.34 (4H, m),
7.50 (2H, d, J = 9.3 Hz), 7.74 (1H, br s), 8.51 (1H, s), 9.25 (1H, s),
9.49 (1H, s); FAB MS m/e [M+H]+ 418. Anal. Calcd for
C23H27N7O�1.2H2O: C, 62.91; H, 6.75; N, 22.33. Found: C, 62.72;
H, 6.55; N, 22.37.


5.1.19. 4-(Benzylamino)-2-{[4-(3-hydroxypyrrolidine-1-
yl)phenyl]amino}pyrimidine-5-carboxamide (19)


4-(3-Hydroxypyrrolidine-1-yl)aniline (540 mg, 3.03 mmol) and
4 M HCl–dioxane (0.75 mL) were added to a solution of 14
(400 mg, 1.52 mmol) in NMP (5 mL) and stirred for 2 h at 90 �C.
The reaction mixture was cooled and poured into H2O (50 mL),
and neutralized with saturated aqueous NaHCO3. The mixture
was extracted with AcOEt–THF (2:1), and the organic layer was
washed successively with H2O and saturated aqueous NaCl, dried
and concentrated in vacuo. The residue was chromatographed on
silica gel with elution using CHCl3–MeOH (30:1 to 10:1), to give
crude solid (168 mg), which was recrystallized from MeOH–THF
to give 19 (103 mg, 17%) as a colorless solid. Mp 217–221 �C; 1H
NMR (DMSO-d6) d1.84–1.88 (1H, m), 2.01–2.07(1H, m), 3.01 (1H,
d, J = 8.3 Hz), 3.16–3.28 (2H, m), 3.36–3.39 (1H, m), 4.38 (1H, br
s), 4.65 (2H, d, J = 5.9 Hz), 4.89 (1H, d, J = 3.9 Hz), 6.39 (2H, d,
J = 8.8 Hz), 7.05 (1H, br s), 7.22–7.28 (1H, m), 7.33–7.36 (4H, m),
7.42 (2H, d, J = 8.8 Hz), 7.68 (1H, br s), 8.49 (1H, s), 9.10 (1H, s),
9.47 (1H, s); FAB MS m/e [M+H]+ 405. Anal. Calcd for
C22H24N6O2�0.1H2O: C, 65.04; H, 6.00; N, 20.69. Found: C, 64.94;
H, 5.83; N, 20.42.


5.1.20. 4-Benzylamino-2-{[4-(1-methylpiperidin-4-yl)phenyl]-
amino}pyrimidine-5-carboxamide (23)


Compound 23 was prepared from compound 14 and 4-(1-meth-
ylpiperidin-4-yl)aniline in 45% yield as a colorless solid, using a
similar approach to that described for 19: mp 203–204 �C
(MeOH–THF); 1H NMR (DMSO-d6) d 1.55–1.70 (4H, m), 1.93 (2H,
dt, J = 2.4, 11.7 Hz), 2.17 (3H, s), 4.68 (2H, d, J = 5.9 Hz), 7.06 (2H,
d, J = 8.8 Hz), 7.15 (1H, br s), 7.23–7.28 (1H, m), 7.33–7.37 (4H,
m), 7.55 (2H, d, J = 8.8 Hz), 7.77 (1H, br s), 8.54 (1H, s), 9.37 (1H,
s), 9.52 (1H, br t, J = 5.9 Hz); FAB MS m/e [M+H]+ 417. Anal. Calcd
for C24H28N6O�H2O: C, 66.34; H, 6.96; N, 19.34. Found: C, 66.61;
H, 7.04; N, 19.14.


5.1.21. 4-Benzylamino-2-[(4-morpholin-4-ylphenyl)amino]-
pyrimidine-5-carboxamide (25a)


Compound 25a was prepared from compound 14 and 4-mor-
pholinoaniline in 43% yield as a colorless needle, using a similar ap-
proach to that described for 19: mp 248–250 �C (MeOH–THF); 1H
NMR (DMSO-d6) d 2.99–3.02 (4H, m), 3.71–3.74 (4H, m), 4.66
(2H, d, J = 6.3 Hz), 6.81 (2H, d, J = 9.3 Hz), 7.14 (1H, br s), 7.23–
7.28 (1H, m), 7.32–7.35 (4H, m), 7.51 (2H, d, J = 9.3 Hz), 7.75 (1H,
br s), 8.51 (1H, s), 9.27 (1H, s), 9.50 (1H, s); FAB MS m/e [M+H]+


405. Anal. Calcd for C22H24N6O2: C, 65.33; H, 5.98; N, 20.78. Found:
C, 65.26; H, 6.03; N, 20.70.


5.1.22. 4-{[2-(Methylsulfonyl)benzyl]amino}-2-[(4-morpholin-
4-ylphenyl)amino]pyrimidine-5-carboxamide (25b)


Compound 25b was prepared from compound 15 and 4-mor-
pholinoaniline in 39% yield as a colorless solid, using a similar ap-
proach to that described for 19: mp 264–265 �C (MeOH–THF); 1H
NMR (DMSO-d6) d 2.98–3.00 (4H, m), 3.20 (3H, s), 3.71–3.73 (4H,
m), 5.06 (2H, d, J = 6.4 Hz), 6.73 (2H, d, J = 8.8 Hz), 7.14 (1H, br s),
7.36 (2H, br), 7.49–7.56 (2H, m), 7.64–7.70 (1H, m), 7.51 (2H, d,
J = 9.3 Hz), 7.75 (1H, br s), 7.97 (1H, dd, J = 1.4, 8.3 Hz), 8.54 (1H,
s), 9.22 (1H, s), 9.55 (1H, br s); FAB MS m/e [M+H]+ 483. Anal. Calcd

for C23H26N6O4S: C, 57.25; H, 5.43; N, 17.42; S, 6.65. Found: C,
57.06; H, 5.57; N, 17.16; S, 6.51.


5.1.23. 2-[(4-Morpholin-4-ylphenyl)amino]-4-[(2-nitrobenzyl)
amino]pyrimidine-5-carboxamide (25c)


Compound 25c was prepared from compound 16 and 4-mor-
pholinoaniline in 50% yield as a yellow solid, using a similar ap-
proach to that described for 19: mp 264–265 �C (MeOH–THF); 1H
NMR (DMSO-d6) d 2.99–3.01 (4 H, m), 3.72–3.75 (4H, m), 4.95
(2H, d, J = 5.9 Hz), 6.71 (2H, br d, J = 7.8 Hz), 7.28 (3H, br), 7.51–
7.53 (2H, m), 7.69–7.72 (2H, m), 8.14 (1H, d, J = 7.8 Hz), 8.54 (1H,
s), 9.25 (1H, br s), 9.62 (1H, br s); FAB MS m/e [M+H]+ 450. Anal.
Calcd for C22H23N7O4: C, 58.79; H, 5.16; N, 21.81. Found: C,
58.83; H, 5.09; N, 21.60.


5.1.24. 4-(Benzylamino)-2-[(4-pyrrolidine-1-ylphenyl)-
amino]pyrimidine-5-carboxamide hydrochloride (21)


4-Pyrrolidine-1-ylaniline (500 mg, 3.08 mmol) and 4 M HCl–
dioxane (0.75 mL) were added to a solution of 14 (400 mg,
1.52 mmol) in NMP (5 mL) and stirred for 2 h at 90 �C. The reaction
mixture was cooled and poured into H2O (50 mL), and neutralized
with saturated aqueous NaHCO3. The mixture was extracted with
AcOEt–THF(2:1), and the organic layer was washed successively
with H2O and saturated aqueous NaCl, dried and concentrated in
vacuo. The residue was chromatographed on silica gel with elution
using CHCl3–MeOH (100:1 to 20:1), to give crude product
(227 mg). 4 M HCl–dioxane (0.5 mL) was added to a solution of
the crude product in MeOH–THF (1:1, 10 mL) and the mixture
was concentrated in vacuo. The resulting solid was recrystallized
from MeOH–THF–H2O to give 21 (206 mg, 31%) as a colorless solid.
Mp 234–238 �C (dec); 1H NMR (DMSO-d6) d 1.94–1.98 (4H, m),
3.26 (4H, br), 4.66 (2H, br s), 6.56 (2H, br s), 7.24–7.36 (7H, m),
7.65 (1H, br s), 8.23 (1H, br s), 8.55 (1H, br s), 10.28 (1H, s),
10.36 (1H, s); FAB MS m/e [M+H]+ 389. Anal. Calcd for
C22H24N6O2�HCl�H2O: C, 59.65; H, 6.14; N, 18.97; Cl, 8.00. Found:
C, 59.53; H, 6.18; N, 18.86; Cl, 8.15.


5.1.25. 4-[(2-Aminobenzyl)amino]-2-[(4-morpholin-4-
ylphenyl)amino]pyrimidine-5-carboxamide (25d)


Palladium (10%) on carbon (100 mg) was added to a solution of
25c (860 mg, 1.91 mmol) in DMF (10 mL) and the mixture was stir-
red for 16 h at room temperature under a hydrogen atmosphere.
The mixture was filtered with Celite and the filtrate was concen-
trated in vacuo. The resulting solid was recrystallized from
MeOH–THF to give 25d (508 mg, 63%) as a colorless solid: mp
213–214 �C; 1H NMR (DMSO-d6) d 3.00–3.03 (4H, m), 3.71–3.73
(4H, m), 4.50 (2H, d, J = 5.9 Hz), 5.02 (2H, br), 6.48 (1H, t,
J = 7.3 Hz), 6.64 (1H, d, J = 7.3 Hz), 6.84 (2H, d, J = 8.8 Hz), 6.96
(2H, dt, J = 1.5, 8.1 Hz), 7.00–7.03 (2H, m), 7.55 (2H, d, J = 8.8 Hz),
7.72 (1H, br), 8.49 (1H, s), 9.27 (1H, br s); FAB MS m/e [M+H]+


420. Anal. Calcd for C22H25N7O2: C, 62.72; H, 6.03; N, 23.27. Found:
C, 62.50; H, 5.87; N, 23.11.


5.1.26. 4-{[2-(Acetylamino)benzyl]amino}-2-[(4-morpholin-4-
ylphenyl)amino]pyrimidine-5-carboxamide (25e)


Acetic anhydride (0.1 mL) was added to a solution of 25d
(304 mg, 0.92 mmol) in pyridine (5 mL) at 0 �C and the mixture
was stirred for 0.5 h at room temperature. The reaction mixture
was diluted with water and the resulting solid was collected by fil-
tration and washed with hot MeOH–THF to give 25e (141 mg, 42%)
as a colorless needle: mp 265–266 �C; 1H NMR (DMSO-d6) d 3.00–
3.02 (4H, m), 3.71–3.74 (4H, m), 4.67 (2H, d, J = 5.9 Hz), 6.82 (2H, d
J = 9.3 Hz), 7.09–7.28 (4H, m), 7.48–7.52 (3H, m), 7.77 (1H, br), 8.51
(1H, s), 9.26 (1H, br), 9.43 (1H, s), 9.46 (1H, br); FAB MS m/e
[M�H]� 460. Anal. Calcd for C24H27N7O3: C, 62.46; H, 5.90; N,
21.24. Found: C, 62.36; H, 6.05; N, 21.21.
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5.1.27. 4-Benzylamino-2-[(4-piperazin-1-ylphenyl)amino]-
pyrimidine-5-carboxamide (27)


4 M HCl–dioxane (1.5 mL) was added to a solution of 26
(738 mg, 1.47 mmol) in dioxane (10 mL) and the mixture was stir-
red for 0.5 h at room temperature. H2O (3 mL) was added and the
reaction mixture was stirred for 2 h at 90 �C. The mixture was then
diluted with AcOEt (30 mL) and THF (20 mL) and basicified with
saturated aqueous NaHCO3. The organic layer was separated from
the aqueous layer and the aqueous layer was extracted with AcOEt.
The combined organic layers were washed with saturated aqueous
NaCl, dried and concentrated in vacuo, and the resulting solid was
collected by filtration and washed with EtOH. The collected solid
was recrystallized from EtOH–THF to give 27 (413 mg, 70%) as an
ivory solid: mp 223–226 �C (dec); 1H NMR (DMSO-d6) d 2.81–
2.83 (4H, m), 2.94–2.96 (4H, m), 4.66 (2H, d, J = 5.8 Hz), 6.78 (2H,
d, J = 9.3 Hz), 7.14 (1H, br), 7.23–7.28 (1H, m), 7.32–7.34 (4H, m),
7.48 (2H, d, J = 9.3 Hz), 7.74 (1H, br), 8.51 (1H, s), 9.24 (1H, s),
9.49 (1H, s); FAB MS m/e [M+H]+ 404. Anal. Calcd for
C22H25N7O�0.2H2O: C, 64.91; H, 6.29; N, 24.09. Found: C, 64.94;
H, 6.20; N, 23.85.


5.1.28. Ethyl 4-(methylsulfanyl)-2-[(4-morpholin-4-ylphenyl)-
amino]pyrimidine-5-carboxylate (29)


4-Morpholinoaniline (15.45 g, 86.7 mmol) and 4 M HCl–diox-
ane (39.4 mL) were added to a solution of 287 (18.3 g, 78.8 mmol)
in NMP (210 mL) and the mixture was stirred for 5 h at 90 �C. The
reaction mixture was then diluted with AcOEt (600 mL) and THF
(200 mL) and basicified with saturated aqueous NaHCO3. The
resulting precipitate was collected and washed with MeOH to 29
(16.4 g, 56%) as an ivory solid, which was used in the next reaction
without further purification. 1H NMR (DMSO-d6) d 1.32 (3H, t,
J = 7.2 Hz), 2.45 (3H, s), 3.05–3.07 (4H, m), 3.72–3.74 (4H, m),
4.25 (2H, q, J = 7.1 Hz), 6.92 (2H, d, J = 8.8 Hz), 7.58 (2H, d,
J = 8.8 Hz), 8.67 (1H, s), 10.01 (1H, br); FAB MS m/e [M�H]� 373.


5.1.29. 4-(Methylsulfanyl)-2-[(4-morpholin-4-ylphenyl)amino]-
pyrimidine-5-carboxylic acid (30)


1 M NaOH (82 mL) was added to a solution of 29 (20.6 g,
55.0 mmol) in MeOH (100 mL) and THF (100 mL) and the mixture
was stirred for 14 h at 50 �C. 1 M HCl (82 mL) was added and the
resulting solid was collected by filtration and washed with H2O
to give 30 (18.2 g, 96%) as a pale brown solid, which was used in
the next reaction without further purification. 1H NMR (DMSO-
d6) d 2.43 (3H, s), 3.05–3.08 (4H, m), 3.73–3.75 (4H, m), 6.93 (2H,
d, J = 8.8 Hz), 7.58 (2H, d, J = 8.8 Hz), 8.64 (1H, s), 9.91 (1H, br);
FAB MS m/e [M�H]� 345.


5.1.30. 4-(Methylsulfanyl)-2-[(4-morpholin-4-ylphenyl)amino]-
pyrimidine-5-carboxamide (31)


EDC�HCl (12.6 g, 65.8 mmol) and HOBt (8.9 g, 65.8 mmol) were
added to a solution of 30 (19.0 g, 54.9 mmol) in DMF (200 mL).
After stirring for 20 min at room temperature, 28% NH4OH
(10.3 mL) was added and the mixture was stirred for 3 h at room
temperature. The reaction mixture was then diluted with H2O,
and the resulting solid was collected by filtration and washed with
H2O to give 31 (14.4 g, 98%) as a colorless solid, which was used in
the next reaction without further purification. 1H NMR (DMSO-d6)
d 2.38 (3H, s), 3.04–3.06 (4H, m), 3.72–3.74 (4H, m), 6.91 (2H, d,
J = 9.2 Hz), 7.18 (1H, br), 7.58 (2H, d, J = 9.2 Hz), 7.74 (1H, br),
8.52 (1H, s), 9.66 (1H, br); FAB MS m/e [M�H]� 346.


5.1.31. 4-(Methylsulfinyl)-2-{[4-(4-oxidomorpholin-4-yl)-
phenyl]amino}pyrimidine-5-carboxamide (32)


m-CPBA (2.56 g) was added portionwise to a solution of 31
(1.00 g, 2.89 mmol) in DMA (10 mL) at below 5 �C and the mixture
was stirred for 3 h. The reaction mixture was then diluted with

H2O, and the resulting solid was collected by filtration and concen-
trated in vacuo. The residue was chromatographed on Daisogel�


SP-120-40/60-ODS-B (Daiso Co. Ltd, Osaka, Japan) with elution
using H2O–MeOH (5:1 to 2:1) to give 32 (650 mg, 62%) as a yellow
solid: 1H NMR (DMSO-d6) d 2.82 (3H, s), 2.86–2.91 (2H, m), 3.76–
3.79 (2H, m), 3.87–4.03 (2H, m), 4.36–4.42 (2H, m), 7.65 (0.5H,
br), 7.85 (0.5H, br), 8.06 (4.5H, br), 8.20 (0.5H, br), 8.95 (1H, s),
10.76 (1H, br); FAB MS m/e [M]+ 361.


5.1.32. 4-[(2-Methylbenzyl)amino]-2-[(4-morpholin-4-
ylphenyl)amino]pyrimidine-5-carboxamide (25f)


2-Methylbenzylamine (289 mg, 2.39 mmol) was added to a
solution of 32 (300 mg, 0.795 mmol) and diisopropylethylamine
(0.16 mL, 0.954 mmol) in NMP (5 mL) and the mixture was stirred
for 3 h at 80 �C and cooled to room temperature. 0.42 M aqueous
sodium bisulfite (4 mL) and 28% NH4OH (0.5 mL) were added and
the mixture was extracted with CHCl3. The organic layer was
washed with saturated aqueous NaCl, dried and concentrated in
vacuo, and the residue was chromatographed on silica gel with elu-
tion using CHCl3–MeOH (100:1 to 25: 1) to give a crude solid,
which was recrystallized from MeOH–THF to give 25f (79 mg,
24%) as a pale yellow solid. Mp 245–248 �C; 1H NMR (DMSO-d6,
80 �C) d 2.31 (3H, s), 2.99–3.02 (4H, m), 3.71–3.74 (4H, m), 4.63
(2H, d, J = 5.9 Hz), 6.78 (2H, d J = 8.8 Hz), 7.13–7.23 (5H, m), 7.47
(2H, d, J = 8.8 Hz), 7.75 (1H, br), 8.52 (1H, s), 9.27 (1H, br), 9.40
(1H, s); FAB MS m/e [M+H]+ 419. Anal. Calcd for
C23H26N6O2�0.3H2O: C, 65.17; H, 6.32; N, 19.83. Found: C, 65.11;
H, 6.19; N, 19.78.


5.1.33. 4-[(2-Methoxybenzyl)amino]-2-[(4-morpholin-4-
ylphenyl)amino]pyrimidine-5-carboxamide (25g)


Compound 25g was prepared from compound 32 and 2-
methoxybenzylamine in 18% yield as a colorless solid, using a sim-
ilar approach to that described for 25f: mp 210–213 �C (MeOH–
THF); 1H NMR (DMSO-d6) d 3.00–3.03 (4H, m), 3.72–3.74 (4H,
m), 3.85 (3H, s), 4.61 (2H, d, J = 5.8 Hz), 6.79 (2H, d, J = 8.8 Hz),
6.89 (1H, t, J = 7.3 Hz), 7.04 (1H, t, J = 8.3 Hz), 7.10 (1H, br), 7.18
(1H, t, J = 7.3 Hz), 7.25 (2H, dt, J = 1.5, 7.8 Hz), 7.51 (2H, d,
J = 8.8 Hz), 7.71 (1H, br), 8.50 (1H, s), 9.24 (1H, br), 9.40 (1H, s);
FAB MS m/e [M+H]+ 435. Anal. Calcd for C23H26N6O3�0.2H2O: C,
63.06; H, 6.07; N, 19.18. Found: C, 63.09; H, 6.01; N, 19.23.


5.1.34. 4-[(2-Hydroxybenzyl)amino]-2-[(4-morpholin-4-
ylphenyl)amino]pyrimidine-5-carboxamide (25h)


Compound 25h was prepared from compound 32 and 2-
hydroxybenzylamine in 22% yield as a pale yellow solid, using a
similar approach to that described for 25f: mp 257–261 �C
(MeOH–THF); 1H NMR (DMSO-d6) d 3.01–3.04 (4H, m), 3.72–3.74
(4H, m), 4.58 (2H, d, J = 5.4 Hz), 6.73 (1H, t, J = 7.3 Hz), 6.83–6.86
(3H, m), 7.05–7.10 (3H, m), 7.56 (2H, d, J = 9.3 Hz), 7.70 (1H, br),
8.49 (1H, s), 9.25 (1H, br), 9.39 (1H, br), 9.64 (1H, s); FAB MS m/e
[M+H]+ 421. Anal. Calcd for C23H26N6O2�0.2H2O: C, 62.32; H,
5.80; N, 19.82. Found: C, 62.08; H, 5.81; N, 19.71.


5.1.35. 4-[(2-Chlorobenzyl)amino]-2-[(4-morpholin-4-
ylphenyl)amino]pyrimidine-5-carboxamide (25i)


Compound 25i was prepared from compound 32 and 2-chloro-
benzylamine in 15% yield as a colorless solid, using a similar ap-
proach to that described for 25f: mp 263–267 �C (MeOH–THF);
1H NMR (DMSO-d6) d 2.99–3.01 (4H, m), 3.72–3.74 (4H, m), 4.72
(2H, d, J = 5.9 Hz), 6.76 (2H, d, J = 8.8 Hz), 7.14 (1H, br), 7.28–7.29
(3H, m), 7.38–7.40 (1H, m), 7.50–7.52 (2H, m), 7.77 (1H, br), 8.53
(1H, s), 9.27 (1H, br), 9.54 (1H, s); FAB MS m/e [M+H]+ 439. Anal.
Calcd for C22H23N6O2Cl�0.5H2O: C, 58.99; H, 5.40; N, 18.76; Cl,
7.91. Found: C, 58.86; H, 5.20; N, 18.59; Cl, 8.02.







S. Nagashima et al. / Bioorg. Med. Chem. 16 (2008) 6509–6521 6519

5.1.36. 4-[(2-Fluorobenzyl)amino]-2-[(4-morpholin-4-
ylphenyl)amino]pyrimidine-5-carboxamide (25j)


Compound 25j was prepared from compound 32 and 2-fluorob-
enzylamine in 35% yield as a colorless needle, using a similar ap-
proach to that described for 25f: mp >260 �C (dec) (MeOH–THF);
1H NMR (DMSO-d6) d 3.01–3.03 (4H, m), 3.72–3.74 (4H, m), 4.71
(2H, d, J = 5.9 Hz), 6.80 (2H, d, J = 8.8 Hz), 7.13–7.34 (5H, m), 7.45
(2H, d, J = 8.8 Hz), 7.79 (1H, br), 8.52 (1H, s), 9.34 (1H, s), 9.54 (1H,
s); FAB MS m/e [M+H]+ 423. Anal. Calcd for C22H23N6O2F: C, 62.55;
H, 5.49; N, 19.89; F, 4.50. Found: C, 62.20; H, 5.45; N, 19.82; F, 4.51.


5.1.37. 2-[(4-Morpholin-4-ylphenyl)amino]-4-[(2-trifluoro-
methylbenzyl)amino]pyrimidine-5-carboxamide (25k)


Compound 25k was prepared from compound 32 and 2-trifluo-
romethylbenzylamine in 15% yield as a yellow solid, using a similar
approach to that described for 25f: mp 263–267 �C (MeOH–THF);
1H NMR (DMSO-d6) d 2.96–2.98 (4H, m), 3.71–3.73 (4H, m), 4.87
(2H, d, J = 5.4 Hz), 6.70 (2H, br d, J = 7.3 Hz), 7.15 (1H, br), 7.37
(2H, br d, J = 7.3 Hz), 7.48–7.50 (2H, m), 7.63 (1H, t, J = 7.4 Hz),
7.77–7.91 (2H, m), 8.55 (1H, s), 9.28 (1H, br), 9.56 (1H, s); FAB
MS m/e [M+H]+ 473. Anal. Calcd for C23H23N6O2F3: C, 58.47; H,
4.91; N, 17.79; F, 12.06. Found: C, 58.25; H, 4.98; N, 17.77; F, 12.06.


5.1.38. 4-{[2-(Methylsulfanyl)benzyl]amino}-2-[(4-morpholin-
4-ylphenyl)amino]pyrimidine-5-carboxamide hydrochloride
(25l)


Compound 25l was prepared from compound 32 and 2-meth-
ylsulfanylbenzylamine in 11% yield and isolated as a yellow solid,
using a similar approach to that described for 25f: mp 212–
213 �C (dec) (MeOH–THF); 1H NMR (DMSO-d6) d 3.10 (4H, m),
3.74–3.77 (4H, m), 4.66 (2H, d, J = 5.3 Hz), 6.92 (2H, br), 7.13–
7.15 (2H, m), 7.30–7.37 (4H, m), 7.60 (1H, br), 8.18 (1H, br), 8.52
(1H, br), 10.19 (1H, br), 10.27 (1H, br); FAB MS m/e [M+H]+ 451.
Anal. Calcd for C23H26N6O2S�HCl: C, 56.72; H, 5.59; N, 17.26; Cl,
7.28; S, 6.58. Found: C, 56.44; H, 5.49; N, 17.19; Cl, 7.20; S, 6.52.


5.1.39. 4-[(3-Fluorobenzyl)amino]-2-[(4-morpholin-4-
ylphenyl)amino]pyrimidine-5-carboxamide (25m)


Compound 25m was prepared from compound 32 and 3-fluo-
robenzylamine in 30% yield as a pale yellow solid, using a similar
approach to that described for 25f: mp 246–249 �C (MeOH–THF);
1H NMR (DMSO-d6) d 2.97–3.04 (4H, m), 3.71–3.74 (4H, m), 4.67
(2H, d, J = 5.8 Hz), 6.80 (2H, d, J = 8.8 Hz), 7.04–7.18 (4H, m),
7.35–7.41 (1H, m), 7.46 (2H, d, J = 8.8 Hz), 7.75 (1H, br), 8.52 (1H,
s), 9.27 (1H, s), 9.53 (1H, s); FAB MS m/e [M+H]+ 423. Anal. Calcd
for C22H23N6O2F�0.2H2O: C, 62.02; H, 5.54; N, 19.73; F, 4.46. Found:
C, 61.82; H, 5.43; N, 19.75; F, 4.76.


5.1.40. 4-[(3-Chlorobenzyl)amino]-2-[(4-morpholin-4-
ylphenyl)amino]pyrimidine-5-carboxamide (25n)


Compound 25n was prepared from compound 32 and 3-chloro-
benzylamine in 25% yield as a colorless solid, using a similar ap-
proach to that described for 25f: mp 251–254 �C (MeOH–THF);
1H NMR (DMSO-d6) d 3.00–3.03 (4H, m), 3.72–3.74 (4H, m), 4.65
(2H, d, J = 5.8 Hz), 6.79 (2H, d, J = 8.8 Hz), 7.18 (1H, br), 7.27–7.30
(2H, m), 7.34–7.38 (2H, m), 7.44–7.42 (2H, m), 7.75 (1H, br), 8.52
(1H, s), 9.27 (1H, br), 9.54 (1H, s); FAB MS m/e [M+H]+ 439. Anal.
Calcd for C22H23N6O2Cl�0.2H2O: C, 59.71; H, 5.33; N, 18.99; Cl,
8.01. Found: C, 59.82; H, 5.11; N, 18.98; Cl, 7.71.


5.1.41. 2-[(4-Morpholin-4-ylphenyl)amino]-4-[(3-trifluo-
romethylbenzyl)amino]pyrimidine-5-carboxamide (25o)


Compound 25o was prepared from compound 32 and 3-trifluo-
romethylbenzylamine in 17% yield as a pale yellow solid, using a
similar approach to that described for 25f: mp 232–234 �C
(MeOH–THF); 1H NMR (DMSO-d6) d 2.98–3.00 (4H, m), 3.71–3.74

(4H, m), 4.74 (2H, d, J = 5.8 Hz), 6.76 (2H, d, J = 8.8 Hz), 7.15 (1H,
br), 7.43 (2H, br d, J = 8.8 Hz), 7.54–7.62 (3H, m), 7.69 (1H, s),
7.73 (1H, br), 8.52 (1H, s), 9.28 (1H, br), 9.58 (1H, s); FAB MS m/e
[M+H]+ 473. Anal. Calcd for C23H23N6O2F3: C, 58.47; H, 4.91; N,
17.79; F, 12.06. Found: C, 58.70; H, 5.04; N, 17.69; F, 12.00.


5.1.42. 4-[(3-Methoxybenzyl)amino]-2-[(4-morpholin-4-
ylphenyl)amino]pyrimidine-5-carboxamide (25p)


Compound 25p was prepared from compound 32 and 3-
methoxybenzylamine in 29% yield as a colorless solid, using a sim-
ilar approach to that described for 25f: mp 220–222 �C (MeOH–
THF); 1H NMR (DMSO-d6) d 3.00–3.02 (4H, m), 3.70 (3H, s), 3.71–
3.74 (4H, m), 4.63 (2H, d, J = 5.4 Hz), 6.71–6.80 (3H, m), 6.82–
6.89 (2H, m), 7.11 (1H, br), 7.23–7.27 (1H, m), 7.51 (2H, d,
J = 8.8 Hz), 7.75 (1H, br), 8.51 (1H, s), 9.28 (1H, br), 9.49 (1H, s);
FAB MS m/e [M+H]+ 435. Anal. Calcd for C23H26N6O3�0.2H2O: C,
63.06; H, 6.07; N, 19.18. Found: C, 62.93; H, 5.92; N, 19.16.


5.1.43. 4-[(3-Hydroxybenzyl)amino]-2-[(4-morpholin-4-
ylphenyl)amino]pyrimidine-5-carboxamide (25q)


Compound 25q was prepared from compound 32 and 3-
hydroxybenzylamine in 31% yield as a colorless solid, using a sim-
ilar approach to that described for 25f: mp 241–244 �C (dec)
(MeOH–THF); 1H NMR (DMSO-d6) d 3.00–3.02 (4H, m), 3.71–3.74
(4H, m), 4.58 (2H, d, J = 5.9 Hz), 6.62–6.41 (1H, m), 6.72–6.75
(2H, m), 6.81 (2H, d, J = 8.8 Hz), 7.11–7.14 (2H, m), 7.50 (2H, d,
J = 8.8 Hz), 7.75 (1H, br), 8.51 (1H, s), 9.26 (1H, br), 9.35 (1H, br),
9.47 (1H, s); FAB MS m/e [M+H]+ 421. Anal. Calcd for
C23H26N6O2�0.2H2O: C, 62.32; H, 5.80; N, 19.82. Found: C, 62.26;
H, 5.94; N, 19.79.


5.1.44. 4-[(4-Fluorobenzyl)amino]-2-[(4-morpholin-4-
ylphenyl)amino]pyrimidine-5-carboxamide (25r)


Compound 25r was prepared from compound 32 and 4-fluorob-
enzylamine in 25% yield as a colorless solid, using a similar ap-
proach to that described for 25f: mp 253–257 �C (MeOH–THF);
1H NMR (DMSO-d6) d 3.01–3.03 (4H, m), 3.72–3.74 (4H, m), 4.64
(2H, d, J = 6.1 Hz), 6.82 (2H, d, J = 9.1 Hz), 7.10 (1H, br), 7.14–7.17
(2H, m), 7.35–7.38 (2H, m), 7.50 (2H, d, J = 9.2 Hz), 7.75 (1H, br),
8.50 (1H, s), 9.25 (1H, s), 9.48 (1H, s); FAB MS m/e [M+H]+ 423.
Anal. Calcd for C22H23N6O2F�0.2H2O: C, 62.02; H, 5.54; N, 19.73;
F, 4.46. Found: C, 61.81; H, 5.48; N, 19.69; F, 4.73.


5.1.45. 4-[(2,3-Difluorobenzyl)amino]-2-[(4-morpholin-4-
ylphenyl)amino]pyrimidine-5-carboxamide (25s)


Compound 25s was prepared from compound 32 and 4-fluorob-
enzylamine in 32% yield as a yellow solid, using a similar approach
to that described for 25f: mp 242–245 �C (MeOH–THF); 1H NMR
(DMSO-d6) d 2.97–3.03 (4H, m), 3.72–3.74 (4H, m), 4.74 (2H, d,
J = 5.9 Hz), 6.77 (2H, d, J = 8.8 Hz), 7.10–7.17 (3H, m), 7.28–7.35
(1H, m), 7.41 (2H, d, J = 8.8 Hz), 7.78 (1H, br), 8.53 (1H, s), 9.29
(1H, s), 9.53 (1H, s); FAB MS m/e [M+H]+ 441. Anal. Calcd for
C22H22N6O2F2�0.2H2O: C, 59.51; H, 5.08; N, 18.93; F, 8.56. Found:
C, 59.39; H, 4.94; N, 18.86; F, 8.46.


5.1.46. 4-[(2,4-Difluorobenzyl)amino]-2-[(4-morpholin-4-
ylphenyl)amino]pyrimidine-5-carboxamide (25t)


Compound 25t was prepared from compound 32 and 2,4-diflu-
orobenzylamine in 27% yield as a colorless solid, using a similar ap-
proach to that described for 25f: mp 232–234 �C (MeOH–THF); 1H
NMR (DMSO-d6) d 3.00–3.03 (4H, m), 3.72–3.74 (4H, m), 4.67 (2H,
d, J = 5.9 Hz), 6.80 (2H, d, J = 8.8 Hz), 7.00–7.05 (1H, m), 7.12 (1H,
br), 7.26–7.34 (2H, m), 7.46 (2H, d, J = 8.8 Hz), 7.76 (1H, br), 8.52
(1H, s), 9.28 (1H, s), 9.47 (1H, s); FAB MS m/e [M+H]+ 441. Anal.
Calcd for C22H22N6O2F2�0.4H2O: C, 59.03; H, 5.13; N, 18.77; F,
8.49. Found: C, 59.08; H, 5.00; N, 18.77; F, 8.69.
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5.1.47. 4-[(2,5-Difluorobenzyl)amino]-2-[(4-morpholin-4-
ylphenyl)amino]pyrimidine-5-carboxamide (25u)


Compound 25u was prepared from compound 32 and 2,5-diflu-
orobenzylamine in 26% yield as a pale brown solid, using a similar
approach to that described for 25f: mp 243–245 �C (MeOH–THF);
1H NMR (DMSO-d6) d 2.97–3.05 (4H, m), 3.72–3.74 (4H, m), 4.68
(2H, d, J = 5.9 Hz), 6.78 (2H, d, J = 8.8 Hz), 7.05 (1H, br), 7.11–7.17
(2H, m), 7.28–7.33 (1H, m), 7.43 (2H, d, J = 8.8 Hz), 7.79 (1H, br),
8.53 (1H, s), 9.30 (1H, s), 9.50 (1H, s); FAB MS m/e [M+H]+ 441.
Anal. Calcd for C22H22N6O2F2: C, 59.99; H, 5.03; N, 19.08; F, 8.63.
Found: C, 59.95; H, 4.98; N, 19.02; F, 8.51.


5.1.48. 4-[(2,6-Difluorobenzyl)amino]-2-[(4-morpholin-4-
ylphenyl)amino]pyrimidine-5-carboxamide (25v)


Compound 25v was prepared from compound 32 and 2,6-diflu-
orobenzylamine in 32% yield as a colorless solid, using a similar ap-
proach to that described for 25f: mp 245–248 �C (dec) (MeOH–
THF); 1H NMR (DMSO-d6) d 3.03–3.05 (4H, m), 3.72–3.75 (4H,
m), 4.79 (2H, d, J = 5.9 Hz), 6.89 (2H, d, J = 8.8 Hz), 7.10 (1H, br),
7.12–7.18 (2H, m), 7.40–7.47 (1H, m), 7.64 (2H, d, J = 8.8 Hz),
7.75 (1H, br), 8.52 (1H, s), 9.35 (1H, s), 9.47 (1H, s); FAB MS m/e
[M+H]+ 441. Anal. Calcd for C22H22N6O2F2: C, 59.99; H, 5.03; N,
19.08; F, 8.63. Found: C, 59.98; H, 4.93; N, 19.04; F, 8.55.


5.1.49. 4-[(3,5-Difluorobenzyl)amino]-2-[(4-morpholin-4-
ylphenyl)amino]pyrimidine-5-carboxamide (25w)


Compound 25w was prepared from compound 32 and 3,5-diflu-
orobenzylamine in 44% yield as a colorless solid, using a similar ap-
proach to that described for 25f: mp 227–230 �C (MeOH–THF); 1H
NMR (DMSO-d6) d 2.98–3.03 (4H, m), 3.72–3.74 (4H, m), 4.61 (2H,
d, J = 5.8 Hz), 6.79 (2H, d, J = 8.8 Hz), 7.01–7.11 (4H, m), 7.42 (2H, d,
J = 8.8 Hz), 7.70 (1H, br), 8.52 (1H, s), 9.29 (1H, s), 9.54 (1H, s); FAB
MS m/e [M+H]+ 441. Anal. Calcd for C22H22N6O2F2�0.2H2O: C, 59.51;
H, 5.08; N, 18.93; F, 8.56. Found: C, 59.13; H, 5.00; N, 18.90; F, 8.92.


5.1.50. 2-[(4-Morpholin-4-ylphenyl)amino]-4-[(2,3,5-
trifluorobenzyl)amino]pyrimidine-5-carboxamide (25x)


Compound 25x was prepared from compound 32 and 2,3,5-tri-
fluorobenzylamine in 23% yield as a colorless solid, using a similar
approach to that described for 25f: mp 229–231 �C (MeOH–THF);
1H NMR (DMSO-d6) d 2.99–3.02 (4H, m), 3.72–3.75 (4H, m), 4.73
(2H, d, J = 5.9 Hz), 6.77 (2H, d, J = 8.8 Hz), 6.90 (1H, br), 7.16 (1H,
br), 7.39–7.46 (3H, m), 7.79 (1H, br), 8.54 (1H, s), 9.31 (1H, s),
9.53 (1H, s); FAB MS m/e [M+H]+ 441. Anal. Calcd for
C22H21N6O2F3�0.7H2O: C, 56.10; H, 4.79; N, 17.84; F, 12.10. Found:
C, 55.74; H, 4.54; N, 17.49; F, 12.39.


5.1.51. 2-[(4-Morpholin-4-ylphenyl)amino]-4-[(2,3,6-tri-
fluorobenzyl)amino]pyrimidine-5-carboxamide (25y)


Compound 25y was prepared from compound 32 and 2,3,6-tri-
fluorobenzylamine in 20% yield as a brown solid, using a similar
approach to that described for 25f: mp 226–229 �C (MeOH–THF);
1H NMR (DMSO-d6) d 3.00–3.08 (4H, m), 3.72–3.75 (4H, m), 4.83
(2H, d, J = 5.9 Hz), 6.87 (2H, d, J = 8.8 Hz), 7.13 (1H, br), 7.16–7.22
(1H, m), 7.44–7.53 (1H, m), 7.57 (2H, d, J = 8.8 Hz), 7.76 (1H, br),
8.52 (1H, s), 9.34 (1H, s), 9.54 (1H, s); FAB MS m/e [M+H]+ 441.
Anal. Calcd for C22H21N6O2F3�0.7H2O: C, 56.10; H, 4.79; N, 17.84;
F, 12.10. Found: C, 56.49; H, 4.63; N, 17.48; F, 12.03.


5.1.52. 2-[(4-Morpholin-4-ylphenyl)amino]-4-[(2,3,6-tri-
fluorobenzyl)amino]pyrimidine-5-carboxamide (25y)
hydrochloride


Compound 25y hydrochloride was prepared from compound
25y using a similar manner to that described for 21: mp 275–
276 �C (EtOH–H2O); 1H NMR (DMSO-d6) d 3.13–3.15 (4H, m),
3.78–3.80 (4H, m), 4.86 (2H, d, J = 5.9 Hz), 7.05 (2H, br), 7.17–

7.23 (1H, m), 7.45–7.54 (3H, m), 7.63 (1H, br), 8.23 (1H, br), 8.60
(1H, s), 10.34 (1H, s), 10.48 (1H, s); FAB MS m/e [M+H]+ 441. Anal.
Calcd for C22H21N6O2F3�HCl: C, 53.39; H, 4.48; N, 16.98; Cl, 7.16, F,
11.52. Found: C, 53.44; H, 4.30; N, 16.87; Cl, 11.39; F, 11.39.


5.2. QSAR analysis


Calculations of molecular mass, molecular volume, molar refrac-
tivity, Verloop L and B1–B5, ellipsoidal volume, Wiener topological
index, bond dipole moment, and E-state indices were performed
with TSAR.14 cLogP and MSA were calculated using CLOGP15 and
MOE,16 respectively, and selection of descriptors was performed
with the QuaSAR-Evolution algorithm.15 IC50 values were converted
to free energies on a negative log scale (pIC50). Multiple linear
regression analysis was performed with Excel 2003 (Microsoft
Corp.). Combinations of descriptors with correlation coefficients
>0.4 were discarded to avoid the colinearity problem. The following
statistical parameters were determined for each regression equa-
tion: the number of points, n; the goodness of fit, R2; the significance
of the regression model, F; and the root mean square error, RMSE.


5.3. Biology


5.3.1. STAT6 reporter assay
The IL-4-inducible luciferase reporter plasmid and STAT6 repor-


ter cells (FW4 reporter cells) were constructed as described
previously.7


5.3.2. In vitro T cell differentiation
C57BL/6 mice were purchased from Charles River Laboratories.


Spleen T cells were purified from total spleen cells using a nylon
wool column. For in vitro differentiation assays, 1 � 106 T cells/
mL were cultured in RPMI1640 (GIBCO) medium supplemented
with 10% fetal bovine serum (FBS) and 5 � 10�5M 2-mercap-
toethanol and stimulated with 10 lg/mL plate-bound anti-CD3
(Cedarlane). The cells were then incubated with 10 ng/mL mouse
IL-2 (PeproTech) plus 10 ng/mL mouse IL-12 (PeproTech) (Th1) or
10 ng/mL mouse IL-4 (PeproTech) plus 1 lg/mL of anti-CD28
(Pharmingen) (Th2) for 2 days. The cells were then cultured in
the medium with the same concentrations of IL-2, IL-12, and IL-4
for another 3 days. Test compounds were added to each well for
5 days. The final DMSO concentration was 0.1%. The cultured cells
were washed and restimulated with plate-bound anti-CD3 in the
absence of test compound, and supernatants were collected 16 h
later. Cytokine ELISAs were performed using antibodies recom-
mended by Pharmingen.


5.4. Pharmacokinetic study


Pharmacokinetic studies were performed in 8-week-old female
Balb/c mice purchased from Charles River Laboratories. Food and
water were provided ad libitum. Pharmacokinetic experiments
were performed after overnight fasting. For intravenous adminis-
tration, compound 6 (1 mg/kg) was dissolved in 1% EtOH, 0.5%
Cremophor EL, and 98.5% saline solution, compound 25a (1 mg/
kg) was dissolved in 0.5% DMSO, 1% Cremophor EL, and 98.5% sal-
ine solution, and compound 25y (1 mg/kg) was dissolved in 1%
DMSO, 1% Cremophor EL, and 98% saline solution. The compounds
were administered by tail vein injection at a volume of 10 mL/kg.
For oral administration, 6 (10 mg/kg), 25a (3 mg/kg), and 25y
(1 mg/kg) were dissolved in 0.5% methylcellulose solution and
administered at a volume of 10 mL/kg. Whole blood samples were
taken from the abdominal vena cava of mice at 0.1, 0.25, 0.5, 1, 2, 4,
8, 12, and 24 h after intravenous administration and 0.25, 0.5, 1, 2,
4, 8, 12, and 24 h after oral administration. Extraction of com-
pounds from mice plasma was performed on 96-well Oasis� HLB
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solid phase extraction plates.19 The extracts were analyzed by high
performance liquid chromatography-tandem mass spectroscopy
(HPLC-MS-MS) using Waters 2790 Separations� and Micromass
Quattro-Ultima� instruments and an XTerra MSC18 column
(50 � 4.6 mm; 5 lm).
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A series of non-nucleoside ethyl 6-hydroxyquinoline-3-carboxylate derivatives were prepared and eval-
uated in HepG2.2.15 cells. Most compounds inhibited the expression of viral antigens HBsAg or HBeAg at
low concentration. Six compounds, 9f3, 12b6, 12f6, 13b2, 13b6, and 13f6, displayed excellent intracellular
inhibitory activity and selectivity towards the replication of HBV DNA. Of these six initial hits, compound
13b6 was the most active.


� 2008 Elsevier Ltd. All rights reserved.

Figure 1. Structure of 5-hydroxy-1H-indole-3-carboxylates.


Figure 2. General structure of target compounds.

1. Introduction


Hepatitis B virus (HBV) is a major cause of liver cirrhosis and
hepatocellular carcinoma in humans. Until recently, it was esti-
mated that 400 million people were chronically infected with
HBV worldwide and that HBV was responsible for 750,000 deaths
each year.1 Rates of new HBV infections in developing countries
continue to climb at an alarming rate. Currently, only two interfer-
ons and four nucleoside inhibitors have received FDA approval as
single-agent treatments for HBV infection. Unfortunately, clinical
response rates to interferon-a and peginterferon-a tend to be low
(20–30%).2 On the other hand, the required prolonged regimen of
nucleoside analogues, such as lamivudine, adefovir dipivoxil, ente-
cavir, and telbivudine, almost invariably leads to drug-resistance
problems.3–6 Drugs with novel structures and mechanisms of
action are urgently needed.


Previously, we described a series of 5-hydroxy-1H-indole-3-car-
boxylate derivatives (I, Fig. 1) with anti-HBV activities in vitro.7,8 In
these studies, the structure–activity relationship (SAR) between
the modification of substituents on the indole cycle and anti-HBV
activity was assessed. In order to explore the SAR surrounding
the indole region of this chemical series, we designed and prepared
some novel ethyl 6-hydroxyquinoline-3-carboxylate derivatives in
which the indole ring was expanded to a quinoline moiety. Other
changes primarily targeted positions 2 and 5 of the quinoline ring.
Aliphatic aminomethyl or N-heteroaromatic methyl functionality

ll rights reserved.


.


was introduced at the 5-position, and arylthiomethyl or arylsulfi-
nylmethyl groups were incorporated into the 2-position in order
to investigate the influence of these changes on anti-HBV activity
(see Fig. 2).


2. Chemistry


The synthesis of target compounds 9a–9g was achieved using a
convenient seven-step procedure starting from 3-hydroxy-4-
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Scheme 1. Synthesis of compounds 9a–9g. Reagents and conditions: (a) K2CO3, DMF, 90 �C, 3 h, 90%; (b) fuming HNO3, 40 �C, 5 h, 78%; (c) HCONH2, Zn, absolute alcohol,
reflux, 8 h, 50%; (d) piperidine, isopropanol, reflux, 12–15 h; (e) acetic acid/hydrochloric acid = 2/1 (volume ratio), 80 �C, 5–8 h, 44–59%; (f) aliphatic amine, 37% aqueous
formaldehyde, methanol, HCl, 40 �C, 2–5 h, 68–76%. The overall yield from 10.5% to 15.7%.


Scheme 2. Synthesis of ethyl 3-oxo-4-((sub)phenylthio)butanoate 6. Reagents and
conditions: KOH, methanol, 25 �C, 8–14 h, 94–98%.
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methoxylbenzaldehyde (1) depicted in Scheme 1. The commer-
cially available compound 1 was treated with benzyl chloride 2
to give the compound 3,9 which was nitrated with a typical nitra-
tion reagent, fuming nitric acid, to provide 2-nitrobenzaldehyde
4.10 Activated zinc powder and catalytic formamide efficiently re-
duced the nitro group prior to the aldehyde group to get 2-amino-
benzaldehyde 5. The thioether 6 was prepared via etherification of
ethyl 4-chloroacetoacetate 11 with the corresponding thiophenol
10 (Scheme 2).8 Treatment of 2-aminobenzaldehyde 5 with 6 in
the presence of piperidine afforded the key intermediate, ethyl
quinoline-3-carboxylate 7,11 which was subsequently deprotected
with a 2:1 mixture of acetic acid and hydrochloric acid to produce
compound 8. The target compounds, 9a–9g, were then synthesized
via a Mannich reaction as previously demonstrated.7,8 When acetic
acid was employed as the solvent, the reaction generated a mixture
of products, including the desired mono-Mannich derivative and
the bis-Mannich byproduct A (Scheme 3).12 An alternative ap-
proach was explored, and the appropriate aliphatic amines were
treated with compound 8 and 37% aqueous formaldehyde in meth-
anol solvent to yield the expected compounds, 9a–9g.


Imidazole or methylimidazole could not be introduced into the
5-position by a direct Mannich reaction with 8. Alternatively, it can

Scheme 3. The Mannich reac

be realized through the following two steps: The corresponding
dimethylamine derivatives of 9 were obtained via a Mannich reac-
tion. And then treatment of 9 with imidazole or 2-methylimidazole
in 1,4-dioxane generated five N-heteroaromatic derivatives 12b–
12g in good yields (Scheme 4).


To assess whether 2-sulfinyl analogues could reduce cytotoxic-
ity and increase potency, 9b1, 9b2, 12f6, etc. were oxidated using
sodium perborate to provide seven target compounds 13b–13f
(Scheme 5).


3. Anti-HBV analysis


All of the target compounds were tested in vitro in HepG2.2.15
cells for anti-HBV activity and cytotoxicity. These compounds’
properties are summarized in Table 1, in which they are compared
to those of lamivudine. With the exception of 9c2, 12g6, and 13c2,
all of the compounds exhibited an overall inhibition of virion
including HBV antigen secretion and HBV DNA replication.


Although this series of compounds did not display any obvious
SAR for anti-HBsAg and anti-HBeAg activity, six structural compo-
nents, represented by 2-(fluoro-substituted phenyl)quinoline
derivatives 9b1, 9b2, 9f4, 9f5, 12b7, and 12f6, were required for
high potency (IC50 < 20 lM). Of these compounds, 9f4 and 9b2 were
the most potent inhibitors of HBsAg production (IC50 = 5.8 lM,
SI = 13.7) and HBeAg production (IC50 = 9.3 lM, SI = 5.1),
respectively.


Twelve compounds (9a3, 9b1,9b2, 9f3, 12b6, 12b7, 12f6, 13b1,
13b2, 13b6, 13f2, and 13f6) exhibited more potent inhibition of
HBV DNA replication (10- to 66-fold) than the control drug, lami-

tion of 8a in acetic acid.







Table 1
Anti-HBV activity and cytotoxicity of target compounds in vitro


Compound TC50 (lM)a HBsAg


IC50 (lM)b SIc


9a3 60.7 — d —
9b1 120.2 17.4 6.9
9b2 47.3 8.5 5.6
9c2 17.5 — —
9d1 58.5 — —
9f3 135.1 — —
9f4 79.7 5.8 13.7
9f5 55.3 11.2 4.9
12b6 201.5 42.8 6.0
12b7 78.5 — —
12e6 186.5 — —
12f6 132.6 — —
12g6 188.8 — —
13b1 90.4 36.5 2.5
13b2 166.3 25.1 6.6
13b6 160.3 26.2 6.1
13c2 9.4 — —
13e6 194.2 33.1 5.9
13f2 16.5 — —
13f6 90.8 — —
Lamivudine 2213.8 — —


a TC50 is 50% cytotoxic concentration in HepG2.2.15 cells.
b IC50 is 50% inhibitory concentration.
c Selectivity index (SI: TC50/IC50).
d No antiviral activity at the concentration lower than its TC50.


Scheme 4. Synthesis of compounds 12b–12g. Reagents and conditions: (a) 33%
solution of dimethylamine, 37% aqueous formaldehyde, methanol, 40 �C, 2–5 h, 68–
72%; (b) 1H-imidazole or 2-methyl-1H-imidazole, hydrochloric acid, 1,4-dioxane,
75–80 �C, 2–3 h, 60–73%.


Scheme 5. Synthesis of compounds 13b–13f. Reagents and conditions: (a) sodium
perborate, sodium tungstate, acetic acid, 40 �C, 3–5 h, 56–74%.
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vudine. Among these, 9f3, 12b6, 12f6, 13b2, 13b6, and 13f6 pos-
sessed selectivity indices from 5.6 (9f3) to 34.1 (13b6), which were
comparable to or higher than that of lamivudine (7.1).


The anti-HBV activities of compounds 9b1, 12b6, 9f3, 12f6, and
13b6, in which an electron-withdrawing fluoride group was intro-
duced at the phenyl moiety of 2-position, were superior to those
with electron-donating methoxy group or no substitution (9d1,
12e6, 12g6, 13e6, and 9a3). However, when the carbon was replaced
with nitrogen at 2-position of phenyl ring, the anti-HBV activities
were eliminated and the cytotoxicities were enhanced evidently
(TC50s of 9c2 and 13c2 were 17.5 lM and 9.4 lM, respectively).
Interestingly, the IC50 values and SIs of 3,4-difluoro derivatives,
such as 12f6, 13f2, and 13f6, were not better than those of monoflu-
orinated derivatives 12b6, 13b2, and 13b6.


Different biological properties were observed when a variety of
basic moieties were introduced via a Mannich reaction at the 5-po-
sition. Heterocyclic basic groups, such as pyrrolidinyl, piperidinyl,
and imidazolyl groups, were preferred at this position. However,
when morpholinyl and 4-methyl piperazinyl were introduced into
5-position of compounds, such as 9f4 and 9f5, the anti-HBV activi-
ties were eliminated.


While replacement of the sulfur group with a sulfinyl did not
evidently alter the drugs’ cytotoxicities, it either increased or
maintained the drugs’ anti-HBV activity (compounds 9b1 vs.
13b1, 12b6 vs. 13b6, 9b2 vs. 13b2, and 12f6 vs. 13f6). The most
promising compound, 13b6, which bore an imidazolyl group at
the 5-position and a 4-fluorophenylsulifinyl at the 2-position, pos-
sessed exceptionally high-potency anti-HBV activity with an IC50 of
4.7 lM, a 66-fold improvement over lamivudine (IC50 = 311.2 lM).

4. Conclusion


In summary, a series of 6-hydroxyquinoline-3-carboxylate
derivatives based on 5-hydroxy-1H-indole-3-carboxylate deriva-
tives (I, Fig. 1) were synthesized in seven to nine steps and were
assayed for their anti-HBV activity and cytotoxicity in vitro. As
hoped, the reported anti-HBV properties of I also extended to
this new series, and quinoline derivatives have shown higher

HBeAg HBV DNA replication


IC50 (lM) SI IC50 (lM) SI


— — 45.2 1.3
— — 32.8 3.7


9.3 5.1 10.2 4.6
— — — —
20.5 2.9 — —
— — 24.1 5.6
10.9 7.3 — —
— — — —
— — 41.7 6.2
16.2 4.8 30.6 2.6
65.1 2.9 — —
16.4 8.1 9.4 14.1
— — — —
— — 21.9 4.1
21.1 7.9 10.7 15.5
98.1 1.6 4.7 34.1
— — — —
— — — —
— — 5.3 3.1
— — 12.5 7.3
— — 311.2 7.1
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anti-HBeAg activities than indole derivatives. Most of these com-
pounds demonstrated potential HBV inhibition, and compound
13b6 was the most potent, highly specific inhibitor of HBV
DNA replication in cell culture.


Inhibition assay data reported in this study showed that the
substituents on the phenyl ring of 2-position might play an impor-
tant role in the tested drugs’ activities. Fluoride could enhance the
inhibition of HBV DNA replication, while 2-pyridyl derivatives
could eliminate the anti-HBV activities completely. The different
Mannich basic groups placed at the 5-position demonstrated sig-
nificant distinctness of anti-HBV effects. Oxidation of the com-
pounds’ sulfide into a sulfinyl group had little influence on anti-
HBV activity and cytotoxicity.


Based on the study, the further structural alterations were
focused on 5-position and the phenyl at 2-position of quinoline
ring. The various halogens, such as chlorine, bromine, and io-
dine, would be introduced into phenyl which also could be re-
placed by S-heteroaromatic. Some N-heterocycles, such as
pyrrolyl, pyrrolinyl, imidazolinyl, etc., would be incorporated
into position 5.

5. Experimental


5.1. Chemistry


Melting points were measured with a Büchi Melting Point B-
540 apparatus (Büchi Labortechnik, Flawil, Switzerland) and are
uncorrected. Mass spectra (MS) were taken in ESI mode on Agilent
1100 LC–MS (Agilent, Palo Alto, CA, USA). 1H NMR spectra were
performed using Bruker 300 MHz and 600 MHz spectrometers
(Bruker Bioscience, Billerica, MA, USA) with TMS as an internal
standard. Compounds 3, 4, and thioether 6 were synthesized in
accordance with literature procedures.9,10


5.1.1. 2-Amino-5-benzyloxy-4-methoxybenzaldehyde (5)
A mixture of 4 (28.7 g, 0.1 mol), formamide (2 mL) and absolute


ethanol (60 mL) was heated with vigorous stirring until the solu-
tion boiled gently. Heating was discontinued, and 5 g portions of
32.5 g (0.5 mol) of activated zinc dust were added with sufficient
frequency to sustain boiling while the reaction refluxed for 8 h.
The hot mixture was filtered, and the filtrate was cooled to room
temperature. The yellow crystals were filtered, washed with etha-
nol, and dried to yield 5 (12.8 g, 50%). Mp: 182–184 �C; MS [MH+]
(m/z): 258.1.


5.1.2. General procedure for the synthesis of ethyl 6-hydroxy-7-
methoxy-2-((arylthio)methyl)quinoline-3-carboxylate
derivatives (8a–8g)


A mixture of o-aminobenzaldehyde 5 (12.8 g, 0.05 mol), ethyl 3-
oxo-4-(arylthio)butanoate 6 (0.05 mol), piperidine (0.5 mL,
0.005 mol) and isopropanol (10 mL) was stirred at reflux for 12–
15 h and then cooled to room temperature. The solvent was removed
under vacuum, and 20 mL of water was added. The aqueous solution
was extracted with CH2Cl2, and the organic phase was washed with
saturated sodium chloride solution and water. The organic phase
was dried (Na2SO4) and evaporated to yield the crude compounds
7 as red oil. A 2:1 mixture of acetic acid and HCl acid (25 mL) was
added directly to the red oil 7, and the resulting solution was heated
at 80 �C for 5–8 h. The reaction mixture was cooled to room temper-
ature, and the isolated solids were filtered and dried to give com-
pounds 8a–8g as buff to yellow powder.


5.1.3. General procedure for the synthesis of compounds 9a–9g
A solution of aliphatic amine (0.025 mol), 37% HCHO (3 mL,


0.03 mol) and 36% HCl (0.1 mL) in MeOH was stirred at room tem-

perature for 30 min. Compound 8 (0.01 mol) was added, and the
mixture was heated to 40 �C for 2–5 h. The MeOH was removed
under vacuum, and the residue was poured into water (100 mL).
The resulting mixture was adjusted to pH 7 with 20% hydrochloric
acid, and the solid product was collected by filtration and washed
with water. The crude product was recrystallized from acetone to
obtain compounds 9a–9g.


5.1.3.1. Ethyl 6-hydroxy-7-methoxy-2-((phenylthio)methyl)-5-
((piperidin-1-yl)methyl)quinoline-3-carboxylate (9a3). White
powder (3.5 g, 75%); Mp: 174–176 �C; MS [MH+] (m/z): 467.2; 1H
NMR (DMSO-d6): d 1.38 (t, 3H, J = 7.1 Hz, –CH2CH3), 1.85 (m, 6H,
piperidinyl), 2.67 (m, 4H, piperidinyl), 4.07 (s, 3H, –OCH3), 4.35
(q, 2H, J = 7.1 Hz, –CH2CH3), 4.41 (s, 2H, –CH2N–), 4.79 (s, 2H,
–CH2S–), 7.16 (m, 3H, –PhH), 7.28 (m, 2H, –PhH), 7.21 (s, 1H,
C8–H), 8.67 (s, 1H, C4–H); IR (KBr, cm�1): 3421.9 (OH), 1703.4
(C@O).


5.1.3.2. Ethyl 2-((4-fluorophenylthio)methyl)-5-((dimethyla-
mino)methyl)-6-hydroxy-7-methoxyquinoline-3-carboxylate
(9b1). White powder (3.2 g, 72%); Mp: 183–185 �C; MS [MH+] (m/
z): 445.1; 1H NMR (DMSO-d6): d 1.37 (t, 3H, J = 7.2 Hz, –CH2CH3),
2.80 (d, 6H, J = 4.0 Hz, –N(CH3)2), 4.06 (s, 3H, –OCH3), 4.36 (q, 2H,
J = 7.2 Hz, –CH2CH3), 4.72 (s, 2H, –CH2S–), 4.74 (d, 2H, J = 4.0 Hz,
–CH2N–), 7.13 (t, 2H, J = 8.7 Hz, –PhH), 7.41 (q, 2H, J = 5.5 Hz, –
PhH), 7.53 (s, 1H, C8–H), 8.87 (s, 1H, C4–H); IR (KBr, cm�1):
3431.2 (OH), 1701.4 (C@O).


5.1.3.3. Ethyl 2-((4-fluorophenylthio)methyl)-6-hydroxy-7-
methoxy-5-((pyrrolidin-1-yl)methyl)quinoline-3-carboxylate
(9b2). White powder (3.5 g, 74%); Mp: 179–181 �C; MS [MH+] (m/
z): 471.0; 1H NMR (DMSO-d6): d 1.43 (t, 3H, J = 6.9 Hz, –CH2CH3),
1.96 (s, 4H, –pyrrolidinyl), 2.90 (s, 4H, –pyrrolidinyl), 4.03 (s, 3H,
–OCH3), 4.39 (s, 2H, –CH2N–), 4.41 (q, 2H, J = 6.9 Hz, –CH2CH3),
4.76 (s, 2H, –CH2S–), 7.12 (t, 2H, J = 8.6 Hz, –PhH), 7.39 (q, 2H,
J = 5.4 Hz, –PhH), 7.32 (s, 1H, C8–H), 8.65 (s, 1H, C4–H); IR (KBr,
cm�1): 3419.5 (OH), 1708.1 (C@O).


5.1.3.4. Ethyl 6-hydroxy-7-methoxy-2-((pyridin-2-ylthio)methyl)-
5-((pyrrolidin-1-yl)methyl)quinoline-3-carboxylate (9c2). White
powder (3.2 g, 70%); Mp: 142–143 �C; MS [MH+] (m/z): 454.1; 1H
NMR (DMSO-d6): d 1.43 (t, 3H, J = 7.1 Hz, –CH2CH3), 1.89 (s, 4H, –pyr-
rolidinyl), 2.81 (s, 4H, –pyrrolidinyl), 3.92 (s, 3H, –OCH3), 4.11 (s, 2H,
–CH2N–), 4.40 (q, 2H, J = 7.1 Hz, –CH2CH3), 4.72 (s, 2H, –CH2S–), 7.51
(m, 3H, –pyridyl+C8–H), 7.65 (m, 2H, –pyridyl), 8.66 (s, 1H, C4-H); IR
(KBr, cm�1): 3430.5 (OH), 1704.6 (C@O).


5.1.3.5. Ethyl 2-((2-methoxyphenylthio)methyl)-5-((dimethyl-
amino)methyl)-6-hydroxy-7-methoxyquinoline-3-carboxylate
(9d1). White powder (3.1 g, 68%); Mp: 171–172 �C; MS [MH+] (m/
z): 457.2; 1H NMR (DMSO-d6): d 1.42 (t, 3H, J = 7.1 Hz, –CH2CH3),
2.91 (s, 6H, –N(CH3)2), 3.80 (s, 3H, –OCH3), 4.03 (s, 3H, –OCH3),
4.31 (s, 2H, –CH2N–), 4.42 (q, 2H, J = 7.1 Hz, –CH2CH3), 4.77 (s,
2H, –CH2S–), 6.81 (m, 2H, –PhH), 7.15 (m, 1H, –PhH), 7.27 (s, 1H,
C8–H), 7.46 (m, 1H, –PhH), 8.62 (s, 1H, C4–H); IR (KBr, cm�1):
3427.1 (OH), 1700.8 (C@O).


5.1.3.6. Ethyl 2-((3,4-difluorophenylthio)methyl)-6-hydroxy-7-
methoxy-5-((piperidin-1-yl)methyl)quinoline-3-carboxylate
(9f3). Yellow powder (3.6 g, 72%); Mp: 168–170 �C; MS [MH]+ (m/
z): 503.2; 1H NMR (DMSO-d6): d 1.35 (t, 3H, J = 7.1 Hz, –CH2CH3),
1.53 (s, 6H, –piperidinyl), 2.64 (s, 4H, –piperidinyl), 3.95 (s, 3H, –
OCH3), 4.06 (s, 2H, –CH2N–), 4.32 (q, 2H, J = 7.1 Hz, –CH2CH3),
4.70 (s, 2H, –CH2S–), 7.14–7.18 (m, 2H, –PhH), 7.40–7.45 (m, 2H,
–PhH+C8–H) 8.67 (s, 1H, C4–H); IR (KBr, cm�1): 3415.0 (OH),
1708.1 (C=O).
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5.1.3.7. Ethyl 2-((3,4-difluorophenylthio)methyl)-6-hydroxy-
7-methoxy-5-(morpholinomethyl)quinoline-3-carboxylate
(9f4). White powder (4.1 g, 81%); Mp: 191–193 �C; MS [MH+] (m/z):
505.2; 1H NMR (DMSO-d6): d 1.35 (t, 3H, J = 7.1 Hz, –CH2CH3), 3.35 (s,
4H, –morpholino), 3.54 (s, 4H, –morpholino), 3.95 (s, 3H, –OCH3),
4.38 (s, 2H, –CH2N–), 4.41 (q, 2H, J = 7.1 Hz, –CH2CH3), 4.65 (s, 2H,
–CH2S–), 7.12–7.35 (m, 3H, –PhH), 7.29 (s, 1H, C8–H), 8.75 (s, 1H,
C4–H); IR (KBr, cm�1): 3420.1 (OH), 1708.4 (C@O).


5.1.3.8. Ethyl 2-((3,4-difluorophenylthio)methyl)-6-hydroxy-7-
methoxy-5-((4-methylpiperazin-1-yl)methyl)quinoline-
3-carboxylate (9f5). Pale yellow powder (3.7 g, 71%); Mp: 186–
188�C; MS [MH+] (m/z): 518.2; 1H NMR (DMSO-d6): d 1.41 (t, 3H,
J = 7.0 Hz, –CH2CH3), 2.36 (s, 3H, –NCH3), 2.78 (m, 8H, –piperazi-
nyl), 4.01 (s, 3H, –OCH3), 4.35 (s, 2H, –CH2N–), 4.46 (q, 2H,
J = 7.0 Hz, –CH2CH3), 4.68 (s, 2H, –CH2S–), 7.15–7.36 (m, 3H, –
PhH), 7.33 (s, 1H, C8–H), 8.71 (s, 1H, C4–H); IR (KBr, cm�1):
3427.5 (OH), 1702.3 (C@O).


5.1.4. General procedure for the synthesis of compounds12b–12g
Either 1H-imidazole or 2-methyl-1H-imidazole (0.05 mol), 36%


HCl (4.3 mL, 0.05 mol) and dimethylamino analogues 9
(0.01 mol) were dissolved in 1,4-dioxane (30 mL) and stirred at
75–80 �C for 2–3 h. After cooling to room temperature, the result-
ing mixture was poured into water (100 mL), and the precipitate
was collected by filtration and washed with water and acetone.
The crude product was recrystallized from ethanol/water to obtain
the desired compounds 12b–12g.


5.1.4.1. Ethyl 5-((1H-imidazole-1-yl)methyl)-2-((4-fluorophen-
ylthio)methyl)-6-hydroxy-7-methoxyquinoline-3-carboxylate
(12b6). Pale yellow powder (3.1 g, 66%); Mp: 153–155 �C; MS
[MH+] (m/z): 468.1; 1H NMR (DMSO-d6): d 1.34 (t, 3H, J = 7.0 Hz,
–CH2CH3), 4.01 (s, 3H, –OCH3), 4.30 (q, 2H, J = 7.0 Hz, –CH2CH3),
4.66 (s, 2H, –CH2S–), 5.60 (s, 2H, –CH2N–), 6.81 (s, 1H, –imidazo-
lyl-H), 7.02 (s, 1H, –imidazolyl-H), 7.09 (t, 2H, J = 8.7 Hz, –PhH),
7.38 (m, 3H, –PhH+C8–H), 7.68 (s, 1H, –imidazolyl-H), 8.79 (s, 1H,
C4-H); IR (KBr, cm�1): 3416.8 (OH), 1704.1 (C@O).


5.1.4.2. Ethyl 2-((4-fluorophenylthio)methyl)-6-hydroxy-7-
methoxy-5-(2-methyl-1H-imidazol-1-yl)quinoline-3-carboxy-
late (12b7). Yellow powder (3.4 g, 71%); Mp: 167–169 �C; MS [MH+]
(m/z): 482.0; 1H NMR (DMSO-d6): d 1.34 (t, 3H, J = 7.0 Hz, –CH2CH3),
2.44 (s, 3H, –CCH3), 4.04 (s, 3H, –OCH3), 4.31 (q, 2H, J = 7.0 Hz,
–CH2CH3), 4.69 (s, 2H, –CH2S–), 5.47 (s, 2H, –CH2N–), 6.64
(s, 1H, –imidazolyl-H), 6.70 (s, 1H, –imidazolyl-H), 7.11 (t, 2H,
J = 8.7 Hz, –PhH), 7.28 (s, 1H, C8–H), 7.40 (q, 2H, J = 5.4 Hz, –PhH),
8.68 (s, 1H, C4–H); IR (KBr, cm�1): 3417.5 (OH), 1703.7 (C@O).


5.1.4.3. Ethyl 5-((1H-imidazole-1-yl)methyl)-2-((3-methoxy-
phenylthio)methyl)-6-hydroxy-7-methoxyquinoline-3-car
boxylate (12e6). White powder (3.5 g, 73%); Mp: 173–175 �C;
MS [MH+] (m/z): 480.1; 1H NMR (DMSO-d6): d 1.32 (t, 3H,
J = 7.0 Hz, –CH2CH3), 3.65 (s, 3H, –OCH3), 3.86 (s, 3H, –OCH3),
4.23 (q, 2H, J = 7.0 Hz, –CH2CH3), 4.61 (s, 2H, –CH2S–), 5.43 (s,
2H, –CH2N–), 6.74 (s, 1H, –imidazolyl-H), 6.95 (s, 1H, –imidazo-
lyl-H), 7.10 (m, 4H, –PhH+C8–H), 7.38 (t, 1H, J = 7.5 Hz, –PhH),
7.60 (s, 1H, –imidazolyl-H), 8.40 (s, 1H, C4–H); IR (KBr, cm�1):
3418.5 (OH), 1710.2 (C@O).


5.1.4.4. Ethyl 5-((1H-imidazole-1-yl)methyl)-2-((3,4-difluoro-
phenylthio)methyl)-6-hydroxy-7-methoxyquinoline-3-carbox-
ylate (12f6). White powder (2.9 g, 60%); Mp: 158–160 �C; MS
[MH+] (m/z): 486.3; 1H NMR (DMSO-d6): d 1.33 (t, 3H, J = 7.0 Hz,
–CH2CH3), 3.89 (s, 3H, –OCH3), 4.25 (q, 2H, J = 7.0 Hz, –CH2CH3),
4.67 (s, 2H, –CH2S–), 5.57 (s, 2H, –CH2N–), 6.75 (s, 1H, –imidazo-

lyl-H), 7.04 (s, 1H, –imidazolyl-H), 7.33 (s, 1H, C8–H), 7.58 (m, 3H,
–PhH), 7.67 (s, 1H, –imidazolyl-H), 8.52 (s, 1H, C4–H); IR (KBr,
cm�1): 3427.4 (OH), 1703.5 (C@O).


5.1.4.5. Ethyl 5-((1H-imidazole-1-yl)methyl)-2-((3,4-dimethoxy
phenylthio)methyl)-6-hydroxy-7-methoxyquinoline-3-carbox-
ylate (12g6). White powder (3.1 g, 61%); Mp: 179–181 �C; MS
[MH+] (m/z): 510.2; 1H NMR (DMSO-d6): d 1.35 (t, 3H, J = 7.1 Hz, –
CH2CH3), 3.55 (s, 3H, –OCH3), 3.68 (s, 3H, –OCH3), 4.01 (s, 3H, –OCH3),
4.29 (q, 2H, J = 7.1 Hz, –CH2CH3), 4.60 (s, 2H, –CH2S–), 5.62 (s, 2H, –
CH2N–), 6.82 (m, 3H, –PhH), 7.05 (s, 1H, –imidazolyl-H), 7.16 (s,
1H, –imidazolyl-H), 7.37 (m, 1H, C8-H), 7.76 (s, 1H, –imidazolyl-H),
8.80 (s, 1H, C4-H); IR (KBr, cm�1): 3409.1 (OH), 1698.3 (C@O).


5.1.5. General procedure for the synthesis of the target
compounds 13b–13f


A solution of compound 9 or 12 (0.01 mol) and sodium perbo-
rate (1.7 g, 0.011 mol) in acetic acid (40 mL) was heated at 40 �C
for 3–5 h. The solvent was evaporated under vacuum, and the res-
idue was poured into water (100 mL). The resulting mixture was
adjusted to pH 8 with 20% NaOH, and the precipitate was filtered,
washed with acetone, dried, and recrystallized from ethanol to ob-
tain the target compounds 13b–13f.


5.1.5.1. Ethyl 2-((4-fluorophenylsulfinyl)methyl)-5-((dimethyl-
amino)methyl)-6-hydroxy-7-methoxyquinoline-3-carboxylate
(13b1). Yellow powder (3.4 g, 74%); Mp: 171–173 �C; MS [MH+]
(m/z): 461.3; 1H NMR (DMSO-d6): d 1.36 (t, 3H, J = 7.0 Hz,
–CH2CH3), 2.79 (s, 6H, –N(CH3)2), 3.97 (s, 3H, –OCH3), 4.32 (q,
2H, J = 7.0 Hz, –CH2CH3), 4.69 (d, 1H, J = 12.7 Hz, –CH2SO–), 4.75
(s, 2H, –CH2N–), 4.76 (d, 1H, J = 12.7 Hz, –CH2SO–), 7.21 (t, 2H,
J = 8.8 Hz, –PhH), 7.40 (q, 2H, J = 5.5 Hz, –PhH), 7.49 (s, 1H, C8–H),
8.82 (s, 1H, C4–H); IR (KBr, cm�1): 3429.6 (OH), 1712.5 (C@O).


5.1.5.2. Ethyl 2-((4-fluorophenylsulfinyl)methyl)-6-hydroxy-7-
methoxy-5-((pyrrolidin-1-yl)methyl)-quinoline-3-carboxylate
(13b2). Pale yellow powder (2.7 g, 56%); Mp: 163–165 �C; MS
[MH+] (m/z): 487.1; 1H NMR (DMSO-d6): d 1.34 (t, 3H, J = 7.1 Hz,
–CH2CH3), 1.93 (s, 4H, –pyrrolidinyl), 2.77 (s, 4H, –pyrrolidinyl),
4.01 (s, 3H, –OCH3), 4.37 (q, 2H, J = 7.1 Hz, –CH2CH3), 4.72 (d, 1H,
J = 12.6 Hz, –CH2SO–), 4.77 (s, 2H, –CH2N–), 4.93 (d, 1H,
J = 12.6 Hz, –CH2SO–), 7.31 (t, 2H, J = 8.7 Hz, –PhH), 7.51 (q, 2H,
J = 5.5 Hz, –PhH), 7.35 (s, 1H, C8–H), 8.69 (s, 1H, C4–H); IR (KBr,
cm�1): 3422.1 (OH), 1708.6 (C@O).


5.1.5.3. Ethyl 5-((1H-imidazol-1-yl)methyl)-2-((4-fluorophenyl-
sulfinyl)methyl)-6-hydroxy-7-methoxyquinoline-3-carboxylate
(13b6). Yellow powder (3.4 g, 70%); Mp: 193–195 �C; MS [MH+]
(m/z): 484.1; 1H NMR (DMSO-d6): d 1.35 (t, 3H, J = 7.1 Hz,
–CH2CH3), 4.06 (s, 3H, –OCH3), 4.32 (q, 2H, J = 7.1 Hz, –CH2CH3),
4.73 (d, 1H, J = 12.4 Hz, –CH2SO–), 4.92 (d, 1H, J = 12.4 Hz,
–CH2SO–), 5.88 (s, 2H, –CH2N–), 7.37 (t, 2H, J = 8.7 Hz, –PhH),
7.48 (s, 1H, –imidazolyl), 7.57 (m, 3H, –imidazolyl+–PhH), 7.64
(s, 1H, C8–H), 8.83 (s, 1H, –imidazolyl), 9.13 (s, 1H, C4–H); IR
(KBr, cm�1): 3438.2 (OH), 1721.5 (C@O).


5.1.5.4. Ethyl 6-hydroxy-7-methoxy-2-((pyridin-2-ylsulfinyl)-
methyl)-5-((pyrrolidin-1-yl)methyl)quinoline-3-carboxylate
(13c2). Yellow powder (3.0 g, 64%); Mp: 146–148 �C; MS [MH+]
(m/z): 470.2; 1H NMR (DMSO-d6): d 1.32 (t, 3H, J = 7.1 Hz,
–CH2CH3), 1.91 (s, 4H, –pyrrolidinyl), 2.83 (s, 4H, –pyrrolidinyl),
4.01 (s, 3H, –OCH3), 4.28 (s, 2H, –CH2N–), 4.37 (q, 2H, J = 7.1 Hz,
–CH2CH3), 4.74 (d, 1H, J = 12.7 Hz, –CH2SO–), 4.82 (d, 1H,
J = 12.7 Hz, –CH2SO–), 7.29 (s, 1H, C8–H), 7.52 (m, 2H, –pyridyl),
7.74 (m, 2H, –pyridyl), 8.58 (s, 1H, C4–H); IR (KBr, cm�1): 3429.2
(OH), 1713.2 (C@O).
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5.1.5.5. Ethyl 5-((1H-imidazol-1-yl)methyl)-2-((3-methoxy-
phenylsulfinyl)methyl)-6-hydroxy-7-methoxyquinoline-3-car-
boxylate (13e6). Yellow powder (3.5 g, 67%); Mp: 176–178 �C; MS
[MH+] (m/z): 496.2; 1H NMR (DMSO-d6): d 1.32 (t, 3H, J = 7.0 Hz, –
CH2CH3), 3.65 (s, 3H, –OCH3), 3.86 (s, 3H, –OCH3), 4.25 (q, 2H,
J = 7.0 Hz, –CH2CH3), 4.61 (d, 1H, J = 12.2 Hz, –CH2SO–), 4.73 (d,
1H, J = 12.2 Hz, –CH2SO–), 5.42 (s, 2H, –CH2N–), 6.75 (s, 1H, –imid-
azolyl), 6.95 (s, 1H, –imidazolyl), 7.05 (m, 4H, –PhH+C8–H), 7.41 (t,
1H, J = 7.5 Hz, –PhH), 7.60 (s, 1H, –imidazolyl), 8.39 (s, 1H, C4–H);
IR (KBr, cm�1): 3420.1 (OH), 1718.4 (C@O).


5.1.5.6. Ethyl 2-((3,4-difluorophenylsulfinyl)methyl)-6-hydro-
xy-7-methoxy-5-((pyrrolidin-1-yl)methyl)quinoline-3-carboxy-
late (13f2). Yellow powder (3.2 g, 63%); Mp: 181–183�C; MS [MH+]
(m/z): 505.2; 1H NMR (DMSO-d6): d 1.33 (t, 3H, J = 7.1 Hz, –
CH2CH3), 1.93 (s, 4H, –pyrrolidinyl), 2.77 (s, 4H, –pyrrolidinyl),
3.94 (s, 3H, –OCH3), 4.27 (q, 2H, J = 7.1 Hz, –CH2CH3), 4.65 (d, 1H,
J = 12.7 Hz, –CH2SO–), 4.76 (s, 2H, –CH2N–), 4.79 (d, 1H,
J = 12.7 Hz, –CH2SO–), 7.35 (s, 1H, C8–H), 7.56 (m, 3H, –PhH),
8.42 (s, 1H, C4-H); IR (KBr, cm�1): 3417.1 (OH), 1709.3 (C@O).


5.1.5.7. Ethyl 5-((1H-imidazol-1-yl)methyl)-2-((3,4-difluoro-
phenylsulfinyl)methyl)-6-hydroxy-7-methoxyquinoline-3-car
boxylate (13f6). Pale yellow powder (3.1 g, 62%); Mp: 183–
185 �C; MS [MH+] (m/z): 502.1; 1H NMR (DMSO-d6): d 1.33 (t,
3H, J = 7.0 Hz, –CH2CH3), 3.87 (s, 3H, –OCH3), 4.25 (q, 2H,
J = 7.0 Hz, –CH2CH3), 4.65 (d, 1H, J = 12.3 Hz, –CH2SO–), 4.83
(d, 1H, J = 12.3 Hz, –CH2SO–), 5.45 (s, 2H, –CH2N–), 6.75 (s, 1H,
–imidazolyl), 7.04 (s, 1H, –imidazolyl), 7.33 (s, 1H, C8–H), 7.55
(m, 4H, –PhH+–imidazolyl), 8.44 (s, 1H, C4–H); IR (KBr, cm�1):
3421.6 (OH), 1709.3 (C@O).


5.2. Pharmacology


5.2.1. In vitro anti-HBV activity assay
The anti-HBV activities of compounds 9a–13f were evaluated


in HepG2.2.15 cells by previously reported methods.13,14 This as-
say included measurement of the drugs’ abilities to inhibit the
production of both HBsAg and HBeAg and to inhibit HBV DNA
replication. Briefly, confluent cell cultures in 96-well flat-bot-
tomed tissue culture plates were treated with various doses of
the test compounds or lamivudine (purchased by Glaxo & Wel-
come Co.) in RPMI 1640 medium supplemented with 2% fetal
bovine serum. Medium was changed daily with fresh test
compounds and positive control for 8 days. Extracellular HBV
surface- and e-antigen secretion levels were evaluated for

HepG2.2.15 cells by semiquantitative enzyme immunoassay
(EIA) methods using commercial kits (HBsAg, Abbott Laborato-
ries; HBeAg, Diasorin, Inc.) as previously described.8 Intracellular
HBV DNA levels were measured by quantitative Southern blot
hybridization.


5.2.2. Cytotoxicity assay
The cytotoxicities of compounds 9a–13f to HepG2.2.15 cells


were assessed by MTT assay.15 Briefly, HepG2.2.15 cells were
treated as described above. Untreated control cultures were also
maintained on each 96-well plate. Toxicity was determined by
measuring neutral red dye uptake, as determined from the cells’
510 nm absorbance relative to untreated cells, 9 days of
treatment.
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A new group of hybrid nitric oxide-releasing anti-inflammatory drugs (NONO-coxibs) wherein an O -
acetoxymethyl-1-(N-ethyl-N-methylamino)diazen-1-ium-1,2-diolate (11a–c) NO-donor moiety is
attached directly to the carboxylic acid group of 1-(4-methanesulfonylphenyl)-5-aryl-1H-pyrazol-3-car-
boxylic acids were synthesized. The diazen-1-ium-1,2-diolate compounds 11a–c all released a low
amount of NO upon incubation with phosphate buffer (PBS) at pH 7.4 (7.7–9.3% range). In comparison,
the percentage of NO released was significantly higher (67.5–73.6% of the theoretical maximal release
of two molecules of NO/molecule of the parent hybrid ester prodrug) when the diazen-1-ium-1,2-diolate
ester prodrugs were incubated in the presence of rat serum. These incubation studies suggest that both
NO and the anti-inflammatory 1-(4-methanesulfonylphenyl)-5-(4-H, 4-F or 4-Me-phenyl)-1H-pyrazol-
3-carboxylic acid (9a–c) would be released from the parent NONO-coxib upon in vivo cleavage by
non-specific serum esterases. The 1-(4-methanesulfonylphenyl)-5-(4-H, 4-F or 4-Me-phenyl)-1H-pyra-
zol-3-carboxylic acids (9a–c) exhibited AI activities (ID50 = 85.2–104.4 mg/kg po range) between that
exhibited by the reference drugs aspirin (ID50 = 128.7 mg/kg po) and celecoxib (ID50 = 10.8 mg/kg po).
Hybrid ester anti-inflammatory/NO-donor prodrugs (NONO-coxibs) offers a potential drug design con-
cept targeted toward the development of anti-inflammatory drugs that are devoid of adverse ulcerogenic
and/or cardiovascular effects.


� 2008 Elsevier Ltd. All rights reserved.

1. Introduction oxib were voluntarily terminated due to adverse cardiovascular

The development of celecoxib,1 rofecoxib,2 valdecoxib,3 and
etoricoxib4,5 validated the original concept that selective cyclooxy-
genase-2 (COX-2) inhibitors would be effective anti-inflammatory
agents with a diminished gastrointestinal (GI) and renal toxicity.6–9


These drugs preferentially inhibit the inducible COX-2 isozyme
that causes inflammation relative to the constitutive COX-1 iso-
zyme that provides gastroprotection and maintains vascular
homeostasis. This initial apparently safe pharmacological profile
of selective COX-2 inhibitors was relatively short-lived. It was
not long until evidence surfaced suggesting that highly selective
COX-2 inhibitors alter the balance in the COX pathway resulting
in a decrease in the level of the desirable vasodilatory and anti-
aggregatory prostacyclin (PGI2) in conjunction with an increase
in the level of the undesirable prothrombotic thromboxane A2


(TxA2). This alteration resulted in increased incidences of an
adverse cardiovascular thrombotic event such as myocardial
infarction.10 Accordingly, the clinical use of rofecoxib and valdec-

ll rights reserved.


: +1 780 492 1217.
. Knaus).

effects associated with their use.11


Nitric oxide (NO), like PGI2, plays an important cytoprotective
role in GI homeostasis by helping to maintain mucosal blood flow,
by optimizing mucus secretion, and by inhibiting platelet and
inflammatory-cell activation.12–15 These actions of NO could en-
hance the gastro-sparing features of selective COX-2 inhibitors
and potentially induce peripheral vasodilation to circumvent the
elevation in blood pressure exhibited by selective COX-2 inhibitors
that decrease the physiological level of PGI2. In this regard, hybrid
selective COX-2 inhibitors possessing a NO-donor moiety (NO-cox-
ibs) have been investigated as a method to increase the clinical
safety of COX-2 inhibitors. Examples of NO-coxibs (see Fig. 1) hav-
ing a nitrate ester NO-donor moiety include the oxazole (1) which
exhibits anti-inflammatory activity similar to that of valdecoxib
with anti-thrombotic action at higher doses,16 the pyrazoles which
are selective COX-2 inhibitors (2a–b) that exhibit anti-inflamma-
tory activity and low gastric toxicity (2b),17 and the imidazoles
(3a–b) that exhibit a NO-dependent vasodilator activity.18 In ear-
lier studies, we described novel acrylate ester prodrugs such as
4,19 and related analogs,20 having a NO-donor diazen-1-ium-1,2-
diolate moiety that are effectively cleaved by esterases to release
the parent COX-2 inhibitory acrylic acid and NO.
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Figure 1. Some selective cyclooxygenase-2 (COX-2) inhibitors that possess a nitric oxide donor nitrate (1–3), or diazen-1-ium-1,2-diolate (4), moiety.
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NO-coxibs that release NO from a nitrooxy group (nitrate ester)
are disadvantaged by the fact that the production of NO requires a
demanding three-electron reduction. The efficacy of this metabolic
activation process can decrease on prolonged use of a nitrate ester
NO-donor drug culminating in nitrate tolerance.21–23 Our group
has introduced and developed the concept of ‘NONO-coxibs’, which
is based on the linkage of a N-diazen-1-ium-1,2-diolate moiety to
the structure of a selective COX-2 inhibitor such as the acrylate
419 shown in Figure 1, and other NO-donor analogs thereof.20 These
studies were initiated to address safety and efficacy issues related
to classical selective COX-2 inhibitors, and organic nitrate-based
NO-coxibs. Diazen-1-ium-1,2-diolate ions, after their cleavage
from the parent hybrid NONO-coxib, can release up to two equiv-
alents of NO without further metabolic activation, they are struc-
turally diverse, and they possess a rich derivatization chemistry
that facilitates delivery of NO to specific organ and/or tissue sites.24


These features distinguish the NONO-coxib 4 (Fig. 1) from nitrate-
based NO-coxibs (1–3) which require redox activation before NO is
released. Our ongoing research program is targeted toward the de-
sign of improved anti-inflammatory agents devoid of adverse GI
and cardiovascular effects. We now report the synthesis and nitric
oxide release data for a group of hybrid diazen-1-ium-1,2-diolated
nitric oxide donor ester prodrugs of 1-(4-methanesulfonylphenyl)-
5-aryl-1H-pyrazol-3-carboxylic acids (11a–c), and the anti-inflam-
matory activities for the parent 1-(4-methanesulfonylphenyl)-
5-aryl-1H-pyrazol-3-carboxylic acids (9a–c).


2. Chemistry


A group of 1-(4-methanesulfonylphenyl)-5-aryl-1H-pyrazol-3-
carboxylate esters possessing an O2-acetoxymethyl-1-(N-ethyl-N-
methylamino)diazen-1-ium-1,2-diolate ester moiety (11a–c)
were synthesized using the reaction sequence illustrated in
Scheme 1. Accordingly, Claisen condensation of acetophenone
(5a), 4-fluoroacetophenone (5b), or 4-methylacetophenone (5c)
with diethyl oxalate gave the respective 2,4-diketo ester (6a–
c). Subsequent reaction of the ester 6a, 6b, or 6c with (4-meth-
ylsulfonylphenyl)hydrazine hydrochloride (7) in ethanol at reflux
furnished the corresponding pyrazole ester (8a, 8b or 8c) in high

yield (81–91%). It is well documented that this latter reaction oc-
curs in a regiospecific manner to yield the 1,5-diarylpyrazole
product when a phenylhydrazine hydrochloride is employed
and the reaction is carried out in ethanol at reflux temperature.1


Alkaline hydrolysis of the esters (8a–c) using LiOH gave the
respective acid (9a, 9b or 9c) in good yield (63–91%). Nucleo-
philic displacement of the mesyloxy group present in the mesy-
late 10 upon reaction with the respective sodium carboxylate of
9a, 9b or 9c in hexamethylphosphoramide (HMPA) afforded the
target O2-acetoxymethyl-1-(N-ethyl-N-methylamino)diazen-1-
ium-1,2-diolate 1-(4-methanesulfonylphenyl)-5-aryl-1H-pyrazol-
3-carboxylates (11a–c).


3. Results and discussion


Three plausible positions on a generic 1,5-diaryl-3-substituted-
pyrazole structure were considered for attachment of an O2-acet-
oxymethyl-1-(N-ethyl-N-methylamino)diazen-1-ium-1,2-diolate
NO-donor moiety via an ester moiety (see Fig. 2). The R1 position
on the N1-phenyl ring requires a COX-2 pharmacophore such as a
MeSO2 or H2NSO2 substituent for potent and selective COX-2
inhibitory activity.1 Ahlstrom et al., in an elegant study that inves-
tigated CYP2C9 structure—metabolism relationships to optimize
the metabolic stability of COX-2 inhibitors, showed that the pyra-
zole ring C-3 position (R2 substituent) has very few steric restric-
tions with respect to COX-2 suggesting that COX-2 inhibition
properties should be retained.25 It was also suggested that a com-
pound containing a R2 carboxyl substituent at the C-3 position may
undergo an electrostatic interaction with Arg120 in the binding
pocket of the COX-2 enzyme. We envisaged that a R3 carboxyl sub-
stituent on the pyrazole C-5 phenyl ring was not tolerable since the
R3 methyl substituent (benzylic carbon) in celecoxib (see structure
in Fig. 2) undergoes sequential metabolic biotransformation
(Me ? CH2OH ? CO2 H ? CO2-glucuronide conjugate) to inactive
metabolites.26 Accordingly, it was decided based on this structural
information to couple the O2-acetoxymethyl-1-(N-ethyl-N-methyl-
amino)diazen-1-ium-1,2-diolate NO-donor moiety to a pyrazole
ring C-3 CO2H group via an ester moiety to prepare the target
NONO-coxib hybrid ester prodrugs (11a–c).
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Figure 2. Generic 1,5-diaryl-3-substituted-pyrazole selective COX-2 structure ba-
sed on the structure of celecoxib (R1 = SO2NH2, R2 = CF3, R3 = Me).
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The percent of NO released from the hybrid ester prodrugs
(11a–c) upon incubation in phosphate-buffered saline (PBS at
pH 7.4), and in the presence of rat serum, was determined
(see data in Table 1). One type of chemical modification used
to control the rate of NO release from diazen-1-ium-1,2-diolates
is the attachment of alkyl substituents to the O2-position.27 O2-
substituted-diazen-1-ium-1,2-diolates are stable compounds that
hydrolyze slowly even in acidic solution.28 Consistent with these
observations, when compounds 11a–c were incubated for 1.5 h
in PBS at pH 7.4, the percentage of NO released varied from
7.7% to 9.3% which is indicative of slow NO release. On the other
hand, the effect of non-specific esterases present in rat serum on
the NO release properties of compounds 11a–c was substantially

higher (67.5–73.6% range). These data indicate that the non-spe-
cific serum esterases present in rat serum cleave these hybrid
prodrug esters more effectively than PBS at pH 7.4. The hybrid
ester prodrugs 11a–c cannot release NO prior to cleavage of
the acetoxy moiety present in the terminal O2-acetoxymethyl-
1-(N-methylamino)diazen-1-ium-1,2-diolate NO-donor moiety.
This requirement is consistent with the observation that the
O2-sodium diazen-1-ium-1,2-diolate 12, which does not possess
an ester group that requires prior ester cleavage, releases
84.5% and 85% of the theoretical maximal release of two mole-
cules of NO/molecule of the parent NO donor. Two plausible
pathways for the ester hydrolysis of hybrid ester prodrugs con-
taining an O2-acetoxymethyl-1-[N-(2-ethoxy)-N-methyl-
amino]diazen-1-ium-1,2-diolate moiety, and the subsequent
release of acetic acid, formaldehyde, two molecules of NO, and
N-methylethanolamine was described in an earlier study.29 The
hybrid ester NO-donor prodrugs 11a–c were designed with a
one-carbon methylene spacer between the terminal acetoxy
group and the diazen-1-ium-1,2-diolate O2-atom, such that the
O2-(hydroxymethyl)diazen-1-ium-1,2-diolate compound formed
after cleavage of the acetoxy group would spontaneously elimi-
nate formaldehyde to produce the free diazen-1-ium-1,2-diolate
compound that can subsequently fragment to release two mole-
cules of NO. In contrast, cleavage of the second ester group at-
tached directly to the C-3 position of the pyrazole ring, that
releases the parent coxib 9a–c, can occur either prior to, or after,
NO release has occured.







Table 1
Percentage (%) of nitric oxide release data for the diazeniumdiolate pyrazole esters (11a–c) and O2-sodium 1-[N-(2-hydroxyethyl)-N-methylamino]diazen-1-ium-1,2-diolate (12),
and in vivo anti-inflammatory activities for the 1-(4-methanesulfonylphenyl)-5-(4-substituted-phenyl)-1H-pyrazol-3-carboxylic acids (9a–c)
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Compound R % NO releaseda AI activityd: ID50 (mg/kg)


PBSb Serumc


9a H — — 104.4
9b F — — 104.1
9c Me — — 85.2
11a H 7.7 67.5 —
11b F 9.3 73.6 —
11c Me 9.2 70.9 —
12 — 84.5 85.0 —
Celecoxib — — — 10.8
Aspirin — — 128.7


a Percent of nitric oxide released based on a theoretical maximum release of 2 mol of NO/mol of the diazen-1-ium-1,2-diolate test compounds (11a–c, 12). The result is the
mean value of three measurements (n = 3) where variation from the mean % value was 60.5%.


b A solution of the test compound (2.4 mL of a 1.0 � 10�2 mM solution in phosphate buffer at pH 7.4) was incubated at 37 �C for 1.5 h.
c A solution of the test compound (2.4 mL of a 1.0 � 10�2 mM solution in phosphate buffer at pH 7.4 to which 90 lL rat serum had been added) was incubated at 37 �C for


1.5 h.
d Inhibitory activity in a carrageenan-induced rat paw edema assay. The results are expressed as the ID50 value (mg/kg) at 3 h after oral administration of the test


compound.
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The anti-inflammatory (AI) activities exhibited by the parent 1-
(4-methanesulfonylphenyl)-5-aryl-1H-pyrazol-3-carboxylic acids
(9a, R = H; 9b, R = F; 9c, R = Me), that would be released upon
cleavage of the ester group attached directly to the C-3 position
of the pyrazole ring, were determined using a carrageenan-induced
rat foot paw edema model (see data in Table 1). The relative po-
tency profile with respect to the R-substituent was Me > F � H.
The AI activities exhibited by the hybrid ester prodrugs 11a–c were
not determined in this study since it was previously reported that
the same hybrid ester prodrug analogs of aspirin, ibuprofen and
indomethacin exhibited similar AI activities to aspirin, ibuprofen
and indomethacin for comparable ID50 lmol/kg oral dosage regi-
mens.29 Compounds 9a–c exhibited AI activities (ID50 = 85.2–
104.4 mg/kg po range) between that exhibited by the reference
drugs aspirin (ID50 = 128.7 mg/kg po) and celecoxib (ID50 =
10.8 mg/kg po). These AI data are consistent with a qualitative
study which showed that ethyl 5-(4-methylphenyl)-1-(4-sulfa-
moylphenyl)-1H-pyrazole-3-carboxylate (66% and 43% inhibition
of COX-1 and COX-2) is a less potent inhibitor of the COX isozymes
than celecoxib (96% inhibition of both COX-1 and COX-2) at a
100 lM compound concentration.25


4. Conclusions


A group of hybrid ester prodrugs (NONO-coxibs) in which an
O2-acetoxymethyl-1-(N-ethyl-N-methylamino)diazen-1-ium-1,2-
diolate (11a–c) NO-donor moiety is attached directly to the
carboxylic acid group of 1-(4-methanesulfonylphenyl)-5-(4-H,
4-F or 4-Me-phenyl)-1H-pyrazol-3-carboxylic acids (9a–c) were
synthesized for comparative biological evaluation. Biological

stability, NO release, and AI studies showed that (i) the NONO-cox-
ib prodrugs (11a–c) are relatively stable in phosphate-buffered sal-
ine at pH 7 where NO release is in the 7.7–9.3% range, (ii) the O2-
acetoxymethyl-1-(N-ethyl-N-methylamino)diazen-1-ium-1,2-dio-
lates (11a–c) undergo extensive cleavage of the terminal acetoxy
group by rat serum esterase(s) that is followed by a significant re-
lease of NO in the 67.5–73.6% range, and (iii) the moderate AI activ-
ity exhibited by the parent compounds 9a–c (ID50 = 85.2–
104.4 mg/kg po range) suggest that an alternative linker group to
the ester moiety attached directly to the C-3 position of the pyra-
zole ring is required to provide more potent AI activity.


5. Experimental


Melting points were determined on a Thomas–Hoover capillary
apparatus and are uncorrected. Infrared (IR) spectra were recorded
as films on NaCl plates using a Nicolet 550 Series II Magna FT-IR
spectrometer. 1H NMR spectra were measured on a Bruker AM-
300 spectrometer in D2O, CDCl3 or DMSO-d6 with TMS as internal
standard, where J (coupling constant) values are estimated in Hertz
(Hz). Microanalyses were performed for C, H, N (Micro Analytical
Service Laboratory, Department of Chemistry, University of Alber-
ta) and were within ±0.4% of theoretical values. Silica gel column
chromatography was performed using Merck silica gel 60 ASTM
(70–230 mesh). All other reagents, purchased from the Aldrich
Chemical Company (Milwaukee, WI), were used without further
purification. (4-Methylsulfonylphenyl)hydrazine hydrochloride
(7),30 and O2-acetoxymethyl-1-[N-(2-methylsulfonyloxyethyl)-N-
methylamino]diazen-1-ium-1,2-diolate (10)31 were prepared
according to literature procedures.
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5.1. General method for preparation of methyl 2-hydroxy-4-
oxo-4-aryl-2-butenoates (6a–c)


A solution of diethyl oxalate (1.63 mL, 12.0 mmol) and either
acetophenone 5a, 4-fluoroacetophenone 5b, or 4-methylacetophe-
none 5c (6.0 mmol) in methanol (10 mL) was added dropwise to a
solution of NaOMe in MeOH (2.6 mL of 25% w/v, 12.0 mmol), and
the reaction was allowed to proceed at reflux for 2 h. After cooling
to 25 �C, the reaction mixture was poured into water (40 mL), acid-
ified with HCl (1 mL of 37% w/v), and extracted with diethyl ether
(3� 100 mL). The combined organic extracts were washed with
brine (30 mL), dried over MgSO4, filtered, and the solvent was re-
moved in vacuo to afford the respective product 6a–c. Physical
and spectral data for 6a–c are listed below.


5.1.1. Methyl 2-hydroxy-4-oxo-4-phenyl-2-butenoate (6a)
Yield, 98%; brown solid; IR (film) 3001 (C–H aromatic), 2954 (C–


H aliphatic), 1735 (CO2), 1685 (CO) cm�1; 1H NMR (CDCl3) d 3.98 (s,
3H, OCH3), 7.10 (s, 1H, butenoate H-3), 7.52 (dd, J = 8.0, 8.0 Hz, 2H,
phenyl H-3, H-5), 7.63 (dd, J = 8.0, 8.0 Hz, 1H, phenyl H-4), 8.02 (d,
J = 8.0 Hz, 2H, phenyl H-2, H-6), 15.3 (br s, 1H, OH, D2O
exchangeable).


5.1.2. Methyl 4-(4-fluorophenyl)-2-hydroxy-4-oxo-2-butenoate
(6b)


Yield, 89%; brown solid; IR (film) 3060 (C–H aromatic), 2959 (C–H
aliphatic), 1733 (CO2), 1685 (CO) cm�1; 1H NMR (CDCl3) d 4.13 (s,
3H, OCH3), 7.47 (dd, J = 7.9, 7.9 Hz, 2H, fluorophenyl H-3, H-5), 7.51
(s, 1H, butenoate H-3), 8.10 (dd, J = 7.9, 3.7 Hz, fluorophenyl H-2, H-6).


5.1.3. Methyl 2-hydroxy-4-(4-methylphenyl)-4-oxo-2-
butenoate (6c)


Yield, 97%; white solid; IR (film) 3007 (C–H aromatic), 2952 (C–
H aliphatic), 1731 (CO2), 1684 (CO) cm�1; 1H NMR (CDCl3) d 2.63 (s,
3H, phenyl CH3), 4.13 (s, 3H, OCH3), 7.45 (s, 1H, butenoate H-3),
7.50 (d, J = 8.5 Hz, 2H, methylphenyl H-3, H-5), 8.10 (d, J = 8.5 Hz,
2H, methylphenyl H-2, H-6).


5.2. General method for preparation of methyl 1-(4-methane-
sulfonylphenyl)-5-aryl-1H-pyrazole-3-carboxylates (8a–c)


(4-Methylsulfonylphenyl)hydrazine hydrochloride (7, 0.979 g,
4.4 mmol) was added to a stirred solution of the dione 6a, 6b, or
6c (4.0 mmol) in EtOH (50 mL), and the reaction mixture was
heated at reflux with stirring for 3 h. After cooling to 25 �C, the sol-
vent was removed in vacuo. The residue was dissolved in EtOAc
(50 mL), washed with water and brine, the organic fraction was
dried (MgSO4), filtered, and solvent was removed in vacuo to afford
8a–c for which the physical and spectral data are listed below.


5.2.1. Methyl 1-(4-methanesulfonylphenyl)-5-phenyl-1H-pyra
zole-3-carboxylate (8a)


Yield, 81%; pale brown powder; IR (film) 2960 (C–H aromatic),
2925 (C–H aliphatic), 1730 (CO2), 1322, 1155 (SO2) cm�1; 1H
NMR (CDCl3) d 3.09 (s, 3H, SO2CH3), 4.00 (s, 3H, OCH3), 7.09 (s,
1H, pyrazole H-4), 7.23–7.28 (m, 3H, phenyl H-3, H-4, H-5), 7.40
(d, J = 7.3 Hz, 2H, phenyl H-2, H-6), 7.57 (d, J = 8.9 Hz, 2H, metha-
nesulfonylphenyl H-2, H-6), 7.94 (d, J = 8.9 Hz, 2H, methanesulfo-
nylphenyl H-3, H-5).


5.2.2. Methyl 5-(4-fluorophenyl)-1-(4-methanesulfonylphenyl)
-1H-pyrazole-3-carboxylate (8b)


Yield, 65%; pale brown powder; IR (film) 2955 (C–H aromatic),
2926 (C–H aliphatic), 1735 (CO2), 1319, 1154 (SO2) cm�1; 1H NMR
(CDCl3) d 3.10 (s, 3H, SO2CH3), 4.00 (s, 3H, OCH3), 7.06 (s, 1H, pyr-
azole H-4), 7.11 (dd, J = 8.5, 8.5 Hz, 2H, fluorophenyl H-3, H-5), 7.23

(dd, J = 8.5, 3.7 Hz, 2H, fluorophenyl H-2, H-6), 7.56 (d, J = 8.5 Hz,
2H, methanesulfonylphenyl H-2, H-6), 7.96 (d, J = 8.9 Hz, 2H, meth-
anesulfonylphenyl H-3, H-5).


5.2.3. Methyl 1-(4-methanesulfonylphenyl)-5-(4-methylphen-
yl)-1H-pyrazole-3-carboxylate (8c)


Yield, 91%; white powder; IR (film) 2952 (C–H aromatic), 2922
(C–H aliphatic), 1732 (CO2), 1317, 1153 (SO2) cm�1; 1H NMR
(CDCl3) d 2.39 (s, 3H, phenyl CH3), 3.07 (s, 3H, SO2CH3), 3.99 (s,
3H, OCH3), 7.04 (s, 1H, pyrazole H-4), 7.11 (d, J = 8.1 Hz, 2H, meth-
ylphenyl H-3, H-5), 7.18 (d, J = 8.1 Hz, 2H, methylphenyl H-2, H-6),
7.57 (d, J = 8.7 Hz, 2H, methanesulfonylphenyl H-2, H-6), 7.93 (d,
J = 8.7 Hz, 2H, methanesulfonylphenyl H-3, H-5).


5.3. General method for preparation of 1-(4-
methanesulfonylphenyl)-5-aryl-1H-pyrazol-3-carboxylic acids
(9a–c)


The ester 8a, 8b, or 8c (1.40 mmol) was added to a stirred solu-
tion comprising THF (50 mL), MeOH (50 mL), and LiOH (50 mL of
2 N). This mixture was stirred for 15 h at 25 �C, NaOH (200 mL of
1N) was added, and the mixture was extracted with EtOAc
(200 mL). The aqueous phase was acidified with concentrated
HCl (38 mL) to pH 1.0 prior to extraction with EtOAc (300 mL),
the organic fraction was dried (MgSO4), filtered, and the solvent
was removed in vacuo to furnish the respective acid (9a, 9b, or
9c) for which the physical and spectral data are listed below.


5.3.1. 1-(4-Methanesulfonylphenyl)-5-phenyl-1H-pyrazol-3-
carboxylic acid (9a)


Yield, 91%; pale brown powder; mp 181–182 �C; IR (film) 3525–
3140 (OH), 2965 (C–H aromatic), 2927 (C–H aliphatic), 1717 (CO2),
1317, 1154 (SO2) cm�1; 1H NMR (CDCl3 + DMSO-d6) d 3.09 (s, 3H,
SO2CH3), 7.14 (s, 1H, pyrazole H-4), 7.26 (m, 3H, phenyl H-3, H-4,
H-5), 7.42 (m, 2H, phenyl H-2, H-6), 7.76 (d, J = 8.5 Hz, 2H, metha-
nesulfonylphenyl H-2, H-6), 7.96 (d, J = 8.5 Hz, 2H, methanesulfo-
nylphenyl H-3, H-5); MS 365.04 (M+Na).


5.3.2. 5-(4-Fluorophenyl)-1-(4-methanesulfonylphenyl)-1H-
pyrazol-3-carboxylic acid (9b)


Yield, 63%; pale brown powder; mp 213–215 �C; IR (film) 3583–
3280 (OH), 2970 (C–H aromatic), 2930 (C–H aliphatic), 1704 (CO2),
1299, 1073 (SO2) cm�1; 1H NMR (CDCl3 + DMSO-d6) d 3.05 (s, 3H,
SO2CH3), 6.92 (s, 1H, pyrazole H-4), 7.03 (dd, J = 8.5, 8.5 Hz, 2H,
fluorophenyl H-3, H-5), 7.19 (dd, J = 8.5, 3.7 Hz, 2H, fluorophenyl
H-3, H-5), 7.49 (d, J = 8.5 Hz, 2H, methanesulfonylphenyl H-2, H-
6), 7.87 (d, J = 8.5 Hz, 2H, methanesulfonylphenyl H-3, H-5),
12.98 (br s, 1H, COOH); MS 383.05 (M+Na).


5.3.3. 1-(4-Methanesulfonylphenyl)-5-(4-methylphenyl)-1H-
pyrazol-3-carboxylic acid (9c)


Yield, 82%; white powder; mp 242–243 �C; IR (film) 3566–3306
(OH), 2964 (C–H aromatic), 2913 (C–H aliphatic), 1700 (CO2), 1314,
1153 (SO2) cm�1; 1H NMR (CDCl3 + DMSO-d6) d 2.30 (s, 3H, phenyl
CH3), 3.04 (s, 3H, SO2CH3), 6.89 (s, 1H, pyrazole H-4), 7.08 (m, 4H,
methylphenyl H-2, H-3, H-5, H-6), 7.49 (d, J = 8.6 Hz, 2H, metha-
nesulfonylphenyl H-2, H-6), 7.84 (d, J = 8.6 Hz, 2H, methanesulfo-
nylphenyl H-3, H-5), 12.57 (br s, 1H, COOH); MS 379.01 (M+Na).


5.4. General method for preparation of O2-acetoxymethyl-1-(N-
ethyl-N-methylamino)diazen-1-ium-1,2-diolate pyrazole esters
(11a–c)


The sodium salt of each acid 9a, 9b, or 9c (R = H, F, Me) was pre-
pared in situ by stirring the acid (8a, 8b, or 8c, 2.5 mmol) in a sus-
pension of sodium carbonate (0.27 g, 2.5 mmol) and HMPA
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(3.5 mL) for 24 h at 25 �C. A solution of O2-acetoxymethyl-1-[N-(2-
methylsulfonyloxyethyl)-N-methylamino]diazen-1-ium-1,2-dio-
late (10, 2.5 mmol) in HMPA (1.5 mL) was then added, and the
reaction was allowed to proceed for 72 h at 25 �C. EtOAc (30 mL)
was added, the mixture was washed with water (5� 15 mL), the
organic phase was dried (Na2SO4), and the solvent from the organic
fraction was removed in vacuo. The residue obtained was purified
by silica gel column chromatography using EtOAc:hexane (2:1, v/v)
as eluent to afford the respective product 11a, 11b, or 11c for
which the physical and spectral data are listed below.


5.4.1. O2 -Acetoxymethyl-1-(N-ethyl-N-methylamino)diazen-1-
ium-1,2-diolate 1-(4-methanesulfonylphenyl)-5-phenyl-1H-
pyrazol-3-carboxylate (11a)


Yield, 39%; white powder; mp 95–97 �C; IR (film) 2970 (C–H
aromatic), 2920 (C–H aliphatic), 1744 (CO2), 1322, 1148 (SO2),
1226, 1070 (N@N–O) cm�1; 1H NMR (CDCl3) d 2.09 (s, 3H, COCH3),
3.08 (s, 3H, CH3SO2), 3.20 (s, 3H, NCH3), 3.86, (t, J = 5.7 Hz, 2H,
CH2N), 4.60 (t, J = 5.7 Hz, 2H, CO2CH2), 5.77 (s, 2H, OCH2O), 7.05
(s, 1H, pyrazole H-4), 7.25 (m, 3H, phenyl H-3, H-4, H-5), 7.40
(m, 2H, phenyl H-2, H-6), 7.56 (d, J = 9.1 Hz, 2H, methanesulfonyl-
phenyl H-2, H-6), 7.95 (d, J = 9.1 Hz, 2H, methanesulfonylphenyl H-
3, H-5); MS 554.07 (M+Na). Anal. Calcd for C23H25N5O8S: C, 51.97;
H, 4.74; N, 13.18. Found: C, 51.71; H, 4.99; N, 12.94.


5.4.2. O2-Acetoxymethyl-1-(N-ethyl-N-methylamino)diazen-1-
ium-1,2-diolate 5-(4-fluorophenyl)-1-(4-methanesulfonylphen-
yl)-1H-pyrazol-3-carboxylate (11b)


Yield, 22%; white powder; mp 120–122 �C; IR (film) 2972 (C–H
aromatic), 2928 (C–H aliphatic), 1730 (CO2), 1317, 1157 (SO2),
1221, 1065 (N@N–O) cm�1; 1H NMR (CDCl3) d 2.09 (s, 3H, COCH3),
3.08 (s, 3H, CH3SO2), 3.19 (s, 3H, NCH3), 3.85 (t, J = 5.7 Hz, 2H,
CH2N), 4.60 (t, J = 5.7 Hz, 2H, CO2CH2), 5.77 (s, 2H, OCH2O), 7.03
(s, 1H, pyrazole H-4), 7.09 (dd, J = 8.5, 8.5 Hz, 2H, fluorophenyl H-
3, H-5), 7.24 (dd, J = 8.5, 3.7 Hz, 2H, fluorophenyl H-2, H-6), 7.55
(d, J = 8.5 Hz, 2H, methanesulfonylphenyl H-2, H-6), 7.96 (d,
J = 8.5 Hz, 2H, methanesulfonylphenyl H-3, H-5); MS 572.01
(M+Na). Anal. Calcd for C23H24FN5O8S: C, 50.27; H, 4.40; N, 12.74.
Found: C, 50.28; H, 4.47; N, 12.53.


5.4.3. O2-Acetoxymethyl-1-(N-ethyl-N-methylamino)diazen-1-
ium-1,2-diolate 1-(4-methanesulfonylphenyl)-5-(4-
methylphenyl)-1H-pyrazol-3-carboxylate (11c)


Yield, 28%; white crystals; mp 75–77 �C; IR (film) 2970 (C–H
aromatic), 2920 (C–H aliphatic), 1738 (CO2), 1318, 1153 (SO2),
1221, 1065 (N@N–O) cm�1; 1H NMR (CDCl3) d 2.10 (s, 3H,
COCH3), 2.39 (s, 3H, phenyl CH3), 3.08 (s, 3H, CH3SO2), 3.20 (s,
3H, NCH3), 3.86, (t, J = 5.5 Hz, 2H, CH2N), 4.59 (t, J = 5.5 Hz, 2H,
CO2CH2), 5.77 (s, 2H, OCH2O), 7.01 (s, 1H, pyrazole H-4), 7.11
(d, J = 8.3 Hz, 2H, methylphenyl H-3, H-5), 7.18 (d, J = 8.3 Hz,
2H, methylphenyl H-2, H-6), 7.56 (d, J = 8.5 Hz, 2H, metha-
nesulfonylphenyl H-2, H-6), 7.94 (d, J = 8.5 Hz, 2H, methanesulfo-
nylphenyl H-3, H-5),; MS 546.07 (M+1). Anal. Calcd for
C24H27N5O8S.1/2H2O: C, 51.98; H, 5.00; N, 12.63. Found: C,
51.85; H, 4.90; N, 12.94.


5.5. Nitric oxide release assays


In vitro nitric oxide release, upon incubation of the test com-
pound at 37 �C for 1.5 h with either 2.4 mL of a 1.0 � 10�2 mM
solution in phosphate buffer at pH 7.4, or with 2.4 mL of a
1.0 � 10�2 mM solution in phosphate buffer at pH 7.4 to which
90 lL rat serum had been added, was determined by quantification
of nitrite produced by the reaction of nitric oxide with oxygen and
water using the Griess reaction. Nitric oxide release data were ac-
quired for test compounds (11a–c), and the reference compound

O2-sodium 1-[N-(2-hydroxyethyl)-N-methylamino]diazen-1-ium-
1,2-diolate (12) using the reported procedures.32


5.6. In vivo anti-inflammatory assay


The test compounds 9a–c, and the reference drugs celecoxib
and aspirin, were evaluated using the in vivo carrageenan-induced
foot paw edema model reported previously.33
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Monoterpene citral and citronellal have been used as starting material for the preparation of 5,9-
dimethyl-deca-2,4,8-trienoic acid amides and 9-formyl-5-methyl-deca-2,4,8-trienoic acid amides. The
amides on bioevaluation as efflux pump inhibitors (EPIs) against Staphylococcus aureus 1199 and NorA
overexpressing S. aureus 1199B bacteria resulted in the identification of several of these as potent EPIs.
Many of these amides have been shown to possess potency higher or equivalent to known EPIs such
as reserpine, verapamil, carsonic acid, and piperine. In this communication, we report a convenient syn-
thesis of alkenyl amides, their bioevaluation and identification as efflux pump inhibitors against S. aureus.


� 2008 Elsevier Ltd. All rights reserved.

1. Introduction


Due to the emergence of multi-drug resistant (MDR) pathogenic
bacteria, the management of the bacterial infections has become a
daunting task. The MDR phenomenon1,2 found in many species of
bacterial, fungi, and tumor cell3 is shown to occur mainly through
three mechanisms namely target modification,4–9 antibiotic inacti-
vation,10–12 or default of its accumulation within the cell and is
responsible for exporting drugs from cells resulting in a low inef-
fective concentration of the drug.13 MDR transporters recognize
many structurally unrelated substrates and their presence may
be there as a part of the detoxifying mechanisms in xenobiotics.14


Among several MDR transporters encompassing Gram-positive
and Gram-negative bacteria, MDR pumps such as NorA trans-
porter15 (member of the major facilitator family-MF family), con-
sidered to be one of the major contributors toward drug
effluxing, contribute to the resistance of Staphylococcus aureus to
antibiotics such as ciprofloxacin by promoting their active extru-
sion from the cell.16 To combat the menace of drug resistance,
development of new drugs through rational drug design is a
requirement that pharmaceutical companies and drug research
centers need to address. However, an alternative approach that
may come to stay in future is the identification of molecules that
can interfere or decrease the effectiveness of efflux pumps and re-
store the activity of the drug molecule/s. Combination of antiinfec-
tive amoxicillin with antiinfective resistance inhibitor clavulanic

ll rights reserved.


: +91 191 2569333.
).

acid is a pointer in that direction.17 Therefore, development of clin-
ically useful inhibitors that decrease the effectiveness of efflux
pumps would represent a significant advance to provide successful
treatment of multi-drug resistant conditions. Efforts to develop po-
tent and clinically competent EPIs are being explored both from
natural sources and through bioevaluation of synthetic chemical li-
braries,19–30 and some interesting molecules have come up which
are in the process of being developed as EPI’s.17,18


In continuation of our research activities directed toward the
development of EPIs involving natural as well as synthetic mole-
cules, we have demonstrated the efficacy of piperine, a major con-
stituent of Piper nigrum, as potent efflux pump inhibitor capable of
reducing the MIC of ciprofloxacin-resistant mutant strain of S. aur-
eus as well as methicillin resistance S. aureus (MRSA).31 In addition
to piperine, we have screened a library of piperine mimics and
identified several of them as potent EPIs that showed fourfold
reduction in MIC of ciprofloxacin at 6.25 lg/mL concentration of
the EPIs.32,33 In this communication, we report a convenient syn-
thesis of alkenyl amides, their bioevaluation and identification as
potent efflux pump inhibitors against S. aureus 1199 and NorA
overexpressing S. aureus 1199B.

2. Results and discussion


Amides from both the natural and synthetic sources constitute
an important class of compounds manifested with several biologi-
cal activities that find their use as therapeutic agents in the treat-
ment of various ailments or in agriculture as agrochemicals and in
other fields.34–39 An important property associated with aromatic
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6536 N. Thota et al. / Bioorg. Med. Chem. 16 (2008) 6535–6543

amides has been their recognition as potent efflux pump inhibitors
of bacteria to check the emergence of multi-drug resistance offered
by the microorganisms.40–43


Contrary to aromatic amides, alkyl/alkenyl/alkynl amides have
not been explored as EPIs, but are reported to have several other
biological properties, which include insecticidal, larvicidal, sialo-
gogue, and antitumor activities.44–49 It was, therefore, thought
worthwhile to explore the possibility of preparing compounds
belonging to the above-mentioned class and subject them to bio-
evaluation as efflux pump inhibitors particularly against NorA
overexpressing S. aureus 1199B.


In this direction, we chose citral (E/Z ratio 77:23) (1) and citro-
nellal (1a) as starting materials because of their easy availability,

Table 1
Potentiation of ciprofloxacin MIC on S. aureus 1199B and S. aureus 1199 by synthetic com


Entry MEC* of EPI S. aureus 1199 B MIC** of Cipro (


Without EPI With EPI


2 50 8 8
3 12.5 8 4
4 25 8 2


12.5 8 4
5 25 8 2


12.5 8 4
6 25 8 2
7 25 8 2
8 25 8 2
9 50 8 8
10 50 8 8
11 50 8 8
12 50 8 8
13 50 8 8
14 50 8 8
15 50 8 8
16 25 8 2
17 12.5 8 4
18 50 8 2
19 50 8 8
20 50 8 8
21 50 8 8
22 12.5 8 4
Reserpine 25 8 2
Carsonic acid 25 8 4
Verapamil 50 8 4
Piperine 50 8 4


No antibacterial activity of EPIs was observed at 100 lg/mL that was the highest concen
For determining potentiation of ciprofloxacin, EPI was tested at concentration range of


* MEC, minimum effective concentration.
** MIC, minimum inhibitory concentration.

natural abundance, and low cost. The compounds 1 and 1a were
subjected to three-step reaction sequence to give 5,9-dimethyl-
deca-2,4,8-trienoic acid amides (3–16) and 5,9-dimethyl-deca-
2,8-dienoic acid amides (17–22), respectively, in moderate yields
(Scheme 1).


These 5,9-dimethyl-deca-2,4,8-trienoic acid amides (3–16) and
5,9-dimethyl-deca-2,8-dienoic acid amides (17–22) in combina-
tion with antibacterial drug ciprofloxacin were subjected to bio-
evaluation for their possible role as EPI against S. aureus 1199
and NorA overexpressing S. aureus 1199B.The MIC of ciprofloxacin
was determined against S. aureus 1199 and NorA overexpressing
S. aureus 1199B in Muller–Hinton broth in the presence of increas-
ing amounts of efflux pump inhibitors by broth checkerboard syn-
ergy method in a microtitre plates with twofold serial dilutions.50


On bioevaluation of compounds 2–22 (used in combination with
ciprofloxacin), seven compounds reduced the MIC of the antibiotic
by fourfold as shown in Table 1.


In an attempt to enhance the potentiating activity of these EPIs,
we envisaged to bring in a modification in the amide molecules.
The modification was effected by replacing C-9 methyl group of
the amide molecules by a formyl group through oxidation by
selenium dioxide to get modified molecules namely 9-formyl-5-
methyl-deca-2,4,8-trienoic acid amides (23–30) and 9-formyl-5-
methyl-deca-2,8-dienoic acid amides, respectively (31–33)
(Scheme 2).


Bioevaluation of these modified molecules revealed the potenti-
ation of the ciprofloxacin activity with most of the compounds
exhibiting fourfold reduction in the MIC of ciprofloxacin as shown
in Table 2. However, hydrogenation of double bond of some of the
potent molecules (5, 8, 23, 24, and 26) to get partially saturated
molecules (saturation of double bond/s conjugated to amide car-
bonyl) (Scheme 3) led to decrease in the potentiation of the antiin-
fective as shown in Table 2.

pounds


lg/mL) S. aureus 1199 MIC** of Cipro (lg/mL)


Fold reduction Without EPI With EPI Fold reduction


0 0.25 0.25 0
2 0.25 0.12 2
4 0.25 0.12 2
2 0.25 0.25 0
4 0.25 0.06 4
2 0.25 0.12 2
4 0.25 0.06 4
4 0.25 0.12 2
4 0.25 0.12 2
0 0.25 0.25 0
0 0.25 0.25 0
0 0.25 0.25 0
0 0.25 0.25 0
0 0.25 0.25 0
0 0.25 0.25 0
0 0.25 0.25 0
4 0.25 0.12 2
2 0.25 0.25 0
4 0.25 0.06 4
0 0.25 0.25 0
0 0.25 0.25 0
0 0.25 0.25 0
2 0.25 0.25 0
4 0.25 0.12 2
2 0.25 0.12 2
2 0.25 0.12 2
2 0.25 0.12 2


tration tested.
50–0.8 lg/mL.







O


NR1R2


3-16


O


NR1R2


17-22


O


NR1R2


O


H


23-30
O


NR1R2


O


H


e


31-33


e


Scheme 2. Reagents: (e) SeO2/AcOH; 68–78%. NR1R2 = piperidine (23), benzyl-
amine (24), n-octylamine (25), D-2-aminobutanol (26), L-2-aminobutanol (27),
pyrrolidine (28), morpholine (29), diisopropylamine (30), o-anisidine (31), n-octy-
lamine (32), and D-2-aminobutanol (33).


O


NR1R2


O


H


23, 24, 26


O


NR1R2


O


H


34-36


O


NR1R2


5, 8


O


NR1R2


37, 38


Pd/C


Pd/C


[H]


[H]


Scheme 3. Reagents: NR1R2 = piperidine (34), benzylamine (35), D-2-aminobutanol
(36), n-octylamine (37), and o-anisidine (38).


N. Thota et al. / Bioorg. Med. Chem. 16 (2008) 6535–6543 6537

The above studies revealed that unsaturation apparently seems
to be an important factor responsible for drug potentiation, which
is also the case with aromatic pentadienoic acid amides (earlier
prepared and bioevaluated by us) wherein saturation of diene side
chain show lowering of efflux pump inhibitory activity.32 In the
present study, we have been able to identify several potent mole-
cules that exhibited better or equivalent potentiating activity when
compared with known efflux pump inhibitors such as reserpine,
verapamil, and piperine shown in Tables 1 and 2. The studies also
show the effect of saturation or modification of the amide mole-
cules on the overall potentiation activity of these synthesized
molecules.


The inhibitory mechanism of the compounds was confirmed by
efflux inhibition assay using ethidium bromide as substrate of
NorA and compound 26 as the most potent inhibitor. Since ethi-
dium bromide fluorescences only when it is bound to nucleic acids
inside cells, there was a rapid decrease in fluorescence due to NorA

Table 2
Potentiation of ciprofloxacin MIC on S. aureus 1199B and S. aureus 1199 by synthetic com


Entry MEC* of EPI S. aureus 1199 B MIC** of Cipro (l


Without EPI With EPI


23 25 8 2
6.25 8 4


24 25 8 2
12.5 8 4


25 25 8 2
12.5 8 4


26 25 8 2
6.25 8 4


27 50 8 8
28 50 8 8
29 25 8 8
30 25 8 2


12.5 8 4
31 25 8 2
32 25 8 2
33 50 8 8
34 50 8 8
35 50 8 8
36 50 8 8
37 50 8 8
38 50 8 8
Reserpine 25 8 2
Carsonic acid 25 8 4
Verapamil 50 8 4
Piperine 50 8 4


No antibacterial activity of EPIs was observed at 100 lg/mL that was the highest concen
For determining potentiation of ciprofloxacin, EPI was tested at concentration range of


* MEC, minimum effective concentration.
** MIC, minimum inhibitory concentration.

mediated ethidium bromide efflux. Results presented in Figure 1
are the averages from triplicate measurements. As shown in Figure
1, only the control cells without EPIs extruded ethidium bromide,
resulting in a significant decrease in fluorescence over the time
of the assay. In the presence of each EPIs, loss of fluorescence
was significantly reduced, reflecting a strong interference of ethi-
dium bromide efflux by EPIs.


3. Conclusion


A convenient synthesis of a novel class of 5,9-dimethyl-deca-
2,4,8-trienoic acid amides, 5,9-dimethyl-deca-2,8-dienoic acid
amides, 9-formyl-5-methyl-deca-2,4,8-trienoic acid amides, and
9-formyl-5-methyl-deca-2,8-dienoic acid amides is reported for
the first time in the present study. In combination with cipro-
floxacin, their role as EPIs has been established. Seventeen out
of 38 compounds potentiated the activity of the antibacterial

pounds


g/mL) S. aureus 1199 MIC** of Cipro (lg/mL)


Fold reduction Without EPI With EPI Fold reduction


4 0.25 0.25 0
2 0.25 0.12 2
4 0.25 0.12 2
2 0.25 0.25 0
4 0.25 0.12 2
2 0.25 0.12 2
4 0.25 0.06 4
2 0.25 0.12 2
0 0.25 0.25 0
0 0.25 0.25 0
0 0.25 0.25 0
4 0.25 0.25 0
2 0.25 0.25 0
4 0.25 0.25 0
4 0.25 0.25 0
0 0.25 0.25 0
0 0.25 0.25 0
0 0.25 0.25 0
0 0.25 0.25 0
0 0.25 0.25 0
0 0.25 0.25 0
4 0.25 0.12 2
2 0.25 0.12 2
2 0.25 0.12 2
2 0.25 0.12 2


tration tested.
50–0.8 lg/mL.
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Figure 1. Ethidium bromide efflux inhibition assay from S. aureus SA 1199B cells. The cells were loaded with ethidium bromide and the efflux was allowed to occur in the
absence of EPI (Control) or in the presence of EPIs. Each time point represents the mean log10 ± SD of three readings.
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agent ciprofloxacin by blocking the bacterial efflux pump in
S. aureus 1199. The effect has been found more prominent in
NorA overexpressing S. aureus 1199B. The mechanism of action
of these compounds has been established by ethidium bromide
fluorescence experiment (Fig. 1). The compounds 5–8 from
5,9-dimethyl-deca-2,4,8-trienoic acid group of amides, com-
pound 18 from 5,9-dimethyl-deca-2,8-dienoic acid group of
amides, compounds 23, 24, 25, 26, and 30 from 9-formyl-5-
methyl-deca-2,4,8-trienoic acid amide group and compounds
31 and 32 from 9-formyl-5-methyl-deca-2,8-dienoic acid group
of amides proved to be the most effective inhibitors. The poten-
tial clinical utility of these molecules as EPIs warrants further
investigations.


4. Experimental


4.1. General chemistry methods


All reagents for chemical synthesis were obtained from Sigma–
Aldrich. The starting material citral (a/b) was isolated from lemon
grass oil. All the solvents used in reactions were distilled and dried
before use. All reactions were monitored by TLC on 0.25 mm silica
gel 60 F254 plates (E. Merck) using UV light, or ceric sulfate solution
for detection of the spots. Silica gel 60–120 mesh was used for col-
umn chromatography. All NMR spectra were recorded on Bruker
DPX 200 instrument using CDCl3 as the solvent with TMS as inter-
nal standard. Chemical shift is expressed in d (ppm) and coupling
constants in Hertz. Mass spectra were recorded on ESI-esquire
3000 Bruker Daltonics instrument. IR spectra were recorded on
Bruker Vector 22 instrument.


4.2. Synthesis


4.2.1. Preparation of 5,9-dimethyl-deca-2,4,8-trienoic acid (2)51,52


To a stirring mixture of the ylide (55.58 g, 129.86 mmol) (pre-
pared from ethyl bromoacetate and triphenylphosphine) in dry
benzene (100 mL), sodium hydride (4.0 g) was added in small pro-
portion. Then, citral 1 (20 g, 130 mmol) in dry benzene was added
drop wise into the reaction mixture for 1 h. The reaction progress
was monitored by TLC and on completion of the reaction, the con-
tents were poured carefully in ethyl acetate to quench the excess of
sodium hydride, followed by addition of water, the organic layer
was separated out, and the aqueous layer extracted with ethyl ace-
tate (3� 100 mL). The combined organic layer was washed with

water (3� 50 mL), dried over anhydrous sodium sulfate and con-
centrated on a rotavapor under reduced pressure. The crude prod-
uct was taken in 10% methanolic NaOH solution (200 mL) and the
contents were refluxed for 6 h. The contents were cooled and ex-
tracted with ethyl acetate (3� 150 mL). The aqueous layer was
washed with petroleum ether (50 mL) and acidified with 2 N HCl
solution. The resulting precipitate was extracted with ethyl acetate
(3� 100 mL), the organic layer washed with water (3� 150 mL),
dried over anhydrous sodium sulfate and concentrated to give
crude product, which on purification over silica gel column using
pet.ether/ethyl acetate (8:2) as an eluent gave compound 2
(20.65 g, 82%). Anal. Calcd for C12H18O2: C, 74.19; H, 9.34%. Found:
C, 74.21; H, 9.36%. MS (%) M+ at m/z M++1 195 (36), 149 (62), 124
(12), 111 (79), 81 (74), 67 (100). IR (neat). 3407, 2974, 2929, 1708,
1383, 1260, 1161, 1073, 814, 757, 592 cm�1. 1H NMR major iso-
mer: d 1.60 and 1.68 (3H each, s, @C(CH3)2), 1.90 (3H, s, @CCH3),
2.16 (4H, br s, 2� CH2), 5.09 (1H, br s, CH2CH@), 5.75 (1H, d,
J = 15.1 Hz, CH@CHCO), 6.03 (1H, d, J = 11.5 Hz CHCH@CHCO),
7.67 (1H, dd, J = 11.6 and 15.1 Hz, CHCH@CHCO).


The methyl ester of 2 was prepared in 97% yield by diazometh-
ane as per literature method.52,53 Anal. Calcd for C13H20O2: C,
74.96; H, 9.68%. Found: C, 74.99; H, 9.70%. MS (%) M+ at m/z 208
(30), 193 (28), 165 (24), 149 (52), 125 (100), 109 (18). IR (neat).
3463, 2974, 1725, 1437, 1376, 1271, 1168, 986, 740, 582 cm�1.
1H NMR major isomer: d 1.54 and 1.60 (3H each, s, @C(CH3)2),
1.81 (3H, s, @CCH3), 2.07 (4H, br s, 2� CH2), 3.65 (3H, s, COOCH3),
5.01 (1H, br s, CH2CH@), 5.69 (1H, d, J = 15.2 Hz, CH@CHCO), 5.92
(1H, d, J = 11.7 Hz, CHCH@CHCO), 7.51 (1H, dd, J = 11.7 and
15.2 Hz, CHCH@CHCO).


The ethyl ester of 2 was prepared in 95% yield as per literature
method.52,54 Anal. Calcd for C14H22O2: C, 75.63; H, 9.97%. Found: C,
75.65; H, 9.99%. MS (%) M+ at m/z 222 (29), 193 (100), 149 (56), 122
(43), 109 (71). IR (neat). 2961, 2924, 1722, 1653, 1457, 1378, 1368,
1311, 1264, 1182, 1096, 1046, 983, 806 cm�1. 1H NMR major iso-
mer: d 1.29 (3H, t, J = 7.1 Hz, CH2CH3), 1.58 and 1.68 (3H each, s,
@C(CH3)2), 1.89 (3H, s, @CCH3), 2.15 (4H, br s, 2� CH2), 4.19 (2H,
q, CH2CH3), 5.09 (1H, br s, CH2CH@), 5.76 (1H, d, J = 15.1 Hz,
CH@CHCO), 5.98 (1H, d, J = 11.2 Hz, CHCH@CHCO), 7.56 (1H, dd,
J = 11.2 and 15.1 Hz, CHCH@CHCO).


4.2.2. Preparation of 5,9-dimethyl-deca-2,4,8-trienoic acid
piperidide (3)


To dichloromethane (DCM) solution of 2 (0.5 g, 2.57 mmol,
30 mL) added freshly distilled thionyl chloride (0.53 mL) and re-
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fluxed the contents for 1 h. The excess of thionyl chloride was re-
moved on rotavapor under reduced pressure and the acid chloride
reconstituted in DCM and to this added DCM solution of piperidine
(0.5 mL) and stirred the contents for 30 min. The organic layer
washed with water (2� 25 mL), dried over anhydrous sodium sul-
fate and concentrated on rotavapor under reduced pressure to give
crude product, which on purification over silica gel using pet.ether/
ethyl acetate (92:8) mixture as an eluent afforded pale yellow
gummy mass 3 (0.6 g, yield 90%). Anal. Calcd C17H27NO: C, 78.11;
H, 10.41; N, 5.36%. Found: C, 78.63; H, 10.45; N, 5.38%. MS (%)
M+ at m/z 261 (11), 246 (7), 206 (4), 193 (14), 179 (45), 178 (46),
112 (100), 109 (17), 84 (72), 83 (36), 81 (55), 80 (30). IR (neat).
3418, 2949, 2806, 2524, 1644, 1616, 1456, 1270, 1020, 554 cm�1.
1H NMR major isomer: d 1.57 (6H, br s, –N–CH2(CH2)3), 1.66 and
1.83 (3H each, s, @C(CH3)2), 2.10 (3H, s, @CCH3), 2.30 (4H, br s,
2� CH2), 3.37 (4H, br s, –N(CH2)2), 5.06 (1H, br s, CH2CH@), 5.98
(1H, d, J = 11.4 Hz, CHCH@CHCO), 6.24 (1H, d, J = 14.6 Hz,
CH@CHCO), 7.56 (1H, dd, J = 11.4 and 14.6 Hz, CHCH@CHCO).


4.2.3. Preparation of 5,9-dimethyl-deca-2,4,8-trienoic acid
benzyl amide (4)


This was prepared in 94% yield from 2 by the procedure as de-
scribed for compound 3. Anal. Calcd for C19H25NO: C, 80.52; H,
8.89; N, 4.94%. Found: C, 80.83; H, 8.91; N, 4.99%. MS (%) M+ at
m/z 283 (28), 255 (12), 206 (56), 149 (87), 134 (74), 124 (100),
123 (71), 121 (10), 106 (15), 83 (20), 77 (23), 73 (10), 72 (10), 69
(97) and 59 (51). IR (neat). 3287, 2967, 2925, 1653, 1541, 1453,
1280, 1177, 1081, 1029, 740 cm�1. 1H NMR major isomer: d 1.60
and 1.67 (3H each, s, @C(CH3)2), 1.85 (3H, s, @CCH3), 2.13 (4H, br
s, 2� CH2), 4.52 (2H, s, –NH–CH2), 5.06 (1H, br s, CH2CH@), 5.76
(1H, d, J = 14.7 Hz, CH@CHCO), 5.97 (1H, d, J = 11.7 Hz,
CHCH@CHCO), 7.26–7.37 (5H, m, 5� Ar-H), 7.57 (1H, dd, J = 11.7
and 14.7 Hz, CHCH@CHCO).


4.2.4. Preparation of 5,9-dimethyl-deca-2,4,8-trienoic acid
n-octylamide (5)


This was prepared in 70% yield from 2 by the procedure as de-
scribed for compound 3. Anal. Calcd for C20H35NO: C, 78.63; H,
11.55; N, 4.58%. Found: C, 79.01; H, 11.57; N, 4.61%. MS (%) M+


at m/z M++1 306 (2), 263 (33), 221 (42), 203 (85), 193 (60), 179
(25), 153 (75), 138 (90), 129 (96), 91 (95), 46 (100). IR (neat).
3293, 2957, 2926, 1651, 1547, 1456, 1376, 979, 722 cm�1. 1H
NMR major isomer: d 0.89 (3H, t, J = 6.6 Hz –CH2–CH3), 1.12–1.24
(12H, m, –NHCH2(CH2)6), 1.62 and 1.68 (3H each, s, @C(CH3)2),
1.89 (3H, s, @CCH3), 2.16 (4H, br s, 2� CH2), 3.18 (2H, m, –NH–
CH2), 5.10 (1H, br s, CH2CH@), 5.80–6.02 (2H, m, CHCH@CHCO),
7.47 (1H, dd, J = 11.5 and 14.9 Hz, CHCH@CHCO).


4.2.5. Preparation of 5,9-dimethyl-deca-2,4,8-trienoic acid
amide of D-2-aminobutanol (6)


This was prepared in 72% yield from 2 by the procedure as de-
scribed for compound 3. Anal. Calcd for C16H27NO2: C, 72.41; H,
10.25; N, 5.28%. Found: C, 72.49; H, 10.26; N, 5.29%. MS (%) M+ at
m/z 265 (10), 248 (15), 193 (21), 186 (55), 149 (100), 138 (54), 119
(24), 100 (85), 88 (25). IR (neat). 3332, 2966, 2930, 2877, 1652,
1541, 1458, 1382, 1092, 1019, 671 cm�1. 1H NMR major isomer: d
0.94 (3H, t, J = 7.2 Hz, CH2–CH3), 1.52, (2H, m, CH2–CH3), 1.62 and
1.66 (3H each, s, @C(CH3)2), 1.82 (3H, s, @CCH3), 2.12 (4H, br s, 2�
CH2), 3.54–3.72 (3H, m, –NH–CH–CH2–OH), 5.05 (1H, br s, CH2CH@),
5.78 (1H, d, J = 11.7 Hz, CHCH@CHCO), 5.99 (1H, d, J = 14.8 Hz,
CH@CHCO), 7.50 (1H, dd, J = 11.7 and 14.8 Hz, CHCH@CHCO).


4.2.6. Preparation of 5,9-dimethyl-deca-2,4,8-trienoic acid
amide of L-2-aminobutanol (7)


This was prepared in 72% yield from 2 by the procedure as de-
scribed for compound 3. Anal. Calcd for C16H27NO2: C, 72.41; H,

10.25; N, 5.28%. Found: C, 72.44; H, 10.27; N, 5.33%. MS (%) M+


at m/z 265 (7), 248 (5), 193 (25), 186 (62), 149 (100), 138 (71),
119 (19), 100 (90), 88 (20). IR (neat). 3431, 2967, 2930, 1688,
1634, 1414, 1231, 1161, 981, 756 cm�1. 1H NMR major isomer:
d 0.98 (3H, t, J = 7.3 Hz, CH2–CH3), 1.54, (2H, m, CH2CH3), 1.61
and 1.68 (3H each, s, @C(CH3)2), 1.84 (3H, s, @CCH3), 2.15 (4H,
br s, 2� CH2), 3.61–3.78 (3H, m, –NHCHCH2OH), 5.09 (1H, br s,
CH2CH@), 5.77 (1H, d, J = 11.2 Hz, CHCH@CHCO), 5.96 (1H, d,
J = 14.5 Hz, CH@CHCO), 7.56 (1H, dd, J = 11.2 and 14.5 Hz,
CHCH@CHCO).


4.2.7. Preparation of 5,9-dimethyl-deca-2,4,8-trienoic acid
o-anisidine amide (8)


This was prepared in 90% yield from 2 by the procedure as de-
scribed for compound 3. Anal. Calcd for C19H25NO2: C, 76.22; H,
8.42; N, 4.68%. Found: C, 76.30; H, 8.42; N, 4.71%. MS (%) M+ at
m/z 299 (2), 284 (40), 271 (6), 241 (73), 198 (13), 186 (9), 150
(13), 122 (31), 108 (25), 107 (27), 95 (6), 80 (12), 74 (100). IR
(neat). 3419, 3323, 2965, 2929, 1667, 1627, 1601, 1522, 1460,
1287, 1251, 1046, 787 cm�1. 1H NMR major isomer: d 1.61 and
1.68 (3H each, s, @C(CH3)2), 1.89 (3H, s, @CCH3), 2.15 (4H, br s,
2� CH2), 3.88 (3H, s, Ar-OCH3), 5.08 (1H, br s, CH2CH@), 5.89–
6.05 (2H, m, CHCH@CHCO), 6.84–7.04 (4H, m, 4� Ar-H), 7.64
(1H, dd, J = 11.4 and 14.6 Hz, CHCH@CHCO).


4.2.8. Preparation of 5,9-dimethyl-deca-2,4,8-trienoic acid
p-anisidine amide (9)


This was prepared in 88% yield from acid 2 by the procedure as
described for compound 3. Anal. Calcd for C19H25NO2: C, 76.22; H,
8.42; N, 4.68%. Found: C, 76.24; H, 8.41; N, 4.74%. MS (%) M+ at m/z
M++1 300 (12), 270 (24), 193 (34), 184 (40), 149 (75), 138 (100),
100 (32). IR (neat). 3331, 2972, 2929, 1717, 1660, 1603, 1511,
1341, 1244, 777 cm�1. 1H NMR major isomer: d 1.60 and 1.68
(3H each, s, @C(CH3)2), 1.89 (3H, s, @CCH3), 2.19 (4H, br s, 2�
CH2), 3.78 (3H, s, Ar-OCH3), 5.12 (1H, br s, CH2CH@), 5.97–6.03
(2H, m, CHCH@CHCO), 6.91–7.21 (4H, m, Ar-H), 7.43 (1H, dd,
J = 11.8 and 14.8 Hz, CHCH@CHCO).


4.2.9. Preparation of 5,9-dimethyl-deca-2,4,8-trienoic acid
anilide (10)


This was prepared in 88% yield from 2 by the procedure as de-
scribed for compound 3. Anal. Calcd for C18H23NO: C, 80.26; H,
8.61; N, 5.20%. Found: C, 80.27; H, 8.63; N, 5.29%. MS (%) M+ at
m/z 269 (52), 227 (70), 200 (81), 199 (69), 186 (18), 185 (86),
177 (30), 123 (33), 109 (77), 74 (100). IR (neat). 3304, 2965,
2928, 1661, 1626, 1598, 1540, 1500, 1440, 1274, 1031, 755,
669 cm�1. 1H NMR major isomer: d 1.61 and 1.68 (3H each, s,
@C(CH3)2), 1.82 (3H, s, @CCH3), 2.16 (4H, br s, 2� CH2), 5.10 (1H,
br s, CH2CH@), 5.89 (1H, d, J = 11.4 Hz, CHCH@CHCO), 6.01 (1H, d,
J = 14.7 Hz CH@CHCO), 7.07–7.15 (2H, d, J = 7.6 Hz, Ar-H), 7.27–
7.38 (3H, m, Ar-H), 7.58 (1H, dd, J = 11.4 and 14.7 Hz,
CHCH@CHCO).


4.2.10. Preparation 5,9-dimethyl-deca-2,4,8-trienoic acid
pyrrolidide (11)


This was prepared in 91% yield from 2 by the procedure as de-
scribed for compound 3. Anal. Calcd for C16H25NO: C, 77.68; H,
10.19; N, 5.66%. Found: C, 77.88; H, 10.20; N, 5.71%. MS (%) M+ at
m/z 247 (64), 149 (93), 147 (70), 139 (25), 98 (18), 95 (6), 79 (4),
70 (13), 46 (100). IR (neat). 3403, 2972, 2877, 1620, 1449, 1377,
1165, 754 cm�1. 1H NMR major isomer: d 1.61 and 1.67 (3H each,
s, @C(CH3)2), 1.90 (3H, s, @CCH3), 1.95 (4H, br s, –N–CH2(CH2)2),
2.67 (4H, br s, 2� CH2), 3.52 (4H, br s, –N–(CH2)2), 5.11 (1H, br s,
CH2CH@), 6.09 (1H, d, J = 11.8 Hz, CHCH@CHCO), 6.42 (1H, d,
J = 14.6 Hz CH@CHCO), 7.54 (1H, dd, J = 11.8 and 14.6 Hz,
CHCH@CHCO).
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4.2.11. Preparation of 5,9-dimethyl-deca-2,4,8-trienoic acid
isopropyl amide (12)


This was prepared in 90% yield from 2 by the procedure as de-
scribed for compound 3. Anal. Calcd for C15H25NO: C, 76.55; H,
10.71; N, 5.95%. Found: C, 76.87; H, 10.73; N, 5.99%. MS (%) M+ at
m/z 235 (40), 180 (100), 179 (35), 166 (54), 152 (36) 151 (33),
136 (28), 96 (11), 82 (15), 68 (88). IR (neat). 3332, 2966, 2930,
2877, 1652, 1541, 1458, 1382, 1282, 1092, 1019, 671, 615 cm�1.
1H NMR major isomer: d 1.30 (6H, d, J = 6.5 Hz, –NHCH(CH3)2),
1.62 and 1.67 (3H each, s, @C(CH3)2), 1.88 (3H, s, @CCH3), 2.15
(4H, br s, 2� CH2), 4.01 (1H, m, –NHCH), 4.98 (1H, br s, CH2CH@),
5.89–6.05 (2H, m, CHCH@CHCO), 7.48 (1H, dd, J = 11.5 and
14.9 Hz, CHCH@CHCO).


4.2.12. Preparation of 5,9-dimethyl-deca-2,4,8-trienoic acid
o-toluidine (13)


This was prepared in 90% yield from 2 by the procedure as de-
scribed for compound 3. Anal. Calcd for C19H25NO: C, 80.52; H,
8.89; N, 4.94%. Found: C, 80.66; H, 8.91; N, 4.93%. MS (%) M+ at
m/z 283 (30), 198 (100), 191 (17), 190 (27), 177 (80), 166 (59),
160 (91), 138 (67), 107 (53), 93 (30), 92 (7), 83 (59), 69 (80), 55
(43). IR (neat). 3317, 2926, 2855, 1715, 1604, 1511, 1383, 1244,
1073, 1035, 829 cm�1. 1H NMR major isomer: d 1.60 and 1.68
(3H each, s, @C(CH3)2), 1.89 (3H, s, @CCH3), 2.15 (4H, br s, 2�
CH2), 2.29 (3H, s, Ar-CH3), 5.09 (1H, br s, CH2CH@), 5.82–6.03
(2H, m, CHCH@CHCO), 7.03–7.22 (4H, m, Ar-H), 7.59 (1H, dd,
J = 11.6 and 15.2 Hz, CHCH@CHCO).


4.2.13. Preparation of 5,9-dimethyl-deca-2,4,8-trienoic acid
morpholide (14)


This was prepared in 90% yield from 2 by the procedure as de-
scribed for compound 3. Anal. Calcd for C16H25NO2: C, 72.96; H,
9.57; N, 5.32%. Found: C, 72.97; H, 9.56; N, 5.34%. MS (%) M+ at
m/z 263 (30), 208 (54), 190 (34), 148 (41), 133 (14), 120 (63),
119 (38), 115 (61), 107 (76), 101 (92), 100 (100), 95 (14). IR (neat).
3386, 2927, 2857, 1643, 1439, 1378, 1115, 760 cm�1. 1H NMR ma-
jor isomer: d 1.61 and 1.67 (3H each, s, @C(CH3)2), 1.89 (3H, s,
@CCH3), 2.12 (4H, br s, 2� CH2), 3.35 (4H, br s, –N–(CH2)2), 3.65
(4H, br s, –O–(CH2)2), 5.10 (1H, br s, CH2CH@), 6.09 (1H, d,
J = 11.7 Hz, CHCH@CHCO), 6.42 (1H, d, J = 14.6 Hz, CH@CHCO),
7.56 (1H, dd, J = 11.7 and 14.6 Hz, CHCH@CHCO).


4.2.14. Preparation of 5,9-dimethyl-deca-2,4,8-trienoic acid
isobutyl amide (15)32


This was prepared in 72% yield from 2 by the procedure as de-
scribed for compound 3. Anal. Calcd for C16H27NO: C, 70.06; H,
10.91; N, 5.62%. Found: C, 72.07; H, 10.92; N, 5.29%. MS (%) M+ at
m/z 249 (75), 234 (60), 206 (25), 191 (100), 162 (70), 129 (80),
93 (95), 53 (70). IR (neat). 3312, 2925, 2854, 1718, 1655, 1544,
1384, 1279, 1073, 981, 813 cm�1. 1H NMR major isomer: d 0.84
(6H, d, J = 5.5 Hz, CH(CH3)2), 1.61 and 1.68 (3H each, s, @C(CH3)2),
1.71, (1H, m, CH(CH3)2), 1.85 (3H, s, @CCH3), 2.08 (4H, br s, 2�
CH2), 3.17 (2H, t, J = 6.4 Hz, –NH–CH2), 5.06 (1H, br s, CH2CH@),
5.75 (1H, d, J = 10.2 Hz, CHCH@CHCO), 6.08 (1H, d, J = 14.9 Hz,
CH@CHCO), 7.51 (1H, dd, J = 10.2 and 14.9 Hz, CHCH@CHCO).


4.2.15. Preparation of 5,9-dimethyl-deca-2,4,8-trienoic acid
diisopropylamide (16)


This was prepared in 96% yield from 2 by the same procedure as
described for compound 3. Anal. Calcd for C18H31NO: C, 77.92; H,
11.26; N, 5.05%. Found: C, 77.00; H, 11.29; N, 5.10%. MS (%) M+ at
m/z 277 (35), 234 (60), 191 (15), 176 (55), 148 (15), 122 (100),
107 (25), 92 (15). IR (neat). 2922, 2852, 1648, 1453, 1378, 1265,
1087, 821 cm�1. 1H NMR major isomer: d 0.81 (12H, d, 2�
CH(CH3)2), 1.64 and 1.71 (3H each, s, @C(CH3)2), 1.83 (3H, s,
@CCH3), 2.25 (4H, br s, 2� CH2), 4.12 (2H, m, 2� CH(CH3)2), 5.08

(1H, br s, CH2CH@), 5.78 (1H, d, J = 10.3 Hz, CHCH@CHCO), 6.11
(1H, d, J = 15.0 Hz, CH@CHCO), 7.53 (1H, dd, J = 10.3 and 15.0 Hz,
CHCH@CHCO).


4.2.16. Preparation of 5,9-dimethyl-deca-2,8-dienoic acid (2a)
This was prepared in 88% yield from 1a by the procedure as de-


scribed for compound 2. Anal. Calcd for C12H20O2: C, 73.43; H,
10.27%. Found: C, 73.46; H, 10.30%. MS (%) M+ at m/z 196 (30),
152 (52), 126 (46), 112 (75), 83 (54), 69 (100). IR (neat). 2961,
2922, 1701, 1651, 1419, 1379, 1282, 1093, 984, 939, 686 cm�1.
1H NMR major isomer: d 0.93 (3H, d, J = 6.8 Hz, CHCH3), 1.08–
1.17 (3H, m, CH3CHCH2), 1.58 and 1.64 (3H each, s, @C(CH3)2),
1.94–2.29 (4H, m, CH2CHCH2), 5.08 (1H, br s, CH2CH@), 5.82 (1H,
d, J = 15.5 Hz, CH@CHCO), 6.99–7.14 (1H, m, CH@CHCO). The ethyl
ester of 2a was prepared in 92% yield as per literature method30.
Anal. Calcd for C14H24O2: C, 74.95; H, 10.78%. Found: C, 74.98; H,
10.81%. MS (%) M+ at m/z 224 (82), 193 (27), 188 (17), 161 (100),
117 (27), 106 (25), (51). IR (neat). 3386, 2962, 2924, 1720, 1652,
1437, 1378, 1310, 1266, 1182, 1119, 1045, 695, 541 cm�1. 1H
NMR major isomer: d 0.95 (3H, d, J = 6.6 Hz, CHCH3), 1.09–1.13
(6H, m, CH3CHCH2 and OCH2CH3), 1.60 and 1.69 (3H each, s,
@C(CH3)2), 1.96–2.25 (4H, m, CH2CHCH2), 4.19 (2H, q, OCH2), 5.08
(1H, br s, CH2CH@), 5.82 (1H, d, J = 15.5 Hz, CH@CHCO), 6.94–
6.99 (1H, m, CH@CHCO).


4.2.17. Preparation of 5,9-dimethyl-deca-2,8-dienoic acid
piperidide (17)


This was prepared in 87% yield from 2a by the procedure as de-
scribed for compound 3. Anal. Calcd for C17H29NO: C, 77.51; H,
11.10; N, 5.32%. Found: C, 77.53; H, 11.16; N, 5.38%. MS (%) M+1


at m/z M++1 264 (100), 248 (35), 208 (20), 195 (18), 181 (25),
180 (40), 114 (20), 111 (18), 86 (35), 84 (76). IR (neat). 2928,
2855, 1656, 1620, 1440, 1253, 1220, 1137, 1015, 852, 554 cm�1.
1H NMR major isomer: d 0.94 (3H, d, J = 6.9 Hz, CHCH3), 1.08–
1.16 (3H, m, CH3CHCH2), 1.25–1.70 (12H, m, @C(CH3)2 and –N–
CH2(CH2)3), 1.96–2.25 (4H, m, CH2CHCH2), 3.48–3.57 (4H, m, 4.19
–N(CH2)2), 5.08 (1H, br s, CH2CH@), 6.26 (1H, d, J = 15.0 Hz,
CH@CHCO), 6.76–6.84 (1H, m, CH@CHCO).


4.2.18. Preparation of 5,9-dimethyl-deca-2,8-dienoic acid
benzyl amide (18)


This was prepared in 92% yield from 2a by the procedure as
described for compound 3. Anal. Calcd for C19H27NO: C, 79.95;
H, 9.53; N, 4.91. Found: C, 80.00; H, 9.56; N, 4.95. MS (%) M+ at
m/z 285 (12), 270 (28), 242 (46), 151 (75), 108 (100), 80 (20). IR
(neat). 3292, 3065, 2923, 2853, 1666, 1632, 1547, 1454, 1376,
1240, 1095, 985, 741, 697 cm�1. 1H NMR major isomer: d 0.92
(3H, d, J = 6.6 Hz, CHCH3), 1.19–1.35 (3H, m, CH3CHCH2), 1.57
and 1.66 (3H each, s, @C(CH3)2), 1.98–2.08 (4H, m, CH2CHCH2),
4.42 (2H, s, –NHCH2), 4.89 (1H, br s, CH2CH@), 5.99 (1H, d,
J = 15.13 Hz, CH@CHCO), 6.76–6.84 (1H, m, CH@CHCO), 7.20–
7.13 (5H, m, 5� Ar-H).


4.2.19. Preparation of 5,9-dimethyl-deca-2,8-dienoic acid
n-octylamide (19)


This was prepared in 87% yield from 2a by the procedure as de-
scribed for compound 3. Anal. Calcd for C20H37NO: C, 78.11; H,
12.13; N, 4.55%. Found: C, 78.19; H, 12.16; N, 4.58%. MS (%) M+


at m/z M+ 307 (32), 265 (17), 224 (100), 206 (8), 181 (10), 156
(41), 141 (5), 132 (8), 94 (70). IR (neat). 3292, 2957, 2925, 2855,
1666, 1629, 1549, 1458, 1377, 1169, 980, 840, 722 cm�1. 1H NMR
major isomer: d 0.91–0.97 (6H, m, CHCH3 and CH2CH3), 1.18–
1.26 (13H, m, CH3CHCH2 and –NHCH2CH2(CH2)5), 1.38–1.41 (2H,
m, –NHCH2CH2), 1.57 and 1.67 (3H each, s, @C(CH3)2), 1.97–2.18
(4H, m, CH2CHCH2), 3.29 (2H, m, –NHCH2), 5.15 (1H, br s, CH2CH@),
5.74 (1H, d, J = 15.2 Hz, CH@CHCO), 6.72–6.87 (1H, m, CH@CHCO).
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4.2.20. Preparation of 5,9-dimethyl-deca-2,4,8-trienoic acid
amide of D-2-aminobutanol (20)


This was prepared in 77% yield from 2a by the procedure as
described for compound 3. Anal. Calcd for C16H29NO2: C, 71.22;
H, 10.93; N, 5.24%. Found: C, 71.24; H, 10.96; N, 5.29%. MS (%)
M+ at m/z 267 (5), 249 (15), 234 (20), 206 (5), 192 (21), 178
(100), 151 (10), 124 (20), 109 (15). IR (neat). 3289, 2963, 2925,
1722, 1632, 1546, 1460, 1378, 1263, 1095, 982, 671 cm�1. 1H
NMR major isomer: d 0.89–1.07 (6H, m, CHCH3 and CH2CH3),
1.25–1.41 (5H, m, CH3CHCH2 and –NHCHCH2), 1.60 and 1.68
(3H each, s, @C(CH3)2), 1.97–1.99 (4H, m, CH2CHCH2), 3.36–
3.39 (1H, m, –NHCH), 3.69 (2H, br s, CHCH2OH), 5.08 (1H, br s,
CH2CH@), 5.82 (1H, d, J = 15.5 Hz, CH@CHCO), 6.96–7.01 (1H,
m, CH@CHCO).


4.2.21. Preparation of 5,9-dimethyl-deca-2,4,8-trienoic acid
amide of L-2-aminobutanol (21)


This was prepared in 88% yield from 2a by the procedure as
described for compound 3. Anal. Calcd for C16H29NO2: C, 71.24;
H, 10.96; N, 5.28%. Found: C, 71.28; H, 10.98; N, 5.30%. MS (%)
M+ at m/z 267 (15), 249 (18), 234 (28), 206 (34), 191 (20), 178
(100), 151 (15), 124 (10), 109 (18). IR (neat). 3293, 2969, 2925,
1719, 1632, 1540, 1469, 1372, 1265, 1095, 1043, 1011, 982,
671 cm�1. 1H NMR major isomer: d 0.86–1.09 (6H, m, CHCH3


and CH2CH3), 1.29–1.46 (5H, m, CH3CHCH2and –NHCHCH2), 1.61
and 1.69 (3H each, s, @C(CH3)2), 1.98–2.02 (4H, m, CH2CHCH2),
3.41–3.50 (1H, m, –NHCH), 3.71 (2H, br s, CHCH2OH), 5.11 (1H,
br s, CH2CH@), 5.85 (1H, d, J = 15.5 Hz, CH@CHCO), 6.98–7.05
(1H, m, CH@CHCO).


4.2.22. Preparation of 5,9-dimethyl-deca-2,8-dienoic acid
o-anisidine (22)


This was prepared in 97% yield from 2a by the procedure as de-
scribed for compound 3. Anal. Calcd for C19H27NO2: C, 75.71; H,
9.03; N, 4.65%. Found: C, 75.73; H, 9.05; N, 4.69%. MS (%) M+ at
m/z 301 (25), 286 (20), 270 (32), 243 (12), 200 (15), 188 (13),
152 (15), 123 (100), 110 (27), 97 (26). IR (neat). 2957, 2924,
2853, 1686, 1643, 1601, 1524, 1460, 1377, 1219, 978, 746,
599 cm�1. 1H NMR major isomer: d 0.94 (3H, d, J = 6.8 Hz, CHCH3),
1.25–1.39 (3H, m, CH3CHCH2), 1.59 and 1.64 (3H each, s,
@C(CH3)2), 2.01–2.22 (4H, m, CH2CHCH2), 3.86 (3H, s, OCH3), 5.08
(1H, br s, CH2CH@), 5.96 (1H, d, J = 14.15 Hz, CH@CHCO), 6.85–
7.05 (1H, m, CH@CHCO).


4.2.23. Preparation of 9-formyl-5-methyl-deca-2,6,8-trienoic
acid piperidide (23)


The amide 3 (0.2 g, 0.76 mmol) was dissolved in a mixture of
acetic acid and water (9:1), added selenium dioxide (10 mg,
0.76 mmol) and stirred the contents for 6 h at 20 �C. The reaction
mixture was diluted with ice-cold water and extracted with ethyl
acetate (2� 100 mL). The organic layer washed with water (2�
25 mL), dried over anhydrous sodium sulfate and concentrated
on rotavapour under reduced pressure to give crude product,
which was purified on silica gel column using pet.ether/ethyl ace-
tate (70:30) as an eluent to give compound 23 (0.15 g, yield 71%).
Anal. Calcd for C17H25NO2: C, 74.14; H, 9.15; N, 5.09%. Found: C,
74.16; H, 9.17; N, 5.17%. MS (%) M+ at m/z 283 (28), 200 (68),
199 (61), 182 (22), 171 (31), 153 (58), 149 (60), 130 (54), 101
(100). IR (neat). 2935, 2856, 1684, 1644, 1442, 1271, 1136,
1020, 853 cm�1. 1H NMR major isomer: d 1.59 (6H, br s,
–NCH2(CH2)3), 1.80 and 1.84 (3H each, s, CH3CCHO and CCH3),
2.10–2.25 (4H, m, 2� CH2), 3.53 (4H, br s, –N–(CH2)2), 5.97 (1H,
br s, CH2CH@), 6.15 (1H, d, J = 14.3 Hz, CH@CHCO), 6.27 (1H, d,
J = 12.4 Hz, CHCH@CHCO), 7.47 (1H, dd, J = 12.4 and 14.3 Hz,
CHCH@CHCO), 9.31 (1H, s, CHO).

4.2.24. Preparation of 9-formyl-5-methyl-deca-2,6,8-trienoic
acid benzyl amide (24)


This was prepared in 74% yield from compound 4 by the same
procedure as described for compound 23. Anal. Calcd for
C19H23NO2: C, 76.73; H, 7.80; N, 4.71%. Found: C, 76.79; H, 7.86;
N, 4.73%. MS (%) M+ at m/z 297 (26), 281 (100), 267 (28), 207
(35), 193 (24), 121 (25), 97 (40), 55 (35). IR (neat). 3660, 3317,
2924, 2853, 2361, 1657, 1545, 1448, 1279, 1094, 1022, 700 cm�1.
1H NMR major isomer: d 1.74 and 1.91 (3H each, s, CH3CCHO and
CCH3), 2.51 (4H, br s, 2� CH2), 4.54 (2H, d, J = 5.6 Hz, NHCH2),
5.79 (1H, d, J = 14.4 Hz, CH@CHCO), 6.01 (1H, d, J = 10.8 Hz,
CHCH@CHCO), 6.44 (1H, br s, CH2CH@), 7.27–7.32 (5H, m, 5�
Ar-H), 7.57 (1H, dd, J = 10.8 and 14.5 Hz, CHCH@CHCO), 9.39 (1H,
s, CHO).


4.2.25. Preparation of 9-formyl-5-methyl-deca-2,6,8-trienoic
acid n-octylamide (25)


This was prepared in 75% yield from compound 5 by the same
procedure as described for compound 23. Anal. Calcd for
C20H33NO2: C, 75.19; H, 10.41; N, 4.38%. Found: C, 75.21; H,
10.44; N, 4.40%. MS (%) M+ at m/z M++1 320 (8) 291 (56) 185
(61) 171 (100) 143 (51) 97 (60). IR (neat). 3272, 2925, 2855,
1654, 1549, 1465, 1376, 1033, 722 cm�1. 1H NMR major isomer:
d 0.88 (3H, t, J = 8.0 Hz, CH2CH3), 1.28 (6H, br s, -(CH2)6CH3), 1.74
and 1.95 (3H each, s, CH3CCHO and CCH3), 2.21 (4H, br s, 2�
CH2), 3.31–3.42 (2H, m, NHCH2), 5.85 (1H, d, J = 14.1 Hz,
CH@CHCO), 6.03 (1H, d, J = 10.8, CHCH@CHCO), 6.35 (1H, br s,
CH2CH@), 7.52 (1H, dd, J = 10.8 and 14.1 Hz, CHCH@CHCO), 9.35
(1H, s, CHO).


4.2.26. Preparation of 9-formyl-5-methyl-deca-2,6,8-trienoic
acid amide of D-2-aminobutanol (26)


This was prepared in 68% yield from compound 6 by the same
procedure as described for compound 23. Anal. Calcd for
C16H25NO3: C, 68.79; H, 9.02; N, 5.01%. Found: C, 68.81; H, 9.07;
N, 5.06%. MS (%) M+ at m/z M++1 280 (2), 249 (100), 131 (51),
206 (55), 193 (74), 163 (60). IR (neat). 2924, 2853, 1725, 1655,
1459, 1377, 1050, 667 cm�1. 1H NMR major isomer: d 0.85 (3H, t,
J = 8.5 Hz, CH2CH3), 1.77 and 1.88 (3H each, s, CH3CCHO and
CCH3), 2.17 (4H, br s, 2� CH2), 3.68 (2H, br s, CH2OH), 3.95 (1H,
br s, NH–CH), 5.81 (1H, d, J = 14.9 Hz, CH@CHCO), 6.0 (1H, br s,
CH2CH@), 6.41 (1H, d, J = 11.2 Hz, CHCH@CHCO), 7.51 (1H, dd,
J = 11.2; 14.9 Hz, CHCH@CHCO), 9.38 (1H, s, CHO).


4.2.27. Preparation of 9-formyl-5-methyl-deca-2,6,8-trienoic
acid amide of L-2-aminobutanol (27)


This was prepared in 70% yield from compound 7 by the same
procedure as described for compound 23. Anal. Calcd for
C16H25NO3: C, 68.63; H, 9.00; N, 5.09%. Found: C, 68.67; H, 9.07;
N, 5.12%. MS (%) M+ at m/z M++1 280 (27), 249 (10), 131 (100),
206 (12), 193 (79), 163 (45). IR (neat). 2920, 2867, 1725, 1650,
1440, 1371, 1055, 660 cm�1. 1H NMR major isomer: d 0.87 (3H, t,
J = 8.5 Hz, CH2CH3), 1.77 and 1.88 (3H each, s, CH3CCHO and
CCH3), 2.17 (4H, br s, 2� CH2), 3.68 (2H, br s, CH2OH), 3.95 (1H,
br s, NH–CH), 5.81 (1H, d, J = 14.9 Hz, CH@CHCO), 6.0 (1H, br s,
CH2CH@), 6.41 (1H, d, J = 11.2 Hz, CHCH@CHCO), 7.51 (1H, dd,
J = 11.2 and 14.9 Hz, CHCH@CHCO), 9.38 (1H, s, CHO).


4.2.28. Preparation of 9-formyl-5-methyl-deca-2,6,8-trienoic
acid pyrrolidide (28)


This was prepared in 78% yield from compound 11 by the same
procedure as described for compound 23. Anal. Calcd for
C16H23NO2: C, 73.53; H, 8.87; N, 5.35%. Found: C, 73.55; H, 8.89;
N, 5.39%. MS (%) M+ at m/z 262 (15), 246 (10), 232 (18), 208 (93),
192 (28), 161 (95), 149 (100) and 137 (55). IR (neat). 2958, 2925,
2854, 1684, 1645, 1438, 1259, 1020, 801 cm�1. 1H NMR major iso-
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mer: d 1.56 (4H, br s, –N–CH2(CH2)2), 1.74 and 1.87 (3H each, s,
CH3CCHO and CCH3), 2.14–2.31 (4H, m, 2� CH2), 3.47 (4H, br s,
–N–(CH2)2), 5.95 (1H, br s, CH2CH@), 6.18 (1H, d, J = 14.8 Hz,
CH@CHCO), 6.29 (1H, d, J = 11.4 Hz, CHCH@CHCO), 7.50 (1H, dd,
J = 11.4 and 14.8 Hz, CHCH@CHCO), 9.39 (1H, s, CHO).


4.2.29. Preparation of 9-formyl-5-methyl-deca-2,6,8-trienoic
acid morpholide (29)


This was prepared in 74% yield from compound 14 by the same
procedure as described for compound 23. Anal. Calcd for
C16H23NO2: C, 69.29; H, 8.36; N, 5.05%. Found: C, 69.31; H, 8.38;
N, 5.07%. MS (%) M+ at m/z 277 (12), 248 (18), 204 (100), 176
(20), 162 (74), 132 (10), 97 (20). IR (neat). 2961, 2925, 2854,
1716, 1644, 1437, 1300, 1234, 1115, 1041, 757 cm�1. 1H NMR ma-
jor isomer: d 1.81 and 1.88 (3H each, s, CH3CCHO and CCH3), 2.42
(4H, br s 2� CH2), 3.38 (4H, br s –N(CH2)2), 3.71 (4H, br s –O–
(CH2)2), 5.96 (1H, br s CH2CH@), 6.21 (1H, d, J = 14.9 Hz,
CH@CHCO), 6.37 (1H, d, J = 11.4 Hz, CHCH@CHCO), 7.51 (1H, dd,
J = 11.2 and 14.9 Hz, CHCH@CHCO), 9.32 (1H, s, CHO).


4.2.30. Preparation of 9-formyl-5-methyl-deca-2,4,8-trienoic
acid diisopropylamide (30)


This was prepared in 76% yield from compound 14 by the same
procedure as described for compound 23. Anal. Calcd for
C18H29NO2: C, 74.18; H, 10.03; N, 4.81%. Found: C, 74.91; H,
10.06; N, 4.86%. MS (%) M+ at m/z 295 (76), 268 (80), 253 (10),
211 (96), 169 (55), 154 (100), 126 (30), 101 (35), 85 (25). IR (neat).
2925, 2854, 1687, 1641, 1458, 1376, 1260, 1097, 801 cm�1. 1H
NMR major isomer: d 0.85 (12H, br s, 2� CH(CH3)2), 1.85 and
1.90 (3H each, s, CH3CCHO and CCH3), 4.05 (2H, m, 2� CH(CH3)2),
2.35–2.55 (4H, m, 2� CH2), 6.01 (1H, br s CH2CH@), 6.25 (1H, d,
J = 14.1 Hz, CH@CHCO), 6.45 (1H, d, J = 11.4 Hz, CHCH@CHCO),
7.53 (1H, dd, J = 11.4; 14.1 Hz, CHCH@CHCO), 9.89 (1H, s, CHO).


4.2.31. Preparation of 9-formyl-5-methyl-deca-2,8-dienoic acid
o-anisidine (31)


This was prepared in 72% yield from compound 22 by the proce-
dure as described for compound 23. Anal. Calcd for C19H25NO3: C,
72.36; H, 7.99; N, 4.44%. Found: C, 72.39; H, 7.00; N, 4.48%. MS (%)
M+ at m/z 315 (25), 287 (100), 256 (32), 179 (12), 164 (15), 136
(13), 110 (15), 95 (40), 69 (27). IR (neat). 2957, 2924, 2853, 1686,
1643, 1601, 1524, 1460, 1377, 1219, 978, 746, 599 cm�1. 1H NMR:
d 0.92 (3H, d, J = 6.9 Hz, CHCH3), 1.26–1.35 (3H, m, CH3CHCH2),
1.95 (3H, s, CH3CCHO), 2.21–2.32 (4H, m, CH2CHCH2), 3.89 (3H, s,
OCH3), 6.01 (1H, d, J = 14.15 Hz, CH@CHCO),6.18 (1H, br s CH2CH@),
6.86–7.05 (5H, m, 4� Ar-H and CH@CHCO), 9.49 (1H, s, CHO).


4.2.32. Preparation of 9-formyl 5-dimethyl-deca-2,8-dienoic
acid n-octylamide (32)


This was prepared in 78% yield from compound 19 by the same
procedure as described for compound 23. Anal. Calcd for
C20H35NO2: C, 74.72; H, 10.97; N, 4.36%. Found: C, 74.74; H,
10.99; N, 4.31%. MS (%) M+ at m/z M+ 307 (32), 265 (17), 224
(100), 206 (8), 181 (10), 156 (41), 141 (5), 132 (8), 94 (70). IR
(neat). 3292, 2957, 2925, 2855, 1666, 1629, 1549, 1458, 1377,
1169, 980, 840, 722 cm�1. 1H NMR major isomer: d 0.91–0.97
(6H, m, CHCH3 and CH2CH3), 1.18–1.26 (13H, m, CH3CHCH2 and
–NHCH2CH2(CH2)5), 1.38–1.41 (4H, m, –NH(CH2)2), 1.57 and 1.67
(3H each, s, @C(CH3)2), 1.97–2.18 (4H, m, CH2CHCH2), 3.29 (2H,
m, –NHCH2), 5.15 (1H, br s CH2CH@), 5.74 (1H, d, J = 15.2 Hz,
CH@CHCO), 6.72–6.87 (1H, m, CH@CHCO).


4.2.33. Preparation of 9-formyl-5-methyl-deca-2,8-dienoic acid
amide of D-2-aminobutanol amide (33)


This was prepared in 77% yield from compound 20 by the same
procedure as described for compound 23. Anal. Calcd for

C16H27NO3: C, 68.29; H, 9.67; N, 4.98%. Found: C, 68.32; H, 9.70;
N, 5.02%. MS (%) M++1 at m/z 280 (2), 249 (100), 131 (51), 206
(55), 193 (74), 163 (60). IR (neat). 2924, 2853, 1725, 1655, 1459,
1377, 1050, 667 cm�1. 1H NMR major isomer: d 0.96–1.06 (6H,
m, CHCH3 and CH2CH3), 1.25–1.41 (5H, m, CH3CHCH2 and
–NHCHCH2), 1.60 (3H, s, @C(CH3)CHO), 1.92–1.96 (4H, m,
CH2CHCH2), 3.59–3.67 (1H, m, –NHCH), 3.74 (2H, br s CHCH2OH),
6.26 (1H, d, J = 15.5 Hz, CH@CHCO), 6.39 (1H, br s CH2CH@),
6.88–6.96 (1H, m, CH@CHCO), 9.33 (1H, s, CCHO).


4.2.34. Preparation of 9-formyl-5-methyl-deca-8-enoic acid
piperidide (34)


A mixture of methanolic solution of amide 23 (65 mg) and 5%
Pdc (20 mg) was hydrogenated at 22 psi for 4 h and the contents
were filtered, washed with excess of methanol (5� 10 mL) and
concentrated on a rotavapour at reduced pressure to give crude
product which on CC over silica gel and elution with pet.ether/
ethyl acetate (85:15) afforded compound 34 (18 mg, yield 25%)
as a gummy mass. MS (%) M+ at m/z 279 (7), 249 (11), 214 (14),
195 (30), 165 (100), 111 (43), 84 (33). IR (neat). 2917, 1683,
1648, 1446, 1406, 1240, 1133, 1010 cm�1. 1H NMR: d 0.97 (3H, d,
J = 7.0 Hz, CHCH3), 1.25– 1.53 (13H, m, 6� CH2 and CHCH3), 1.84
(3H, s, C@CH3), 1.91–2.13 (4H, m, 2� CH2), 3.19 (4H, m, –N–
(CH2)2), 5.71 (1H, br s CH2CH@), 9.21 (1H, s, CHO).


4.2.35. Preparation of 9-formyl-5-methyl-deca-8-enoic acid
benzyl amide (35)


This was prepared in 21% yield from compound 24 by the pro-
cedure described for compound 34 as a gummy mass. MS (%) M+ at
m/z 301 (3), 273 (12), 218 (12), 210 (40), 143 (11), 127 (100), 106
(33), 91 (49). IR (neat). 2940, 1681, 1651, 1546, 1453, 1352, 1243,
1111, 998 cm�1. 1H NMR: d 0.99 (3H, d, J = 7.0 Hz, CHCH3), 1.20–
1.66 (7H, m, 3� CH2 and CHCH3), 1.81 (3H, s, C@CH3), 1.88–2.19
(4H, m, 2� CH2), 4.29 (2H, br s, –N–CH2), 5.81 (1H, br s CH2CH@),
6.99–7.18 (5h, m, 5� Ar-H), 9.17 (1H, s, CHO).


4.2.36. Preparation of 9-formyl-5-methyl-deca-8-enoic acid
amide of D-2-aminobutanol (36)


This was prepared in 16% yield from compound 26 by the pro-
cedure described for compound 34 as a gummy mass. MS (%) M+ at
m/z 284 (5), 254 (11), 225 (13), 196 (31), 111 (100), 88 (51), 83
(12). IR (neat). 3344, 2937, 1678, 1643, 1534, 1434, 1244,
998 cm�1. 1H NMR: d 0.89 (3H, d, J = 7.8 Hz, CH2CH3), 0.98 (3H, d,
J = 6.93 Hz, CHCH3), 1.28–1.81 (9H, m, 4� CH2 and CHCH3), 1.84
(3H, s, C@CH3), 1.85–2.11 (4H, m, 2� CH2), 3.66 (2H, br s CH2OH),
3.91 (1H, m, –N–CH), 5.88 (1H, br s CH2CH@), 9.11 (1H, s, CHO).


4.2.37. Preparation of 5,9-dimethyl-deca-8-enoic acid n-octyl
amide (37)


This was prepared in 62% yield from compound 5 by the proce-
dure described for compound 34 to gummy mass. MS (%) M+ at m/z
309 (13), 294 (7), 254 (43), 240 (38), 196 (48), 127 (100), 113 (44).
IR (neat). 3241, 2939, 2837, 1646, 1543, 1444, 1382, 1367, 1068,
947 cm�1. 1H NMR: d 0.94 (3H, t, J = 7.8 Hz, CH2CH3), 0.98 (3H, d,
J = 7.1 Hz, CHCH3), 1.18–1.76 (19H, m, 9� CH2 and CHCH3), 1.62
and 1.64 (3H each, s, @C(CH3)2), 1.88–2.17 (4H, m, 2� CH2), 3.31
(2H, m, –NHCH2), 5.21 (1H, br s CH2CH@).


4.2.38. Preparation of 5,9-dimethyl-deca-8-enoic acid
o-anisidine amide (38)


This was prepared in 62% yield from compound 8 by the proce-
dure described for compound 34 as a gummy mass. MS (%) M+ at
m/z 313 (6), 283 (21), 258 (33), 244 (15), 228 (12), 214 (21), 206
(17), 137 (37), 107 (100). IR (neat). 2942, 2912, 1653, 1533,
1455, 1385, 1366, 1212, 989 cm�1. 1H NMR: d 0.97 (3H, d,
J = 7.0 Hz, CHCH3), 1.28–1.62 (7H, m, 3� CH2 and CHCH3), 1.65
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and 1.67 (3H each, s, @C(CH3)2), 1.84–2.14 (4H, m, 2� CH2), 5.10
(1H, br s CH2CH@), 6.64–7.07 (4H, m, 4� Ar-H@C(CH3)2).


4.3. Pharmacology


4.3.1. Determination of minimum effective concentration
(MEC) of the EPIs


The MIC of ciprofloxacin was determined against S. aureus
SA1199 and S. aureus SA1199B in Muller–Hinton broth in the pres-
ence of increasing amounts of efflux pump inhibitors by broth
checkerboard synergy method in a microtitre plates with twofold
serial dilutions.50 Each candidate EPI was tested at seven concen-
trations (100 to 1.56 lg/mL), and ciprofloxacin was tested at 10
concentrations (16 to 0.03 lg/mL). The plates were incubated for
18 h at 37 �C, and the wells were assessed visually for growth.
The minimal effective concentration (MEC) was determined to be
the minimal concentration of EPI that produced the maximal
reduction in substrate MIC. No further decrease in substrate MIC
was observed at EPI concentrations greater than the MEC.55


4.3.2. Efflux studies
Ethidium bromide accumulation and its efflux were determined


from the active cells by reported method.56 S. aureus SA 1199B was
grown overnight on Trypticase Soya Agar. Bacterial suspension (0.2
OD550) was prepared in uptake buffer (NaCl, 110 mM; KCl, 7 mM;
NH4Cl, 50 mM; Na2HPO4, 0.4 mM; Tris base, 52 mM; glucose,
0.2%, adjusted the solution to pH 7.5 with HCl). The suspensions
were exposed to 2 lg/mL ethidium bromide in the presence of
the most active EPI (26 at 6.25 lg/mL) and piperine (at 50 lg/
mL), respectively, for 30 min at 37 �C. The cells were pelleted down
by centrifugation and resuspended in fresh buffer. The loss of fluo-
rescence was recorded for 30 min at 5 min interval at excitation
and emission wavelengths of 530 and 600 nm in a spectrophotom-
eter (Perkin-Elmer model LS50).
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We describe the synthesis and characterization of a series of water-soluble free-base, zinc, and copper
porphyrin–oligonucleotide (ODN) conjugates. A non-charged tetraarylporphyrin was directly attached
to the 50-position of thymine via a short amide linker. Such a linker should allow for rigid connection
to the adjacent nucleobases, thus increasing the sensitivity for monitoring conformational changes of
the ODNs by electronic circular dichroism due to capping effects or ligand binding. Two complementary
synthetic approaches have been used to incorporate porphyrin chromophores into the DNA. In the first
approach a porphyrin carboxylic acid is conjugated to 50-amino-ODN. In the second approach the phos-
phoramidite of the porphyrin-amido-thymidine is coupled to 50-hydroxy-ODN using standard automated
phosphoramidite chemistry. In both cases a spontaneous metallation of the free-base porphyrin in por-
phyrin–DNA conjugates was observed during the porphyrin–DNA conjugate cleavage from the solid sup-
port and its consequent deprotection using concentrated aqueous ammonia. Zinc and copper porphyrin–
DNA conjugates were isolated by HPLC and characterized together with the anticipated free-base porphy-
rin–DNA conjugate. Authentic zinc and copper porphyrin–DNA conjugates were intentionally prepared
from intentionally metallated porphyrins to compare their spectroscopic and HPLC characteristics with
isolated metallospecies and to confirm the spontaneous metallation.


� 2008 Elsevier Ltd. All rights reserved.

1. Introduction


The ‘bottom-up’ approach to produce functional, self-organizing
nanodevices from molecular building blocks giving a precise
arrangement of atoms and molecules in three dimensions is most
likely to meet the needs of future technologies. Chromophore ar-
rays often exhibit different spectroscopic properties from mono-
mers that they are assembled from. Porphyrin assemblies have
been extensively investigated for their promising photonic proper-
ties. Many nature-inspired porphyrin assemblies have been devel-
oped aiming for efficient light collection and energy transfer.1–6


DNA has become very attractive as a molecular scaffold for pre-
cise positioning of desired molecules on the nanoscale due to its
molecular recognition and mechanical properties.7–9 Stacking
interactions between nucleobases are, in addition to hydrogen-
bonding, the key factors that stabilize the double-stranded DNA
helix and determine DNA’s secondary and tertiary structure.10,11

ll rights reserved.
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Exposed DNA termini base pairs represent the weakest link in
base-pairing fidelity and potential problems in the self-assembly
process. A well-defined arrangement of chromophores is an impor-
tant tool for novel applications in material sciences and nanotech-
nology. In order to increase the base pair fidelity at the DNA
termini, several synthetic strategies have been introduced. The
capping of the oligonucleotides termini with small molecules is a
useful method to improve the properties of their natural counter-
parts such as nucleobase pairing fidelity,12,13 duplex stability,14–17


or resistance against exonuclease degradation.18 Capping is usually
favored by covalently attaching small molecules to the 30 or 50 DNA
termini.


Porphyrins are one of the most studied DNA binding agents,
and there are many reports on porphyrin–DNA interactions.19–23


However, most studies focused on interactions between free
(non-covalently attached) cationic porphyrins and polymeric
DNA. Although the first porphyrin–oligonucleotide conjugates
were synthesized 15 years ago,24,25 there are only few recent
studies focusing on the structural and spectroscopic properties
of these conjugates,26–28 on interactions between porphyrins,29–31


and on interactions between porphyrin and DNA32,33 in porphy-
rin–DNA conjugates. We were the first to study the through space
exciton coupling between two porphyrins covalently attached to
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a short DNA sequence (DNA as the helical scaffold), and the effect
of covalently attached porphyrins on DNA structure and stability.
We had reported previously that porphyrins linked to one of the
DNA termini can communicate through space upon formation of
double-stranded DNA resulting in an exciton-coupled circular di-
chroic signal.29 This signal is very diagnostic and can serve as
internal probes for DNA conformational changes.29,34 Recently
we have shown that a porphyrin, covalently attached to the 50


end of a short non-self-complementary oligonucleotide, can stabi-
lize the non-Watson–Crick base pairing between guanine and
adenine and promote the formation of the right-handed A-like
double-stranded DNA via termini capping.17 Additionally, porphy-
rin chromophores also served as a sensitive internal circular di-
chroic sensor of the newly formed secondary structure.17 Better
understanding of porphyrin–DNA interactions will help us to
rationally design new materials and predict their photophysical
and photochemical properties.


The position, length, and type of the linker between porphyrin
and DNA play an important role in the porphyrin/DNA interfacial
interaction and strongly dictate/influence the interactions between
the porphyrin and neighboring nucleobases. We anticipate that a
short and non-charged linker will promote a close non-covalent
stacking interaction between porphyrin and exposed DNA termini.


In this paper we present the synthesis of water-soluble 50-por-
phyrin–DNA conjugates and 50-metalloporphyrin–DNA conjugates
with a short 50-amide linker between porphyrin chromophore and
the nucleobase. We have rationalized the origin of the unexpected
spontaneous metallation and discuss the different spectroscopic
and HPLC properties of the metalloporphyrin–DNA conjugates.


2. Results and discussion


2.1. Synthesis of porphyrin–DNA conjugates


Porphyrins were attached to the 50 position of self-comple-
mentary oligonucleotide sequences via a short, rigid amide link-
age. Annealing of the self-complementary porphyrin modified
ODN will provide a DNA duplex having one porphyrin cap at each
end. The amide bond was chosen because such a linkage would
provide a shorter and less flexible connection to the adjacent
nucleobases, thus increasing the sensitivity for monitoring con-

Scheme 1. Approach 1: synthesis of porphyrin–oligonucleotide conjugates 5a, 5b, an
chemistry, DNA synthesizer; (ii) 50amino-thymine-phosphoramidite; (iii) PyBOP, DIPEA,

formational changes of the DNAs via long-range exciton-coupled
CD. Such a linker also provides good control over the position
of the porphyrin on the DNA and prevents unwanted porphyrin
intercalation. The short DNA sequence 50-TGCGCGCA was selected
for our study. We used two different strategies for the synthesis
of the 50-amido linked tetraarylporphyrin oligonucleotide. In the
first approach porphyrin carboxylate 1 is conjugated to solid sup-
ported 50-amino-ODNs 4a–c (4a: hexamer, 4b: octamer, 4c:
decamer) using benzotriazol-1-yl-oxytripyrrolidino-phosphonium
hexafluorophosphate (PyBOP) and diisopropylethylamine (DIPEA,
Scheme 1). In the second approach the 50-porphyrin-amido-thy-
midine 30-phosphoramidite 9 is synthesized and then coupled to
50-hydroxy-ODNs 10a–c under standard phosphylation conditions
(Scheme 3).


2.1.1. Approach 1
As outlined in Scheme 1, porphyrin carboxylic acid 1 was con-


jugated manually to the exposed 50-amino-group of thymidine in
ODNs 4a–c. ODNs 4a–c were prepared from unmodified ODNs 50-
hydroxy-(GC)nGCA-support 3a–c (n = 1–3) using standard method-
ologies on a DNA synthesizer. A 1000 ÅA


0


controlled pore glass (CPG)
solid-support cartridge was critical as the CPG cartridge with smal-
ler 500 ÅA


0


pores was much less successful for the attachment of the
bulky porphyrin carboxylic acid 1. The porphyrin–DNA conjugates
5a–c were then cleaved from the CPG beads and deprotected with
concentrated aqueous ammonia at room temperature overnight
(Scheme 2). The aqueous ammonia was removed under vacuum
and the crude reaction mixture analyzed by mass spectrometry
and reverse phase HPLC (RP-HPLC) to provide M-6a–c.


2.1.2. Approach 2
The synthesized 50-amino-30-hydroxy thymidine35,36 7 was re-


acted with the free-base trispyridylphenylporphyrin carboxylate37


1 (Scheme 3). The resulting 50-porphyrin-amido-thymidine 8 was
converted to phosphoramidite 9, purified by flash column chroma-
tography, and characterized by 1H and 31P NMR. 31P NMR showed
two signals resulting from two diastereomers around the pyrami-
dal phosphorous atom formed (Fig. 1). Porphyrin–phosphoramidite
9 was then reacted with solid supported oligonucleotides 10a–c
(10a: hexamer, 10b: octamer, 10c: decamer) under standard phos-
phoramidite chemistry. Concentrated aqueous ammonia was used

d 5c Reagents: (i) standard automated cyanoethyl-phosphoramidite solid-phase
DMF, on-column synthesis.







Scheme 2. Cleavage from the solid support and the deprotection of the porphyrin–DNA conjugates 5a, 5b, and 5c.


Scheme 3. Approach 2: synthesis of porphyrin–oligonucleotide conjugates 5a, 5b, and 5c Reagents: (i) EDC, DCM; (ii) 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite,
DIPEA, DCM; (iii) DCM, activation reagent (acetonitrile/tetrazole) then oxidation.
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for cleavage of the porphyrin–oligonucleotide conjugates 5a–c
from the solid support and DNA deprotection (Scheme 2). The
aqueous ammonia was removed under vacuum and the crude reac-

Figure 1. 31P NMR spectrum of 50-porphyrinthymidine 30-phosphoramidite 9.

tion mixture analyzed by mass spectrometry and reverse phase
HPLC.


2.2. Analysis of porphyrin–DNA conjugates 6a, 6b, and 6c


2.2.1. MALDI-TOF and HPLC
MALDI-TOF analysis of the crude porphyrin-octamer 6b indi-


cated the presence of the expected free-base porphyrin–DNA 2H-
6b with a MW of 3051 ± 3. In addition, a species with a MW of
3114 ± 3 (3051 + 63) was observed, which seemed to be a metallo-
porphyrin-8-mer conjugate containing either copper(II) (+63.5) or
zinc(II) (+65.4) in the porphyrin coordination center. The HPLC pro-
file of 6b also showed two major peaks (Fig. 2). Porphyrin–DNA
conjugate 6b was dissolved in water and injected onto the HPLC
with a gradient of buffer (hexafluoroisopropanol and triethyl-
amine) and methanol at a flow rate of 1 mL/min (see Section
4.2.6. for further details).37 The first (more polar) compound eluted
at 47.1 min gave the anticipated MW of 3051 ± 3 for free-base
porphyrin–ODN 2H-6b. The second peak eluted at 48.6 min (less







Figure 2. HPLC profiles of crude porphyrin–DNA conjugates 6a (porphyrin-hexa-
mer, top), 6b (porphyrin-octamer, middle) and 6c (porphyrin-decamer, bottom)
monitored at two different wavelengths, 260 nm and 420 nm.
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polar) gave a MW of 3114 ± 3. However due to the small mass dif-
ferences between zinc and copper (difference of two mass units)
MALDI-TOF spectrometry was unable to tell with certainty if we
had synthesized zinc porphyrin–ODN Zn-6b or copper porphy-
rin–ODN Cu-6b (together called M-6b). Similar results have been
obtained in the synthesis of porphyrin-hexamer 6a and porphy-
rin-decamer 6c. Two major products were always observed, the
first one corresponding to the desired free-base porphyrin–DNA
conjugates, and the second one to the metalloporphyrin-conju-
gates M-6, sometimes Zn-6 or Cu-6, and sometimes both. MAL-
DI-TOF data, HPLC retention times, and HPLC profiles for
porphyrin–DNA conjugates 6a, 6b, and 6c are summarized in Table
1, in Figure 2, and in Figure S1–S6 (see Supplementary material).

Table 1
HPLC and MALDI-TOF-MS data of products formed in the synthesis of porphyrin–DNA
conjugates 6a, 6b, and 6c


Porphyrin–DNA Calculated
molecular weight


HPLC retention
timea (min)


MALDI MALDI
differenceb


6a (hexamer) 2434.6 51.2 2435.2 +0.6
52.8 2497.1 +62.5


6b (octamer) 3052.7 47.1 3054.51 +1.81
48.6 3112.0 +62.1


6c (decamer) 3670.8 43.5 3673.2 +2.4
44.9 3737.8 +67.0


a See Table 3 for HPLC elution conditions.
b Difference between calculated and experimental molecular masses.

2.2.2. UV–vis absorption spectra
Because of the ambiguity of MALDI-TOF data we turned our


attention to absorption spectra of the porphyrin–ODNs 6a–c. It is
well known that the UV–vis profile of each porphyrin and metallo-
porphyrin is very diagnostic.38 UV–vis spectrum of first eluted free-
base porphyrin–DNA conjugate 2H-6 showed a Soret absorption
band at 422 nm and three Q bands at 516, 554, 585 nm. This spec-
tral profile is typical of the free-base porphyrins. Examination of
the UV spectrum of less polar M-6b (elution time 48.6 min) en-
abled us to assign this species to the zinc(II) porphyrin–DNA con-
jugate Zn-6b. The UV–vis spectrum porphyrin region showed a
maximum at 425 nm and two smaller Q bands at 558 and
594 nm characteristic of a zinc porphyrins.38 Surprisingly, using
different batches of ammonia, a copper porphyrin conjugate, Cu-
6b, was isolated with a Soret band at 418 nm and only one Q band
at 541 nm. Figure 3 shows UV–vis spectra of all three porphyrin–
ODNs, free-base conjugate 2H-6b, zinc conjugate Zn-6b, and cop-
per conjugate Cu-6b.


The HPLC analysis of porphyrin–DNA conjugates prepared via
approach 2 showed one major product with retention time of the
metallated porphyrin–DNA conjugate M-6b. The MALDI-TOF spec-
trum showed the molecular weight of 3114 (2H-6b + 63). As with
the results from Approach 1, we have explained the origin of these
unexpected compounds M-6b by the incorporation of copper(II)
(atomic weight = 63.5 g/mol) or zinc(II) (atomic weight = 65.4 g/
mol) into the porphyrin coordination center. The UV–vis spectrum
was also used to identify the presence of zinc and copper porphy-
rin–ODN conjugate M-6b.


2.3. Synthesis of metalloporphyrins M-1 and
metalloporphyrin–DNA conjugates M-6b


To confirm the origin of the metalloporphyrin–DNA conju-
gate(s), isolated along with the free-base porphyrin–DNA conju-
gate, we synthesized the zinc tetrapyridylporphyrin carboxylate,
Zn-1, and the corresponding Cu-1. Free-base porphyrin 1 was met-
allated using zinc acetate or copper acetate, respectively. Porphyrin
carboxylate 1 was dissolved in chloroform and 10 equivalents of
corresponding acetate was added. The reaction mixture had to be
heated to reflux as metallation was not observed at room temper-
ature. The synthesized metalloporphyrins Zn-1 and Cu-1 were
found to be of sufficient purity to be directly conjugated with 50-
amino-ODN 4b attached to the solid support using identical condi-
tions as for free-base porphyrin 1. After cleavage and deprotection
with concentrated ammonia, porphyrin modified ODNs Zn-6b and
Cu-6b were purified by RP-HPLC (see Figures S8 and S9, Supple-
mentary material) and analyzed by UV–vis spectroscopy and MAL-
DI-TOF-MS. The UV–vis spectra were identical with those of
previously isolated zinc and copper porphyrin conjugates 6b
resulting from metal contamination. Although the free-base conju-
gate 2H-6b elutes typically earlier than the metal conjugates (see
Fig. 2), we observed negligible or no difference in retention time
between copper and zinc conjugates when authentic samples of
the last two were co-injected. Table 2 summarizes the UV–vis
characteristics of synthesized porphyrin-octamers M-6b.


2.4. Spontaneous metallation of porphyrin–DNA conjugates 6a,
6b, and 6c


We believe that the source of the metallation is the concen-
trated aqueous ammonia used for the cleavage/deprotection of
porphyrin–DNA conjugates. It is known that concentrated ammo-
nia contains numerous trace metals and that the long exposure of
the matrix during the ODN cleavage and deblocking of the assem-
bled conjugate gives enough time for metallation to take place.
That the concentrated ammonia is the source of the metals is fur-







Figure 3. UV–vis absorption spectrum of porphyrin-8-mer conjugates 2H-6b (red), Zn-6b (blue), and Cu-6b (green). Soret band region (middle) and Q band region (right) of
UV–vis spectra were expanded. Conditions: 50 mM potassium phosphate buffer, pH 7.0.


Table 2
UV–vis absorption characteristics of porphyrin DNAs 2H-6b, Zn-6b, and Cu-6b
measured in 50 mM K-phosphate buffer, pH 7.0


Porphyrin-octamers Soret banda Q band


2H-6b 422 nm (230,600) 516, 554, 585 nm
Zn-6b 425 nm (351,038) 557, 594 nm
Cu-6b 418 nm (251,546) 541 nm


a Absorption wavelength (extinction coefficient).
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ther corroborated by the fact that different ratios of the metallat-
ed species were obtained depending on the source of the aqueous
ammonia (results not shown). The small scale of the synthesis
(1 lM) and overall low yields of the porphyrin–DNA coupling
(<10%) undoubtedly contribute to the high level metallation as
well. The spontaneous metallation of porphyrin in ODN conju-
gates 6a, 6b, and 6c points to the need for caution in the use of
concentrated ammonia in the deprotection step involving
porphyrins.


It should be mentioned, however, that unconjugated free-base
porphyrin carboxylate 1 only underwent metallation with an ex-
cess of metal acetates (�10 equiv) under reflux (see below). The
mild experimental conditions under which we observe metal com-
plexation of the porphyrin conjugates are inconsistent with the
conditions necessary for complexation of free porphyrin 1. Based
on the MALDI-TOF-MS of crude porphyrin–ODN conjugate of dif-
ferent preparations, the amount of metalloconjugates present ran-
ged from 10% to 50% of the free-base porphyrin–ODN conjugates.
Additional porphyrin metallation takes place during the HPLC puri-
fication (50 �C) to give a mixture of unmetallated and metallated
porphyrin conjugates in a ratio of ca. 40/60, respectively, based
on HPLC product peak areas (see Fig. 2). Thus it appears that the
DNA plays an important role in porphyrin metal complexation,
which is further promoted during the HPLC step. The ability of
DNA to promote the metallation of porphyrins had been previously
observed by Li and Sen.39


3. Conclusions


In conclusion, we have synthesized a series of water-soluble
porphyrin–DNA and metalloporphyrin–DNA conjugates. Porphyrin
carboxylate 1, and Zn(II)- and Cu(II)-porphyrin derivatives have
been attached to the 50 position of thymine via a non-charged
amide bond applying two complementary synthetic strategies.
Spontaneous metallation of porphyrin in free-base porphyrin–
DNA conjugates 6 has been observed under mild conditions. We
believe that trace metals in the commercial, concentrated aqueous
ammonia are the origin of the unexpected metallation of the por-

phyrins. MALDI-TOF and UV–vis analysis have been employed to
identify the zinc and copper in metallated species. We anticipate
that the short non-charged amide linker together with different
metals in the coordination center of the porphyrin will exhibit
new spectroscopic and binding properties in porphyrin–DNA con-
jugates and help to further understand the physicochemical prop-
erties of porphyrin-capped DNA oligomers. Indeed, on-going UV,
CD, and fluorescence spectroscopic studies on these porphyrin–
DNA conjugates provide evidence for through space exciton cou-
pling, intermolecular porphyrin–porphyrin stacking, and porphy-
rin end-capping effects of the DNA oligomers as influenced by
environmental conditions. The results of these studies will be pub-
lished elsewhere.

4. Experimental


Reagents and materials were obtained from commercial suppli-
ers and used as received. Pre-dried dichloromethane (DCM) was
freshly distilled from CaH2 under argon before each use. If neces-
sary, the reactions were performed in vacuum dried glassware un-
der argon. Purification was performed by flash column
chromatography using Machery-Nagel silica gel (0.04–0.063 mm).
TLC was performed on Merck TLC plates silica gel 60 F254 utilizing
UV light (254 nm). ODNs attached to 1000 Å controlled pore glass
solid-support cartridges were prepared on an ABI-380 nucleic acid
synthesis system. DNA purification cartridges (Puri-Pak 0.2 lM),
activation reagent (0.45 M tetrazole/acetonitrile), and oxidation
solution (0.02 M iodine/pyridine/H2O/THF) were purchased from
ChemGenes Corporation.


The porphyrin–ODNs were purified on a Waters Delta HPLC
with Waters In-line Degasser AF system using a Waters reverse
phase X-Terra semipreparative column MS C18 2.5 lm
10 � 50 mm at 50 �C, 1 mL/min flow. Evaporation of fractions from
HPLC was done using a CentriVap Concentrator with a CentriVap
Cold Trap.


Mass spectra were measured on a JMSHX110/110 Tandem mass
spectrometer (JEOL, Tokyo, Japan) under Fast Atom Bombardment
(FAB) 10 kV Accel-volt conditions with meta-Nitro Benzyl Alcohol
(m-NBA) as the matrix. MALDI-TOF-MS were performed on a Voy-
ager Applied Biosystems spectrometer using 3-HPA and diammo-
nium citrate in 50% MeCN in H2O. 400 MHz 1H NMR, 75 MHz 13C
NMR, and 162 MHz 31P NMR spectra were obtained on a Bruker
Advance spectrometer and are reported in ppm (d) with coupling
constants in Hertz (Hz). 1H spectra were referenced to different
internal standards, TMS, DMSO, and MeOH. 31P spectra were refer-
enced to an external 85% aqueous H3PO4 standard. UV–vis spectra
were recorded on a JASCO V-530 spectrophotometer.
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4.1. Synthesis of porphyrin–thymidine building blocks


4.1.1. 50-Porphyrin-CONH-30-hydroxythymidine (8)
Porphyrin carboxylate 1 (45 mg, 0.068 mmol) was dissolved un-


der argon in dry DCM (2 mL). To the purple solution, 50-amino-30-
hydroxythymidine (18.0 mg, 0.075 mmol), DMAP (16.6 mg,
0.136 mmol), HOBt (9.19 mg, 0.068 mmol), and EDC (26.1 mg,
0.136 mmol) were added. The solution was stirred at room temper-
ature for 3 h. The crude reaction mixture was loaded directly onto a
silica gel column and eluted using a mixture of DCM/MeOH 95:5
with 1% of triethylamine (TEA) to give 48.1 mg of 8. Porphyrin–thy-
midine 8 was then dissolved in 25 mL DCM and washed with water
to remove the triethylammonium salt impurity. The organic phase
was dried with MgSO4, filtered, and evaporated to dryness. 43.2 mg
(72%) of 8 as a purple powder was obtained. TLC (MeOH/DCM, 1:9)
Rf = 0.34. 1H NMR (400 MHz, MeOH-d4): 1.91 (3H, s, CH3), 2.35 (2H,
t, J = 5.5 Hz), 3.84 (2H, m), 4.17 (1H, m), 4.48 (1H, m), 6.26 (1H, t,
J = 6.5 Hz), 7.60 (1H, s), 7.86 (3H, m), 8.12–8.29 (10H, m), 8.80
(8H, br s), 9.00 (4H, m). 13C NMR (75 MHz, MeOH-d4): 13.2, 41.0,
43.8, 73.9, 87.4, 87.9, 112.6, 120.1, 120.4, 122.2, 125.5, 127.8,
132.2, 135.9, 136.5, 138.1, 139.1, 147.0, 149.8, 153.2, 161.8,
167.2, 171.0. FAB-HRMS Calcd for C52H41N10O5 [MH+] 885.3261,
found 885.3249.


4.1.2. 50-Porphyrin-CONH-thymidine-30-phosphoramidite (9)
50-Porphyrin-CONH-30-hydroxythymidine 8 (8.5 mg, 9.61 lmol)


was dissolved in 0.5 mL dry DCM under argon at room tempera-
ture. DIPEA (16.7 lL, 96.1 lmol) was added and the resulting solu-
tion was placed in an ice bath. 2-Cyanoethyl-N,N-
diisopropylchlorophosphoramidite (10.7 lL, 48.0 lmol) was added
via a syringe. The reaction mixture was stirred for 60 min at 0 �C.
The crude reaction mixture was carefully loaded directly onto a sil-
ica gel column and eluted with DCM/MeOH 95:5 with 2% of TEA
using an argon flow. After evaporation of the solvents, 9 was used
immediately in the next reaction. The prepared amount was used
for a 1 lmol ODN solid-phase synthesis (using 1 lmol scale solid
support). TLC: (DCM/MeOH/TEA, 95:5:2), Rf = 0.35. 31P NMR
(162 MHz, CDCl3): 148.3, 149.3. 1H NMR (400 MHz, CDCl3): 1.21
(6H, 2 � CH3), 1.24 (6H, 2 � CH3), 1.96 (3H, s), 2.49 (2H, m), 2.69
(2H, t), 2.75 (2H, m), 3.66 (1H, m), 3.85 (2H, t, J = 6 Hz), 3.92 (1H,
m), 4.39 (1H, m), 4.69 (1H, m), 6.07 (1/2H, t, J = 6.5 Hz, first diaste-
reomer), 6.17 (1/2H, t, J = 6.5 Hz, second diastereomer), 7.72 (3H,
m), 8.11 (4H, m), 8.24 (6H, m), 8.84 (8H, m), 9.14 (4H). FAB-HRMS
Calcd for C61H58N12O6P [MH+] 1085.4262, found 1085.4336; Calcd
for C61H58N12O7P [MH+] (over-oxidized side product) 1101.4211,
found 1101.4336.


4.1.3. General procedure for synthesis of metallated porphyrin
carboxylate Zn-1 and Cu-1


Porphyrin carboxylate 1 (0.53 mmol) and M(OAc)2 (5.3 mmol)
were mixed in chloroform (90 mL) under argon atmosphere and
refluxed for 5.5 h. The reaction mixture was allowed to cool to
room temperature, washed with an aqueous solution of EDTA (10
equiv, 200 mL) to remove excess M(II) acetate, then three times
with brine, dried over Na2SO4, and concentrated. The product
was characterized by UV–vis absorption, FAB mass spectrometry,
and 1H NMR spectroscopy. Metalloporphyrins M-1 were pure
according to 1H NMR and FAB MS and were used in the next reac-
tion without further purification.


4.1.3.1. Zinc porphyrin carboxylate Zn-1 . FAB-HRMS Calcd for
C42H26N7O2Zn (MH+) 724.1369, found 724.1464. UV–vis in MeOH:
417 nm (e = 334,300), 554 nm (e = 12,200), 592 nm (e = 3200).


4.1.3.2. Copper porphyrin carboxylate Cu-1. FAB-HRMS Calcd for
C42H26N7O2Cu (MH+) 723.1544, found 723.1444. UV–vis in CH2Cl2:

414 nm (e = 137,000), 533 nm (e = 8600) The UV–vis absorption
bands for the copper porphyrin Cu-1 are very broad because of par-


tial aggregation.


4.2. Porphyrin–oligodeoxynucleotide solid-phase synthesis and
purification


4.2.1. Approach 1
Using an ABI-380 DNA synthesizer, unmodified ODNs 50-hydro-


xy-(GC)nGCA-support 3a–c (n = 1–3) were prepared using a 1000 ÅA
0


CPG solid-support cartridge. The 50-monomethoxytrityl (MMT)-
protected 50-amino-50-deoxy-thymidine-phosphoramidite was
coupled to the solid supported ODNs 3a–c under standard phos-
phylation conditions, and the MMT protecting group was removed
with trichloroacetic acid to give solid supported 50-amino modified
ODNs 4a–c. Conjugation of the exposed 50-amino-group of thymi-
dine in ODNs 4a–c with porphyrin carboxylic acid 1 was then car-
ried out manually on a column cartridge under the following
conditions: porphyrin carboxylic acid 1 (28 mg, 0.038 mmol) was
added to a mixture of PyBOP (benzotriazol-1-yl-oxy-tris-pyrrolidi-
no-phosphonium hexafluorophosphate, 21 mg, 0.04 mmol) and DI-
PEA (13 lL, 0.071 mmol) dissolved in dry DMF (0.5 mL). This
reaction mixture was injected into a pre-washed (0.5 mL DMF plus
13 lL DIPEA) column cartridge (CPG 1000 Å) containing the 50-
amino-terminal oligonucleotides 4a–c attached to the solid sup-
port. Two syringes were connected to the DNA cartridge as shown
below, one empty and the other with DMF plus the DIPEA solution.
The reaction mixture was then slowly passed through the column
into the other syringe in a back-and-forth manner every 15 min for
2 h at room temperature in the dark. The column cartridge satu-
rated with the reaction mixture was then allowed to sit in the col-
umn for additional 10 h at room temperature.

The column was next washed with DMF (1 mL) to remove the
reaction mixture until the eluent was clear, and then three further
times with 1 mL aliquots of DMF. The washes were pushed back
and forth through the column to optimize removal of unreacted
porphyrin. The column was then regenerated with eight 1 mL
washes of acetonitrile (MeCN), followed by drying the column with
a flow of nitrogen gas.


4.2.2. Cleavage from resin and deprotection
In order to cleave the porphyrin–ODN from the cartridge,


800 lL of high grade, concentrated aqueous ammonia (Aldrich,
28% in water, 99.99+%) was injected into the column containing
the prepared porphyrin–ODN conjugate, and the ammonia solution
pushed back and forth using the two-syringe procedure, again in
the dark. Care must be taken to ensure that no air bubbles are
introduced. After the cleavage reaction mixture was allowed to
stand for 12 h at room temperature, the colored solution was
slowly pushed through the column cartridge back and forth every
15 min for an additional hour (a total of 4 back-and-forth ex-
changes). The ammonia solution was collected and concentrated
under vacuum and then freeze-dried to provide crude porphyrin–
DNA conjugates 6a, 6b, or 6c, respectively. MALDI-TOF mass spec-
trum analysis indicated the presence of mostly the desired porphy-
rin–DNA conjugates 6.


4.2.3. Approach 2
Porphyrin–ODNs were synthesized on 1 lmol scale CPG solid


support (pore size on 1000 Å) using an ‘in flask’ synthesis.37 The
freshly synthesized 50-porphyrinthymidine 30-phosphoramidite 9







Table 3
HPLC condition for purification of porphyrin–DNA conjugates 2H-6b, Zn-6b, and Cu-
6b


Time (min) Buffera (%) MeOH (%)


0 88 12
60 40 60
63 10 90
90 10 90


a Buffer: 38.1 mM hexafluoroisopropanol (HFIP) + 8.4 mM TEA in water.
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(9.60 lmol) was dissolved in activating reagent (0.5 mL, 0.45 M
tetrazole/acetonitrile) under dry argon at room temperature. The
commercially available solid supported DNA 10a–c was added to
this solution in one portion against a positive pressure of argon.
The reaction mixture was stirred without using a stir bar for
45 min at room temperature. After filtration and washing of the
beads with acetonitrile, and DCM, oxidation reagent was added
(1 mL, 0.02 M, iodine in H2O/THF/pyridine) for 5 min. The solution
was then filtered and the solid-support washed repeatedly with
MeCN and MeOH, followed by a single wash with DCM to reveal
a red-colored resin.


4.2.4. Cleavage from resin and deprotection
Eight hundred microliters of high grade, concentrated ammonia


solution (28% ammonia hydroxide) was added to the 1 lmol resin
containing the prepared porphyrin–DNA conjugates 5a–c in a
screw cap vial. After an incubation period of 2 h with moderate
shaking, the red supernatant containing the cleaved porphyrin–
ODN was transferred (without the resin) to a screw cap vial. The
complete deprotection was achieved in 24 h at room temperature
with occasional shaking.


The crude porphyrin–ODN was then purified using a DNA Puri-
Pak oligonucleotide purification cartridge (OPC) from ChemGenes.
The Puri-Pak purification cartridge was first pre-washed with
MeCN (5 mL) and high purity water (20 mL). Water (1.5 mL) was
added to the pink-red ammonia solution containing the porphy-
rin–DNA conjugate 6a and the mixture slowly injected into the
OPC, again using the two-syringe technique. The column was
washed with 20 mL of water, and this was repeated three times
until the eluate was colorless. The column usually retained a slight
pink color. A final wash with MeCN/H2O solution was combined
with the previous fractions and concentrated under reduced pres-
sure to half its initial volume. Finally, the concentrated solution
was transferred into a 1.5 mL plastic tube and lyophilized using a
CentriVap Concentrator and cold trap. The same procedure was
used for porphyrin–DNA conjugates 6b and 6c.


4.2.5. Cartridge purification of porphyrin–DNA conjugates 6a,
6b, and 6c


The crude porphyrin–DNA was pre-purified using DNA Puri-Pak
purification cartridges from ChemGenes. The Puri-Pak purification
cartridge was pre-equilibrated by washing two times with 2.5 mL
acetonitrile followed by three times with 3 mL of 1.0 M triethylam-
monium acetate (TEAA). High purity water (800 lL) was added to
the 1 lmol resin in 800 lL highly graded, concentrated ammonia
solution. The diluted ammonia solution (1600 lL) was then loaded
onto the pre-equilibrated cartridge. The cartridge was first washed
with 3% NH4OH followed by high purity water in order to remove
any failure sequences. The desired porphyrin–DNA conjugates 6
were then eluted using a 1:1 mixture of water/acetonitrile. The col-
lected red solution containing conjugates 6 was concentrated un-
der reduced pressure, and dried under high vacuum. The
porphyrin–ODN conjugates 6a (porphyrin-hexamer), 6b (porphy-
rin-octamer), and 6c (porphyrin-decamer) were then stored at
�20 �C under argon.


4.2.6. HPLC purification of porphyrin–DNA conjugates 6a–c
The purification of the crude mixture of porphyrin–ODN conju-


gates 6a–c was achieved on a Waters Delta HPLC with a Waters In-
line Degasser AF system and a Water’s reverse phase X-Terra semi-
preparative column MS C18 2.5 lm 10 � 50 mm at 50 �C. A gradi-
ent of methanol and buffer (38.1 mM hexafluoroisopropanol and
8.4 mM triethylamine in water) and 1 mL/min flow was used (Ta-
ble 3).37 The pre-purified porphyrin–DNA conjugate (the amount
originating from 1 lM oligonucleotide synthesis) was dissolved
in a minimal amount of water and injected onto the HPLC. The

diode array detector (DAD) showed two absorption maxima for
two major peaks, one at �420 nm and another at �260 nm. The
peaks were collected in 1.5 mL plastic tubes and evaporated using
CentriVap Concentrator with a CentriVap Cold Trap. Table 3 sum-
marizes retention times of all porphyrin–DNA conjugates 6a–c.


The dried, purified porphyrin–ODN conjugate 6b was dissolved
in water, and the yield of porphyrin–ODN conjugate determined by
UV–vis spectroscopy using an extinction coefficient at 260 nm of
72,300 M�1 cm�1 for the single-stranded TGCGCGCA oligomer,
The HPLC recovery yields are calculated based on the intensities
of the product peak from the crude HPLC traces recorded at 50 �C
as reported previously.16 Porphyrin–DNA conjugate Zn-6b:
yield = 35%, porphyrin–DNA conjugate Cu-6c: yield = 32% (both
intentionally prepared from metalloporphyrins Zn-1 and Cu-1).
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An albumin-binding prodrug of the extremely potent CC-1065 analog, (+)-FDI-CBI, has been synthesized.
This analog, (+)-FDI-CBIM, formed an albumin conjugate when added to human albumin in vitro. A
greater amount (>3-fold) of the prodrug can be administered to animals compared to the free drug.
The prodrug had significantly improved antitumor efficacy compared to the free drug in animal models
using syngeneic animal tumors and human ovarian xenografted tumor cells. Antitumor drug delivery by
in situ formation of drug–albumin conjugate is a promising strategy to improve antitumor efficacy.
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1. Introduction


The fungus Streptomyces zelensis-derived antibiotic CC-1065
(Fig. 1) is one of the most potent antitumor agents ever found.1–4


CC-1065 has potent and broad-spectrum antitumor activity in vitro
and in vivo, with an IC50 value against selected tumor cells in the
low pM range.1–4 CC-1065 binds to double-stranded B-DNA within
the minor-groove, where it alkylates the N3 position of the 30-ade-
nine.5–7 This mechanism of action differs from those of currently
used anticancer agents. Although CC-1065 was not developed as
a clinical drug due to its toxic side effect,8 its extreme potency
and unique mechanism of action have attracted intense research
interests for the last 20 years. Four CC-1065 and duocarmycin ana-
logs, that is, adozelesin, carzelesin, KW-2189, and bizelesin, have
been synthesized and evaluated in clinical trials. Although none
of these compounds succeeded in the clinic due to myelotoxicity,
measurable antitumor responses were achieved in multiple
patients.9,10


Trabectedin (also known as Yondelis, ET-743), another DNA
minor-groove binding agent, has achieved significant antitumor re-
sults in patients with soft tissue sarcoma.11 In contrast to CC-1065
which alkylates the N3 position of the 30-adenine, trabectedin alky-
lates the N2 position of guanines, leading to disruption of the cell
cycle and inhibition of cell proliferation. Trabectedin, administered
iv once every 3 weeks, was approved in Europe in 2007 as mono-

ll rights reserved.
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Figure 1. Structures of CC-1065, (+)-FDI-CBI and (+)-FDI-CBIM.
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Table 1
Antitumor activity against L1210 leukemia in vitro


Drug IC50 (nM)
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therapy for use in patients with advanced soft tissue sarcoma after
failure of standard therapy with anthracyclines or ifosfamide, or for
those patients unsuited to receive these agents. Clinically useful
DNA minor-groove binding agents have come of age, and the
search for more effective compounds of this class continues.


CC-1065 comprises three indoles linked by amide bonds. The
left-hand cyclopropylindole subunit alkylates DNA, and the middle
and right-hand subunits enhance the DNA-binding affinity and
selectivity. The detrimental delayed toxic effects of CC-1065 were
initially thought to be caused by the existence of two methylene
moieties in the middle and right-hand subunits of the molecule.12


In a previous report, we found that CC-1065 analogues that did not
have the methylene moieties but possessed a terminal amide moi-
ety also caused animals to die due to delayed toxicity.12 To address
this problem, we replaced the terminal amide moiety with differ-
ent groups and found that when a terminal amide is replaced with
a fluorine, the resulting compound, named (+)-FDI-CBI, did not
cause delayed toxicity.13 In addition, (+)-FDI-CBI had a much im-
proved antitumor efficacy compared to other CC-1065 analogues
we had synthesized previously. These findings led to the synthesis
of more compounds including prodrugs. Some of the prodrugs
were found to be more effective in mouse tumor models.13


Human serum albumin (HSA), perhaps the best studied plasma
protein, is taken up by endocytosis and degraded in the lysosomes.
HSA is known to bind various endogenous metabolites, metal ions,
and drugs.14,15 Binding of drugs to serum albumin affects their
metabolism, efficacy, and body distribution.16 Because HSA is bio-
degradable, non-toxic, and non-immunogenic, it is widely used as
a stabilizing component in pharmaceutical and biologic products
including vaccines, recombinant therapies, and coatings for medi-
cal devices.


HSA preferentially accumulates in solid tumors.17 Several fac-
tors regarding the metabolism of HSA are noteworthy. Among
these are (a) HSA is an important source of energy and nitrogen
for tumors; (b) because of the enhanced proliferative rate, tumor
cells take up HSA at a greater rate than normal cells; (c) the abnor-
mal vasculature of tumors is highly permeable, which makes them
take up large molecules more efficiently than normal cells; (d) the
poor lymphatic drainage of tumors cannot readily remove large
molecules, leading to an accumulation of HSA molecules in tu-
mors18–20; (e) the HS-group of Cys34 of HSA is the most abundant,
chemically accessible thiol in human plasma.21–24 Thus, an HSA-
binding prodrug is expected to function as a reservoir of the drug,
resulting in improved efficacy for drugs known to have a narrow
therapeutic index.16


Over the last 10 years, Kratz and coworkers have reported the
synthesis and evaluations of conjugates of HSA with numerous
anticancer drugs including doxorubicin (Dox).21 The HSA–doxoru-
bicin conjugate, DOXO-EMCH, is a 6-maleimidocaproyl)hydrazone
derivative of Dox, and was found to have improved anticancer effi-
cacy with reduced toxic side effects compared to the parent Dox. In
a phase I clinical trial, DOXO-EMCH showed a good safety profile
and induced tumor regressions in anthracycline-sensitive tumors,
such as breast cancer, small cell lung cancer, and sarcoma.25


In our endeavor to find more effective CC-1065 analogs, we
have synthesized a conjugate of (+)-FDI-CBI and 6-maleimidocap-
roic acid. Herein, we report details of the synthesis and biological
activities of this novel compound.

L1210a SKOV-3b


(+)-FDI-CBI 0.17 ± 0.06 14 ± 3
(+)-FDI-CBIM 25 ± 8 34 ± 5
Dox 182 ± 93 —


Results were reported as the minimal drug concentration that inhibits uptake of
3H-thymidine by 50%.


a Cytotoxicity was measured in a 48-h proliferation assay.
b Cytotoxicity was measured in a 72-h proliferation assay.

2. Results and discussion


2.1. Drug design and chemical synthesis


Conjugation of cytotoxic anticancer agents to albumin has been
demonstrated to be a useful prodrug approach to further enhance

the efficacy of the parent drug. For this approach to work, several
requirements are necessary:


(a) Excessive conjugation is not desirable because albumin
plays important biological functions;


(b) The prodrug can be less active than the free drug to limit
damage to normal tissues prior to delivery to the intended
targets;


(c) The chemical linkage between albumin and the free drug can
be cleaved chemically or enzymatically to produce the cyto-
toxic free drug;


(d) The prodrug must readily react with albumin in the blood
stream to form the albumin–drug conjugate.


(+)-FDI-CBI meets all of the above requirements and in addition
it is >1000-fold more active than Dox against L1210 leukemia cells
in vitro (Table 1). Previous work showed that (+)-FDI-CBI prodrugs
were significantly less active than the free drug, for example, the
hexanoic acid and cis-4,7,10,13,16,19-docosahexenoic acid (DHA)
ester prodrugs of the racemic (±)-FDI-CBI were approximately
18- and 45-fold less active than the free drug, respectively (IC50


values of 4.6 nM and 13 nM for the hexanoic acid and DHA pro-
drugs versus 0.29 nM of the free drug).26 Although we did not di-
rectly demonstrate that the ester linkage of the hexanoic acid
and DHA prodrugs of (±)-FDI-CBI is cleaved, it is well-known that
such ester bonds are readily cleaved by carboxylic esterase, an en-
zyme activity abundant in human blood. The maleimido moiety
has been widely used to link small molecules to proteins, and work
by Kratz et al. has shown that the maleimido moiety of 6-maleim-
idocaproic acid reacts with HSA within minutes in blood to form
HSA–drug conjugates.21,27 For these reasons, we choose to couple
(+)-FDI-CBI to 6-maleimidocaproic acid to make a (+)-FDI-CBI
and maleimido prodrug [(+)-FDI-CBIM]. Following parenteral
administration of this prodrug, we predicted, first a quantitative
conjugation reaction with the large excess of HSA in blood, fol-
lowed by slow carboxylic esterase hydrolysis to release the cyto-
toxic free drug, leading to tumor cell death (Fig. 2).


(+)-FDI-CBI was synthesized in our laboratory according to
a previously reported procedure.13 Specifically, (+)-FDI-CBI in
acetonitrile was treated with 6-maleimidocaproic acid catalyzed
by 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexa-
fluorophosphate in the presence of diisopropylethylamine to afford
(+)-FDI-CBIM (Scheme 1).


2.2. Cytotoxicity


Compounds were tested in vitro versus L1210 leukemia and
SKOV-3 human ovarian cancer cells (Table 1). In agreement
with previous results, the ester prodrugs are substantially less po-
tent than their corresponding free drugs.26 For example, free
drug (+)-FDI-CBI has an IC50 value of 0.17 nM, while that of
(+)-FDI-CBIM is only 25 nM, 147-fold less potent than free drug
(+)-FDI-CBI. In the 72-h assay against SKOV-3 human ovarian
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Figure 2. Formation of HSA conjugate and production of (+)-FDI-CBI.
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6-maleimidocaproic acid
(+)-FDI-CBIM


Scheme 1. Synthesis of (+)-FDI-CBIM.


6554 Y. Wang et al. / Bioorg. Med. Chem. 16 (2008) 6552–6559

cancer cells, prodrug (+)-FDI-CBIM was approximately 2-fold less
active than its corresponding free drug. The reduced cytotoxicity
of the prodrug is expected to correlate with decreased damage to
normal tissues while the drug is in circulation before reaching its
tumor target.


2.3. Formation of albumin–(+)-FDI-CBIM conjugate


(+)-FDI-CBIM is designed to form an albumin conjugate in
blood. The sulfhydryl group of cysteine-34 of HSA attacks the dou-
ble bond of the maleimido moiety through the Michael reaction
(Fig. 2). To determine if (+)-FDI-CBIM reacts with albumin to form
conjugates, (+)-FDI-CBIM was incubated with human albumin in
phosphate buffer. Reaction products were analyzed by HPLC (Fig.
3). Although the retention times of HSA and the conjugate are
similar (�60 min), conjugation can be measured at 320 nm where
(+)-FDI-CBIM is easily identified while HSA had no absorption.
After 30 min of incubation at 37 �C, 35% of (+)-FDI-CBIM had re-
acted with HSA, after 105 min, 72% of (+)-FDI-CBIM had reacted,
and at 180 min <5% free drug was found. Kratz et al. reported that
the reaction of albumin-binding Dox and camptothecin prodrugs
with human HSA in vitro was very specific with the only product
shown on the chromatogram to be the drug–HSA conjugate.21,27


We found that HSA had a retention time of approximately
60 min when analyzed under the same conditions (with detection
wavelength set at 220 nm). These results suggest that (+)-FDI-
CBIM readily reacts with HSA.

2.4. Effects on cell cycle arrest in L1210 cells


Cell cycle progression of L1210 leukemia cells exposed to (+)-FDI-
CBIM or the free drug (+)-FDI-CBI was investigated by flow cytome-
try. L1210 leukemia cells were exposed to drug concentrations rang-
ing from 0.0001 to 0.1 lg/mL for 24 h, and the fraction of cells at
different phases of the cell cycle were monitored after propidium
iodide staining (Fig. 4). Exposure to higher concentrations (i.e.,
0.01–0.1 lg/mL for both compounds) decreased the proportion of
cells in G1 and increased the fraction in S and G2/M (Fig. 4A and B).


A time course experiment was carried out at a drug concentra-
tion set at 0.1 lg/mL with cell cycle analysis at 3, 6, 12, and 24 h
(Fig. 4C and D). The effects of drugs on the cell cycle were evident
by 3 h, with the proportion of cells in S phase increased compared
to control cells (Fig. 4E). By 12 h, the proportion of cells in S phase
were significantly increased, and by 24 h, few cells were in G1, and
the majority of cells were blocked in S and G2/M phases. This result
agrees with what had been reported for adozelesin,28 another ana-
log of CC-1065. Adozelesin was found to block cells initially in S
phase and then subsequently in G2/M. The cell cycle effect of
(+)-FDI-CBIM and its free drug (+)-FDI-CBI differs from that of
Dox (Fig. 4F), where 12 h exposure to Dox blocked cell proliferation
primarily in G2/M phase. This difference between the effects of
(+)-FDI-CBIM and Dox on the cell cycle was more apparent when
the drugs were compared in the same experiment as illustrated
in Figure 3G. With both (+)-FDI-CBIM and (+)-FDI-CBI more cells
were blocked cells in S, fewer in G2/M phase, whereas Dox treated
cells were blocked primarily in G2/M.


2.5. Antitumor activity in mouse leukemia model


The antitumor activity of (+)-FDI-CBIM was first tested against
L1210 leukemia in mice (Table 2). An optimal dose of (+)-FDI-CBIM
(0.4 mg/kg) produced an ILS of 133%. By comparison, Dox, one of
the most active drugs versus L1210 used as a positive control, dem-
onstrated an ILS of 85%.


2.6. Antitumor activity in mouse colon cancer model


Colon 38 is a well-characterized mouse colon adenocarcinoma,
and has been widely used in the primary anticancer activity
screening of new agents. (+)-FDI-CBIM was remarkably active
against colon 38 in mice (Table 3). At a dose of 0.3 mg/kg,
(+)-FDI-CBIM cured 50% of mice (tumor-free on day 60), and at
0.15 mg/kg, it cured 29% of mice. (+)-FDI-CBIM demonstrated
tumor growth inhibition (TGI) of 99% at both the 0.3 and
0.15 mg/kg dose levels. In contrast, the free drug, (+)-FDI-CBI, dem-
onstrated a TGI of only 76%, significantly less efficacious. In sharp
contrast, at their MTD, both 5-fluorouracil (5-FU) and CPT-11,
two of the most effective drugs against colon cancer in the clinic,
produced a TGI of 95% and 96%, respectively, without any cures.
At the lowest dose of 0.15 mg/kg, (+)-FDI-CBIM killed 10-times
more tumor cells than 5-FU which was administered at a very toxic
dose of 70 mg/kg. The log10 cell kill (LCK) is 2.6 and 1.1, respec-
tively. (+)-FDI-CBIM was also significantly better than cisplatin, a
drug often used for treatment of colon cancer. Importantly, mice
could tolerate a greater weight loss with (+)-FDI-CBIM than with
5-FU or CPT-11. For example, with (+)-FDI-CBIM, the mice did
not die with a weight loss of �25% of initial body weight. In con-
trast, mice treated with 5-FU and CPT-11 began to die when weight
loss reached �7%.


Why (+)-FDI-CBIM is more effective than the free (+)-FDI-CBI is
not clear presently. We hypothesize that (+)-FDI-CBIM forms HSA
conjugates and this contention is supported by the in vitro incuba-
tion experiments (Fig. 3). The HSA-(+)-FDI-CBI conjugates are
expected to selectively accumulate in tumor tissues leading to







Figure 3. Formation (+)-FDI-CBIM–HSA conjugate.
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selective toxicity toward cancer cells. In addition, HSA-(+)-FDI-CBI
conjugates may have a longer half-life than the free drug, leading
to an increase in bioavailability. Whatever the mechanism, these
animal model results support the concept of albumin–drug conju-
gates as a means to improve drug efficacy.


2.7. Antitumor activity in mouse breast cancer model


JC is an epithelial-like cell line established in 1983 from a spon-
taneous primary adenocarcinoma along the mouse milk line.29 JC
tumors have a papillary adenocarcinoma morphology in BALB/c
mice. (+)-FDI-CBIM was highly active against JC in mice with a
TGI of 98% (Table 4 and Fig. 5). (+)-FDI-CBIM was significantly more
efficacious than Dox, one of the best drugs against breast cancer.
For example, at MTD, while Dox (8 mg/kg) had a TGI of 82%,
(+)-FDI-CBIM had a TGI of 98%. At the lowest dose of 0.16 mg/kg,
(+)-FDI-CBIM (LCK: 1.5) killed 10-times more tumor cells than
Dox at 8 mg/kg (LCK: 0.78).


2.8. Antitumor activity in human ovarian cancer xenografts


Ovarian cancer is currently the most lethal gynecological malig-
nancy in the United States. Although effective therapies exist, the
acquisition of multidrug resistance within persisting tumor cell
population renders curative therapies elusive for the majority of
women with this disease. In clinical trials of bizelesin, one patient
with advanced ovarian cancer had a 40% reduction in cancer size
lasting for 24 months.10 Previous work from our laboratory demon-
strated that the CC-1065 class of compounds was active against hu-
man ovarian cancer in xenograft models (data not shown). For these
reasons, (+)-FDI-CBIM was evaluated in a xenograft model of SKOV-
3 human epithelial ovarian carcinoma. Since paclitaxel is one of the
best chemotherapeutic agents for treatment of ovarian cancer, it
was included as a positive control. Dox, another drug used in clinic
to treat ovarian cancer was also tested as a positive control. (+)-FDI-
CBIM was effective in this xenograft model (Fig. 6 and Table 5), and
was more active than both paclitaxel and Dox. (+)-FDI-CBIM
showed little toxicity with a weight loss of only 3%.


2.9. Preliminary toxicity study


The natural product CC-1065 has delayed toxicity in mice, that
is, mice die long after the normal observation period of 15 days for

the acute toxicity study.8 We have previously reported that
(+)-FDI-CBI did not cause delayed death.13,26 To determine if
(+)-FDI-CBIM causes delayed death, non-tumor bearing BDF1 mice
were given a dose of 0.5 mg/kg ip of (+)-FDI-CBIM once, and
animals observed for 180 days. Although some weight loss was
observed, (+)-FDI-CBIM did not cause delayed death.

3. Conclusions


To increase therapeutic efficacy and/or reduce toxic side effects
of anticancer agents, various drug delivery approaches employing
macromolecules have been used. Among these are tumor-specific
monoclonal antibody–drug conjugation, liposome encapsulation,
pegylation, and so on. These approaches have achieved clinical suc-
cesses, but their production processes are complex, quality con-
trols are difficult, and thus, the cost is high. The concept of in
situ albumin–anticancer drug conjugation to increase therapeutic
efficacy and reduce toxic side effects pioneered by Katz and col-
leagues has several advantages.21 First of all, this approach takes
advantage of the ‘enhanced permeability and retention (EPR)’ char-
acteristic of tumor tissues.30–32. Secondly, albumin itself is a nutri-
ent for tumor cells, leading to selective accumulation in tumor
cells; and thirdly, this approach avoids complex and costly produc-
tion processes.


The CC-1065 class of agents is extremely potent, binds to the
minor-groove of DNA and causes DNA chain breaks. This mecha-
nism of action differs from other clinically used anticancer drugs.
For these reasons, this class of agents has attracted significant
interest over the last 30 years. Four drugs of this class, that is, adoz-
elesin, carzelesin, KW-2189 and bizelesin have been evaluated in
patients. In the present work, we synthesized (+)-FDI-CBIM, a pro-
drug of a CC-1065 analog. (+)-FDI-CBIM rapidly reacts with human
albumin in vitro. Evaluation of (+)-FDI-CBIM in animal tumor mod-
els revealed that antitumor efficacies of the albumin-binding pro-
drug (+)-FDI-CBIM were significantly improved compared to the
free drug (+)-FDI-CBI in several animal tumor models. Further-
more, 3-fold more prodrug can be administered without increasing
weight loss, an indication of drug toxicity. This work further vali-
dates the concept of anticancer drug delivery by forming drug–
albumin conjugates in situ. More work evaluating this promising
anticancer agent is in progress, and we will report the results in
due course.







Figure 4. Effects on cell cycle.
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Table 2
Antitumor activity against L1210 leukemia in micea


Drug Dose (mg/kg) %ILS


(+)-FDI-CBIM 0.4 133
0.2 107
0.1 51
0.05 40


Doxorubicin 10.0 85


Drugs were administered iv on day 1. The median number of days of survival of the
vehicle-treated mice was 7.5.
a Female BDF1 mice (6/group) were injected ip with 105 cells on day 0.
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4. Experimental


4.1. Chemistry


Melting points were measured using a Mel-Temp II and are
uncorrected. 1H NMR spectra were recorded at ambient tempera-
ture on an NT-400 spectrometer. Analytical thin-layer chromatog-

Table 3
Antitumor activity of (+)-FDI-CBIM in mice bearing colon 38a


Drug Dose (mg/kg) Schedule %TGI


(+)-FDI-CBIM 0.3 q4d � 2 99
0.15 q4d � 3 99


(+)-FDI-CBI 0.05 q4d � 3 76
5-FUb 70 q4d � 3 95
CPT-11c 100 q4d � 3 96
Cisplatin 2 q4d � 3 42


All drugs were given iv.
a Female BDF1 mice were implanted sc with 106 cells on day 0.
b 4/6 mice died of drug toxicity.
c 1/6 mice died of drug toxicity.


Table 4
Antitumor activity of (+)-FDI-CBIM in mice bearing JC breast cancera


Drug Dose (mg/kg) Schedule


(+)-FDI-CBIM 0.25 q4d � 2
0.20 q4d � 3
0.16 q4d � 3


Doxorubicin 8.0 q4d � 3


a Female Balb/c mice (8/group) were implanted sc with 106 cells on day 0. All drugs we
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Figure 5. Anticancer activity in m

raphy was performed on silica-coated plastic plates (silica gel 60 F-
254, Merck) and visualized under UV light. Preparative separations
were performed by flash chromatography on silica gel (Merck, 70–
230 mesh).


4.1.1. Synthesis of 1-(chloromethyl)-3-[[5-[(5-fluoro-1H-indol-
2-ylcarbonyl)amino]-1H-indol-2-yl]carbonyl]-5-(6-hexylma-
leimide)oxy-1,2-dihydro-3H-benz[e]indole [(+)-FDI-CBIM]


(+)-FDI-CBI was synthesized as we previously described.12,25 To
acetonitrile (1.6 mL) were added (+)-FDI-CBI (19 mg, 0.034 mmol),
6-maleimidocaproic acid (22 mg, 0.103 mmol), 2-(1H-ben-
zotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
(HBTU, 17 mg, 0.045 mmol), and diisopropylethylamine
(0.045 mL). The reaction mixture was allowed to proceed over-
night. The product was extracted with ethyl acetate, and the organ-
ic phase was washed with water. The solution was dried by
anhydrous sodium sulfate, and the solution was filtered. Solvent
was removed in vacuo, and the product was purified by thin-layer
chromatography to afford 10 mg of product in 26% yield as an off

%Maximum weight loss Log10 cell kill %Cured mice


�25 2.6 50
�10 2.3 29
�7 0.68 0
�7 1.1 0
�7 1.7 0
�8 0.30 0


%TGI Log10 cell kill (LCK) %Maximum weight loss


98 2.0 �21
98 1.9 �23
93 1.5 �19
82 0.78 �25


re given iv. For all tested drugs, P < 0.01 compared with non-drug treated animals.
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Figure 6. Anticancer activity in SKOV-3 ovarian xenograft.


Table 5
Anticancer activity in SKOV-3 ovarian xenografta


Compound Dose (mg/kg) %Weight changeb %TGI


(+)-FDI-CBIM 0.13 �3 52
Paclitaxel 25 �1 22
Doxorubicin 5 �4 39


Drugs were given iv on days 15, 24, and 33.
a Nude CD1 female mice(7–9/group) were implantedsc with 5� 106 cells on day 0.
b Maximum weight loss. Paclitaxel was given ip. For all tested drugs, P < 0.01


compared with non-drug treated animals.
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white powder. [a] +16.9� (c 0.75, DMSO-d6); 1H NMR (DMSO-d6,
ppm): 11.84 (s, 1H, NH), 11.76 (s, 1H, NH), 10.23 (s, 1H, NH),
8.24–7.03 (m, 15H), 4.97–4.90 (t, 1H, J = 19.85 Hz, NCHH), 4.68–
4.65 (dd, 1H, J = 2.40, 11.19 Hz, NCHH), 4.50–4.40 (m, 1H,
ClCH2CHCH2), 4.13–4.09 (dd, 1H, CHHCl), 4.06–4.01 (dd, 1H,
J = 6.80, 11.59 Hz, CHHCl), 3.45 (t, 2H, J = 13.99 Hz, CH2), 2.83 (t,
2H, J = 14.79, CH2), 1.77–1.71 (m, 2H, CH2), 1.62–1.56 (m, 2H,
CH2), 1.42–1.36 (m, 2H, CH2); HRMS calcd for C41H33ClFN5O6Na
768.1996, found 768.1995.


4.2. Cytotoxicity


4.2.1. Cell lines
Mouse L1210 leukemia cells were from American Type Culture


Collection (ATCC, Manassas, VA), and were cultured in RPMI-1640
plus 10% FCS with the addition of 100-U/mL penicillin and 100 lg/
mL streptomycin.


4.2.2. Drugs
Drugs were dissolved in DMF to provide a stock solution of


l mg/mL and were stored at �20 �C. For each experiment, drug
solutions were freshly prepared from the stock solution by addi-
tion of sterile water to afford concentrations suitable for the
experiment.


Cytotoxic effects of the drugs were measured by inhibition of
DNA synthesis. L1210 leukemia cells in RPMI-1640 plus 10% FCS
medium were seeded at 5 � 104 cells/well in a 96-well plate. Drugs
(10 lL) at increasing concentrations were added to each well, and
the total volume was adjusted to 0.1 mL/well with the same med-
ium. The plate was incubated for 24 h at 37 �C followed by addition
of 10 lL of 3H-thymidine (20 lCi/mL). The plate was incubated for
another 24 h. Cells were harvested and radioactivity was counted
using the Packard Matrix 96 beta counter. The percentage growth
inhibition was calculated as follows:


%growth inhibition = [(total cpm � experimental cpm)/total
cpm] � 100. This was used to estimate the IC50 values.

4.3. Analysis of albumin-(+)-FDI-CBIM conjugate formation


(+)-FDI-CBIM was dissolved in DMF to make a stock solution at
a concentration of 0.5 mg/mL. Human albumin (Guangzhou Beiyi
Pharmaceuticals, Guangdong, China; HSA > 80%) was dissolved
in a buffer containing 0.15 M sodium chloride, 4 mM sodium
phosphate at pH 7.4 to make a 20% solution. (+)-FDI-CBIM solu-
tion (0.5 mL) was added to 8 mL of HSA solution at 37 �C, and
the reaction mixture was mixed well. At the indicated time, an
aliquot (50 lL) of the reaction solution was removed and was
analyzed by HPLC. The products were eluted by a gradient of solu-
tions, of which phase A was a solution of acetonitrile:water:dieth-
ylamine (66/33.5/0.5) with a flow rate of 1 mL/min and phase B
was 100% acetonitrile. The products were detected at a wave-
length of 320 nm. At 320 nm, (+)-FDI-CBIM, but not HSA, was
detected. Therefore, there were basically only two peaks detected,
one of (+)-FDI-CBIM, and the other the (+)-FDI-CBIM–HSA
conjugate.


4.4. Effects on cell cycle


The proportion of cells at different phases of the cell cycle was
monitored by a flow cytometer. The DNA of cells was stained with
propidium iodide (PI). Briefly, exponentially growing cells
(2.0 � 105 cells/mL) were incubated in 6-well microtiter plates
with medium containing various concentrations of drugs in a final
volume of 4.0 mL. After drug treatment, cells were collected and
washed with PBS, then fixed and permeabilized in 70% ice-cold
ethanol overnight at �20 �C. After washing, fixed cells were incu-
bated with RNase A (200 lg/mL, Sigma) for 1 h at 37 �C and PI in
PBS for 30 min. Stained cells were then filtered through 47 lm
pore-size nylon meshes to ensure a single cell suspension and
immediately subjected to analysis by the flow cytometer (Beckman
Coulter, Miami, USA).


4.5. Antitumor activity in mouse tumor models


4.5.1. L1210 leukemia
L1210 leukemia cells (105 cells/mouse, 0.1 mL) were injected ip


into male BDF1 mice (6/group) on day 0. Drugs were administered
ip on day 1. Antitumor activity was determined by comparing the
median survival time of the treated groups (T) with that of a con-
trol group (C), and was expressed as a percentage of ILS [increase of
life span, where %ILS = (T/C � 1) � 100]. These calculations consid-
ered dying animals only. Long-term (30 days) survivors were noted
separately. The median number of days the untreated group of
mice (given the vehicle only) died was 6.5. Animals were moni-
tored and weighed daily.
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4.5.2. Colon 38 colon cancer
Colon 38 was obtained from the Developmental Therapeutics


Program Tumor Depository (Frederick, MD) at NCI, and was main-
tained by continuous sc passage by implanting 1 � 106 cells in syn-
geneic female C57BL/6 mice. For antitumor efficacy studies, female
BDF1 mice (18–22 g, 8/group) were implanted with 1 � 106 cells sc
on day 0. Drugs (0.2 mL/mouse) were given iv on days 1, 5, and 9.


Antitumor activity was expressed as the percentage of tumor
growth inhibition (TGI), which was calculated using the formula:
TGI = (1 � T/C) � 100%, where T is the mean treated-tumor weight
and C is the mean control-tumor weight. Tumors were measured
in two dimensions by caliper, and the recorded measurements are
converted to tumor mass using the formula: [V = (a � b2)/2],
where a is the longer, and b the shorter dimension. TGI was
determined when tumor weighed approximately 1–1.5 g. Cured
animals were excluded from TGI calculations, and were noted
separately. Those animals that were tumor-free on day 60 are
considered cured. Log10 cell kill = T � C(days)/3. 32 � Td, where
T � C represents the time taken for the cells to grow, which is
the mean time in days for the tumors of the treated group (T)
to reach a predetermined value (1 g for example) and the tumors
of the control group (C) to reach the same value, and Td repre-
sents the time in days needed for the volume of the tumor in
the control group to double.33


4.5.3. JC breast cancer
The murine mammary adenocarcinoma JC cell line was ob-


tained from ATCC, and was maintained by continuous sc passage
by implanting 1 � 106 cells in female Balb/C (Charles River) mice.
For antitumor efficacy studies, female Balb/C mice (8/group) were
implanted with 1 � 106 cells sc on day 0. Drugs (0.2 mL/mouse)
were given iv on days 1, 5, and 9. Antitumor activity was evaluated
using the same method as that described in the colon cancer
model.


4.5.4. Ovarian tumor xenografts
SKOV-3 was obtained from the ATCC. Female nude mice (CD1,


nu/nu), 19–22 g, 10 mice/group, were implanted sc with SKOV-3
(107 cells/mouse), and drugs were administered iv via the tail vein
when the tumor grew to approximately 100 mg. Paclitaxel was gi-
ven ip because of its poor solubility in water. Drugs (0.2 mL/
mouse) were given. Antitumor activity was evaluated using the
same method as that described in the colon cancer model.


4.5.5. Preliminary toxicity study
For the preliminary toxicity study, drugs were administered ip to


male BDF1 mice on day 0. Animals were monitored daily, and were
weighed every week. The experiment was terminated on day 180.
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Two pyridoacridine alkaloids, including a known petrosamine and a new 2-bromoamphimedine were
isolated from a Thai marine sponge Petrosia n. sp. The alkaloids were characterized on the basis of
1D and 2D NMR, MS, and IR spectroscopy. Only petrosamine showed strong acetylcholinesterase inhib-
itory activity approximately six times higher than that of the reference galanthamine. A computational
docking study of petrosamine with the enzyme from the electric eel Torpedo californica (TcAChE)
showed the major contribution to the petrosamine-TcAChE interaction to be arising from the quater-
nary ammonium group of petrosamine.


� 2008 Elsevier Ltd. All rights reserved.

1. Introduction


Neurodegenerative diseases involving impairment of cognitive
functions, such as the dementia of Alzheimer’s disease (AD), are
the most common health problems in elderly populations. The
rationale for the current major therapeutic approach to treating
AD is directed to the inhibition of acetylcholinesterase (AChE),
based on the hypothesis that this disease results from a defect in
the cholinergic system.1 Thus, AChE inhibitors are the most widely
developed compounds for the symptomatic treatment of this dis-
ease. Some AChE inhibitors like physostigmine or tarcine are
known to have limitations such as short half-life or side effects like
hepatotoxicity. Galanthamine, an amaryllidaceous alkaloid ob-
tained from Leucojum aestivum, is a long-acting, selective, revers-
ible, and competitive AChE inhibitor. Galanthamine has been
clinically used in Europe and the USA3 and is marketed as a hydro-
bromide salt under the trade name of Razadyne�, formerly Remi-
nyl�. This drug is known to produce significant improvement of
cognitive function in the treatment of AD and to have very low tox-

ll rights reserved.


+66 2 254 5195.
irux).

icity and side effects.2 However, to date, all long term studies have
shown clinical efficacy to decline with time as a result of either loss
of drug efficacy or the relentless progression of the disease. There-
fore, the search for novel potent, selective and less side effect AChE
inhibitors has been desirable.


In the course of our study for bioactive substances from marine
organisms, we have discovered two pentacyclic pyridoacridine
alkaloids, namely petrosamine (1) and 2-bromoamphimedine (2),
from a Thai marine sponge Petrosia n. sp. Marine invertebrates,
especially sponges, have been proven as a rich source of pyridoac-
ridine alkaloids which elaborate highly colored alkaloids based on
the 11H pyrido[4,3,2-mn]acridine skeleton.4 Since the discovery of
the first pyridoacridine alkaloid, amphimedine,5 more than 60
related alkaloids have been reported.6 Many of these alkaloids have
generated interests in their synthesis7 and biological activities,
including antifungal activity,8 anti-HIV activity,9 cytotoxic acti-
vity,10 and topoisomerase II inhibition through intercalation into
DNA.11 In this context, we describe the anti-AChE activity-guided
fractionation, structure elucidation, and AChE inhibitory activity
of compounds 1 and 2. The molecular docking study is focused
on predicting the binding modes of 1 and 2 to the AChE from the
electric eel Torpedo californica (TcAChE).



mailto:skhanit@chula.ac.th
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2. Results and discussion


2.1. Chemical structures of 1 and 2


In the preliminary examination, the blue crude MeOH extract of
a Thai marine sponge, Petrosia n. sp. showed a strong inhibitory ef-
fect on AChE. The MeOH extract was further partitioned to give the
EtOAc, n-BuOH, and aqueous extracts. All extracts were evaluated
for AChE inhibitory TLC bioassay as described by Rhee et al.12 Only
the n-BuOH extract exhibited activity by showing a clear active
zone at the blue spot (Rf 0.25; solvent system: organic phase of
CHCl3/MeOH/H2O, 5:10:6). The n-BuOH extract was then repeat-
edly chromatographed on Sephadex LH-20 columns followed by
high speed countercurrent chromatography (HSCCC) and silica
gel columns to afford petrosamine (1, 120 mg, 0.012% yield based
on the MeOH extract) and 2-bromoamphimedine (2, 3 mg,
0.0003% yield based on the MeOH extract).
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Compound 1 was obtained as blue needle crystals and identified


as the known petrosamine by extensive analyses of spectral data,
including 1D and 2D NMR, MS and IR, and comparison with previ-
ous reported data.13 Surprisingly, the 1H and 13C NMR data of 1 in
DMSO-d6 showed some different signals to the existing reported
data. 1 in DMSO-d6 existed as a keto form showing the methylene
signal (C-6) at dH 4.75 (2H, s) and dC 69.8, while the previous study
reported 1 as an enol form showing an olefinic proton signal at dH


7.70 (1H, s). To support the above data, 1 in DMSO-d6 was changed
to an enolate form by addition of 100 lmole NaOD and the 13C
NMR spectrum was examined. The co-appearance of the olefinic
carbon at dC 126.5 and the oxygenated olefinic carbon at dC 142.0
with the broad methylene carbon at dC 69.2 and the carbonyl car-
bon at dC 186.8 suggested the presence of the enolate–keto forms
of 1. However, 1 existed as the enol form in D2O or CD3OD.

The structure of 2 was elucidated by interpretation of NMR
and MS data and comparison to the NMR data of amphime-
dine.5 The TOFMS showed the pseudomolecular ion [M+H]+


and the isotopic peaks at m/z 392 and 394 with the ratio 1:1,
indicating the presence of one bromine atom in the molecule.
The molecular formula of C19H10N3O2Br was established by
the accurate mass from ESITOFMS showing the [M+H]+ peak
at m/z 392.0035. The UV spectrum showed maximal absorption
at kmax (MeOH) 236, 278, 309, and 371 nm indicating a polyh-
eteroaromatic system. In addition, the absorption band at
1680 cm�1 in the IR spectrum and the carbon signal at dC


174.7 in the 13C NMR spectrum revealed the presence of an
a,b-unsaturated ketone. Furthermore, the amide functionality
was readily assigned by the IR absorption at 1640 cm�1 and
the amide carbonyl carbon at dC 164.2 in the 13C NMR spec-
trum. The NMR data for 2 are summarized in Table 1. The 1H
NMR spectrum in CDCl3 of 2 showed seven aromatic protons
and one singlet of N-methyl protons. Due to the solubility lim-
itation of 2 in common organic solvents, 2 was dissolved in
CDCl3 added with 0.5 mmole TFA-d in order to obtain the bet-
ter S/N signals in the 13C NMR spectrum. In addition to the
above two carbonyl carbons, the 13C NMR spectrum in CDCl3/
TFA-d revealed one N-methyl carbon, seven aromatic methine
carbons, and nine quaternary carbons. Interestingly, the proton
signals of H-5 and H-6 appeared as well-defined doublets with
J = 5.5 Hz in CDCl3 and these signals became broad singlets and
moved downfield in CDCl3/TFA-d. Analyses of the 1H NMR and
1H,1H COSY spectra in CDCl3 indicated the presence of three
spin systems. The first system consisted of three coupled pro-
tons [dH 8.74 (1H, d, 1.9 Hz, H-1), 8.21 (1H, d, 8.7 Hz, H-4),
and 8.04 (1H, dd, 8.7, 1.9 Hz, H-3)] which were assigned to
the 1,2,4-trisubstituted aromatic ring (ring A). The second spin
system comprised two ortho-coupled protons in a pyridine ring
(ring D) with characteristic chemical shifts and coupling con-
stants at dH 9.30 (1H, d, 5.5 Hz, H-6) and 8.55 (d, 5.5 Hz, H-
5). The third system consisted of three singlet protons of the
N-methyl at dH 3.78 (3H, H3-14) and two olefinic protons at
dH 8.78 (1H, H-9), and 8.00 (1H, H-12) in ring E. The adjacency
of these partial structures was assured by the HMBC experi-
ment in CDCl3/TFA-d. Long-range H-C correlations observed in
the HMBC spectrum from H-4 to C-4a and C-4b supported
the connection between ring A and ring B. Correlations from
H-9 to C-12b and H-12 to C-12b ensured the connection be-
tween ring C and ring E. Furthermore, correlations from N-
CH3 protons to C-9 and C-11 confirmed the presence of the
amide functionality in ring E. The quaternary aromatic carbon
(dC 126.2) and the carbonyl carbon (dC 174.7) were assigned
to the remaining positions at C-7a and C-8, respectively. Inter-
estingly, the non-splitting broad signals of H-5 and H-6 in
CDCl3/TFA-d showed no correlations in the HMBC spectrum,
but the correlation between H-4 to C-5 confirmed the structure
of 2. Thus, 2 was established as a new 2-bromoamphimedine.


2.2. AChE inhibitory activity assay


To investigate the potential inhibitory effects on AChE of 1 and
2, the TcAChE inhibitory activity of each compound was measured
using a microplate reader based on the modified Ellman meth-
od.14 1 showed the IC50 value of 0.091 lM while galanthamine
showed the IC50 value of 0.590 lM (Fig. 1 and Table 2). The result
showed that 1 displayed potent AChE inhibitory activity about six
times the potency of the reference galanthamine whereas 2
showed very weak potency with IC50 higher than 300 lM. This
encouraging result led us to study molecular docking of 1 and 2
in order to assess their probable binding mode in the active site
of TcAChE.







Table 1
1H and 13C NMR data for 2


No. dC (mult)a dH (mult, J, Hz)b dH (mult, J, Hz)c HMBCc


1 126.9 (d) 8.74 (d, 1.9) 8.84 (d, 1.9) C-3, C-13a
2 117.9 (s)
3 138.1 (d) 8.04 (dd, 1.9, 8.7) 8.22 (dd, 1.9, 8.8) C-1, C-13a
4 133.7 (d) 8.21 (d, 8.7) 8.35 (d, 8.8) C-4a, C-4b, C-5, C-13a
4a 114.4 (s)
4b 122.0 (s)
5 122.7 (d) 8.55 (d, 5.5) 8.95 (br s)
6 146.0 (d) 9.30 (d, 5.5) 9.43 (br s)
7a 126.2 (s)
8 174.7 (s)
8a 113.4 (s)
9 145.7 (d) 8.78 (s) 8.90 (s) C-11, C-12a, C-14
11 164.2 (s)
12 115.6 (d) 8.00 (s) 8.17 (s) C-8a, C-9, C-11, C-12a, C-12b
12a 142.8 (s)d


12b 142.8 (s)d


12c 111.1 (s)
13a 144.9 (s)
14 39.7 (q) 3.78 (s) 3.80 (s) C-9, C-11


a 13C NMR (125 MHz), CDCl3/TFA-d.
b 1H NMR (300 MHz), CDCl3.
c 1H NMR (500 MHz), CDCl3/TFA-d.
d Overlapping signal.
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Figure 1. Inhibition effects of 1 (.) and galanthamine (j) on TcAChE. Percentage
inhibitions were assayed by the procedure described in the text. The points are
averages of one typical experiment done in triplicate.


Table 2
Estimated free energy of binding and IC50 values of the AChE inhibitors


Compound Estimated free energy of
binding (kcal/mol)


IC50
a (lM)


1DX6 1EVE


Galanthamine �20.58 �18.94 0.590 ± 0.099
1a �24.94 �24.50 0.091 ± 0.034
1b �24.56 �23.74
2 �14.89 �13.69 >300


a The IC50 values are expressed as mean ± standard deviations (n = 3) from
individual determinations, each performed in triplicate.
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2.3. Molecular docking study


Two different crystal structures (1DX6- and 1EVE-proteins) of
acetylcholinesterase (TcAChE), from the electric eel T. californica,
were used as the target protein in the molecular docking study.
These are TcAChEs complexed with galanthamine15 and donepezil,
respectively.16 The first structure was selected to be the reference
target protein while the latter one was used for evaluation of the
docking algorithm. If the docking results in terms of ligand’s orien-
tations and relative binding energies are similar to each other, this

would provide confident quality predictions of the petrosamine
and 2-bromoamphimedine binding to TcAChE enzyme.


To verify the method used, molecular docking of the reference
compound, galanthamine, was examined. The result showed that
the docked conformation of galanthamine reproduced its originally
bound conformation in TcAChE gorge15 of 1DX6-protein with the
root-mean-square deviation (rmsd) of 0.83 Å. This indicated the
reliability of the docking procedure which was used to predict
the binding modes of 1 and 2. Both forms of petrosamine, a keto-
form (1a) and an enol-form (1b), were taken into consideration re-
fer to the above experimental results which observed two possible
tautomers. The docking results for the four systems, galanthamine,
1a, 1b, and 2 in the two vicinities of TcAChE (1DX6- and 1EVE-pro-
teins), were compared in term of molecular orientation and esti-
mated free energy of binding as given in Figure 3 and Table 2,
respectively. In addition, the amino acid residues located around
the active site of TcAChE within the radius of 6 Å from the inhibitor
were analyzed and summarized in Table 3.


The obtained docking results for 1DX6 are comparable to those
of 1EVE in which the obtained free energies of binding�24.94 kcal/
mol (1EVE: �24.50 kcal/mol) of 1a and �24.56 kcal/mol (1EVE:
�23.74 kcal/mol) of 1b are significantly lower than that of
�20.58 kcal/mol (1EVE: �18.94 kcal/mol) of galanthamine. This
indicates higher potency of 1 compared to that of galanthamine.
The binding free energy of 2 (�14.89 kcal/mol in 1DX6 and
�13.69 kcal/mol in 1EVE) is highest in both systems. Taking the
above into account, the calculated binding free energies for both
systems are in the following order 1a � 1b < galanthamine� 2.
This is in good agreement with the experimental IC50 shown in
Table 2.


Regarding the binding of these compounds to TcAChE given in
Table 3, it was shown that almost 25 amino acid residues were ob-
served to locate within 6 Å far from the investigated inhibitors.
Note that among the catalytic triad,17,18 Ser200, His440 and
Glu327, only the first two residues were detected within this dis-
tance. Although, Glu327 lies longer than 6 Å away from all four
inhibitors, it indirectly binds to the inhibitors via the strong hydro-
gen bond network among the catalytic triad where the hydrogen
bond distances are 2.62 Å from Glu327 to His440 and 2.68 Å from
His440 to Ser200 (Fig. 2A.1–D.1). This is similar to what found in
the second protein, 1EVE, where the first distance of 2.82 Å and
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second one of 2.76 Å were shown in Figure 2A.2–D.2. These
remarkable interactions are direct interactions between the inhib-
itors and the two catalytic residues, Ser200 and His440. They were
observed only for galanthamine, 1a and 1b with distances between
heavy atoms laying in the range 2.6–3.7 Å (Fig. 2A–C). The lack of
these important interactions for 2 (Fig. 2D) could be one of the rea-
sons for its lower TcAChE inhibitory activity in comparison to the
other compounds. Additionally, strong interactions to the charge
residue of Glu199 were not observed for 2. The formation of a
strong hydrogen bond between galanthamine and Glu199 was ob-
served where the distance of 2.59 Å agrees well with that of 2.70 Å
yielded from the X-ray crystallography.15


Relative to galanthamine and 2, the docking data show that both
1a and 1b bind stronger and locate closer to the catalytic triad of the
binding gorge. Major interaction arises from the quaternary ammo-
nium group at ring D of 1. Strong electrostatic interaction between
N+ and Glu199 was indicated by the distances between N+ to O1
and O2 with distances of 4.76 Å (1EVE: 4.88 Å) and 4.14 Å (1EVE:
4.23 Å) for 1a and 4.79 Å (1EVE: 4.92 Å) and 4.00 Å (1EVE: 4.06 Å)
for 1b, respectively. Note that the O1–N and O2–N distances for 2
were increased by c.a. 2 Å and 1 Å, respectively. This clearly indicates
that the quaternary dimethyl ammonium group at ring D of 1 do-
nates the major and strong interactions to the key amino acid resi-
dues located on the binding site (Glu199 and Ser200).


Owning to our docking conformation, the obtained Phe330-
compound distances, defined in Figure 2A–D, are 4.50 Å (1EVE:
5.27 Å), 3.66 Å (1EVE: 4.12 Å), 3.60 Å (1EVE: 3.95 Å), and 3.76 Å
(1EVE: 4.10 Å) for galanthamine, 1a, 1b and 2, respectively. In addi-
tion, all compounds had direct p-p interactions between their six-
membered ring and Trp84 located above the inhibitor in which
two distances were detected in the range of 3.3–4.6 Å.


Summarizing, the binding orientation of the two highly potent
compounds, galanthamine and petrosamine (both keto and enol
forms) are fundamentally different; galanthamine forms a ‘p stack’
only with Trp84, whereas the charged amine of petrosamine
clearly forms the p–p interactions to both Trp84 and Phe330 as
well as interacting through a salt bridge with Glu199. In contrast,
the interaction of galanthamine with Glu199 occurs via a hydrogen
bond from a hydroxyl group in the ligand. The quoted distances
from the quaternary N of petrosamine to Glu199 serves to empha-
size the different binding orientation of petrosamine, compared to
galanthamine.


In Figure 3, the electrostatic potential surfaces for the above
mentioned residues, lying at the catalytic region, were calculated
for 1a and 2. Both plots show mainly negative (red) regions that
fit well to the positive charge substrate such as acetylcholine or
the positive charge inhibitors, such as 1. It is clearly demonstrated
by the electrostatic potential surfaces that 1 is more preferable
than 2 in term of electrostatic interaction. Moreover, the more
tightly binding of 1 to TcAChE in comparison to 2 appears to arise
from the lost of number of interactions with the surrounded
residues in the 2-bromoamphimedine/enzyme complex shown in
Table 3.

3. Conclusions


Two pyridoacridine alkaloids, including a known petrosamine
(1) and a new 2-bromoamphimedine (2) were isolated from a Thai
marine sponge, Petrosia n. sp. The AChE inhibitory assay revealed 1
to possess an IC50 value lower than galanthamine of about six
times. The molecular docking study demonstrated that the order
of free energy of binding of 1, 2, and galanthamine was in good
agreement with the IC50 values of their anti-AChE activity. The
docked conformations gave the explanation and understanding
for the binding mode of these compounds to their binding gorge







Figure 2. Predicted docking conformations of galanthamine (A), 1a (B), 1b (C) and 2 (D) in the catalytic triad binding gorges of TcAChE, 1DX6 and 1EVE.
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of TcAChE. One major observation found from computational dock-
ing is that the quaternary ammonium group at ring D of 1 donated
the major and strong interactions to the key amino acid residues,
Trp84, Glu199 and Ser220. Therefore, this study suggests petros-
amine as a new potent AChE inhibitor for neurodegenerative
diseases.

4. Experimental


4.1. Animal material


The greenish black sponge materials were collected in the inter-
tidal zone of Phuket Island, Thailand in June 2000, frozen on site,







Figure 3. The electrostatic potential surfaces of the amino acid residues located at the catalytic binding gorges of TcAChE, 1DX6 and 1EVE, with the docked bound
conformations of 1a (A) and 2 (B) (negative regions are in red and positive regions are in blue).
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and stored at �20 �C before extraction. The sponge was identified
as Petrosia n. sp. (Class Demospongiae, Order Haplosclerida, Family
Petrosiidae) by Dr. John N. A. Hooper of Queensland Museum,
South Brisbane, Australia. The voucher specimens of this sponge
(PK 00-01) and the underwater photographs are available from
our laboratory. A voucher specimen is also deposited at Queens-
land Museum under the specimen number QM G320225.


4.2. General experimental procedure


The IR spectra were measured on a Perkin-Elmer FT-IR 1760X
spectrometer. The UV spectra were obtained from a Shimadzu
UV-160A UV/vis spectrophotometer. The 1H and 13C spectra of 1
were recorded at 300 and 75 MHz, respectively, on a Bruker AD-
VANCE DPX-300 FT-NMR spectrometer. The 1H and 13C spectra of
2 were recorded on a JEOL JMN-A500 NMR spectrometer at 500
and 125 MHz, respectively. The chemical shifts (ppm) of the resid-
ual deuterated solvents (dH = 7.25, dC = 77.0 for CDCl3 and dH = 2.49,
dC = 39.7 for DMSO-d6) were used as references. Proton detected
heteronuclear correlations were measured using HMQC (optimized
for 1JHC = 145 Hz) and HMBC (optimized for nJHC = 4 and 8 Hz) pulse
sequences. The ESITOFMS were measured on a Micromass LCT
mass spectrometer, and the lock mass calibration was applied for
the determination of an accurate mass.


4.3. Extraction and isolation


Freshly thawed specimens of the sponge (10 kg wet wt) were
cut into small pieces and macerated four times with MeOH (8 L,
each). The combined extracts were concentrated in vacuo to obtain
the MeOH extract which was partitioned between EtOAc and H2O
to obtain the EtOAc extract (2 g) and the aqueous part. The aque-
ous part was further partitioned with n-BuOH to yield the active
n-BuOH extract (8 g). The n-BuOH extract was chromatographed

on Sephadex LH-20 columns by eluting with MeOH and followed
by HSCCC using the lower organic phase of CHCl3/MeOH/H2O
(5:10:6) to yield 7 fractions. The second fraction was chromato-
graphed on a silica gel column using CHCl3/EtOAc (1:4) as an elu-
ent and repeatedly purified by silica gel columns using the mixture
of the lower phase of CHCl3/MeOH/H2O (5:10:6) and CHCl3 in the
ratio 1:8 to yield 2 as a yellow solid (3 mg). The sixth fraction
was successively separated on a Sephadex LH-20 column by elut-
ing with MeOH/EtOAc (1:4) to yield a blue compound, 1 (120 mg).


4.3.1. Petrosamine (1)
Dark blue needles: mp > 330 �C; IR (film) 3056, 1644, 1583,


1531, 1494, 1422, 924, 838 cm�1, UV (MeOH) kmax (e) 286
(36,418), 346 (11,732), 369 (11,183), 414 (6,161) nm; 1H NMR
(DMSO-d6, 300 MHz) dH 3.83 (6H, s, H3-15/H3-16), 4.60 (3H, s,
H3-14), 4.75 (2H, s, H2-6), 7.92 (1H, dd, J = 2.0, 9.2 Hz, H-3), 8.37
(1H, d, J = 2.0 Hz, H-1), 9.16 (1H, d, J = 9.2 Hz, H-4), 9.17 (1H, d,
J = 5.3 Hz, H-11), 9.29 (1H, d, J = 5.3 Hz, H-12), 9.88 (1H, s, H-9);
13C NMR (DMSO-d6, 75 MHz) dC 48.3 (q, C-14), 53.1 (q, C-15/C-
16), 69.8 (t, C-6), 114.2 (s, C-7a), 114.3 (s, C-12c), 120.0 (s, C-4a),
121.7 (d, C-12), 122.9 (s, C-2), 126.3 (d, C-4), 128.8 (s, C-4b),
131.5 (s, C-12a), 131.8 (d, C-1), 135.1 (d, C-3), 139.9 (s, C-8a),
141.4 (s, C-12b), 142.1 (s, C-13a), 142.5 (d, C-11), 145.6 (d, C-9),
161.3 (s, C-8), 187.2 (s, C-5); HR FABMS m/z 422.0505 [M]+ (calcd.
for C21H17O2N3Br 422.0504).


4.3.2. 1+NaOD
13C NMR (DMSO-d6, 75 MHz) dC 47.8 (q, C-14, 1a+1b), 52.6 (q, C-


15/C-16, 1a + 1b), 69.2 (t, C-6, 1a), 113.7 (s, C-7a, 1a+1b), 113.7 (s,


C-12c, 1a+1b), 119.6 (s, C-4a, 1a+1b), 121.3 (d, C-12, 1a+1b),
122.5 (s, C-2, 1a+1b), 125.8 (d, C-4, 1a+1b), 126.5 (d, C-6, 1b),
128.3 (s, C-4b, 1a + 1b), 131.0 (s, C-12a, 1a+1b), 131.4 (d, C-1,


1a+1b), 134.6 (d, C-3, 1a+1b), 139.5 (s, C-8a, 1a+1b), 141.0 (s, C-


12b, 1a+1b), 141.7 (s, C-13a, 1a + 1b), 142.0 (d, C-5, 1b), 142.0 (d,
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C-11, 1a+1b), 145.1 (d, C-9, 1a+1b), 160.8 (s, C-8, 1a+1b), 186.8 (s,


C-5, 1a).


4.3.3. 2-Bromoamphimedine (2)
A yellow solid: mp > 300 �C; IR (film) 1680, 1640, 1593 cm�1,


UV (MeOH) 236 (23,225), 278 (8,680), 309 (8,797), 371 (4,653)
nm; ESITOFMS m/z 392.0035 [M+H]+ (calcd. for C19H11O2N3Br
392.0034); 1H (500 MHz) and 13C (125 MHz) NMR data see Table 1.


4.4. AChE inhibitory activity assay


4.4.1. Chemicals
Acetylthiocholine iodide (ATCI), TcAChE, bovine serum albumin


(BSA), 5,5-dithiobis[2-nitrobenzoic acid] (DTNB), and galantha-
mine were obtained from Sigma (St. Louis, MO). All organic sol-
vents (analytical grade reagent) were purchased from Merck
(Darmstadt, Germany). 50 mM Tris–HCl pH 8.0 was used as a buf-
fer throughout the experiment unless otherwise stated. TcAChE
used in the assay was from the electric eel, Torpedo californica (type
VI-S lyophilized powder, 480 U/mg solid, 530 U/mg protein). The
lyophilized enzyme was prepared in the buffer to obtain 1130 U/
ml stock solution. The enzyme stock solution was kept at �80 �C.
The further enzyme-dilution was dissolved in 0.1% BSA in buffer.
DTNB was dissolved in the buffer containing 0.1 M NaCl and
0.02 M MgCl2. ATCI was dissolved in deionized water.


4.4.2. TLC assay
The TLC combined with bioassay for AChE inhibitors was


modified from the method of Rhee et al.12 The samples were dis-
solved and spotted on the silica gel TLC plate. After having
developed the TLC plate in the appropiate solvent system, the
plate was dried at room temperature and then sprayed with
30 mM ATCI followed by 20 mM DTNB. The plate was dried at
room temperature for 45 min and then sprayed with 10.17 U/
ml TcAChE. After 20 min, the plate was observed under visible
light. The TLC plate appeared as a yellow background with white
spots of AChE inhibitory compounds.


4.4.3. Microplate assay
The assay for AChE inhibitory activity was performed accord-


ing to the methods developed by Ellman et al.19 and Ingkaninan
et al.14 Briefly, 125 ll of 3 mM DTNB, 25 ll of 15 mM ATCI, 50 ll
of Tris-buffer, and 25 ll of sample solution were added to the
wells followed by 25 ll of 0.28 U/ml TcAChE. The microplate
was then read at 405 nm every second for 2 min by a CERES
UV 900C microplate reader (Bio-Tek instrument, USA). The veloc-
ities of the reactions were measured. Enzyme activity was calcu-
lated as a percentage of the velocities of the samples compared
to that of the blank. Inhibitory activity was calculated by deduc-
ing the percentage of enzyme activity from one hundred percent.
Each experiment was done in triplicate. The IC50 value, corre-
sponding to the inhibitor concentration that causes 50% inhibi-
tory activity, was determined with the software package Prism
(Graph Pad Inc, San Diego, USA) using 8–10 different concentra-
tions of the inhibitors.


4.5. Molecular docking experiment


The molecular docking was carried out to investigate the bind-
ing mode using AutoDock version 3.0.20 Since, galanthamine has
been used in the AChE inhibitory assay, the crystal structure of
AChE complexed with galanthamine, PDB code: 1DX6,15 was cho-
sen to represent the enzyme structure in this present work. In
addition, the second crystal structure, AChE complexed with
donepezil (PDB code: 1EVE),16 was used for the docking procedure
to determine if the same general orientation and relative free

energies of inhibitor-enzyme binding were obtained. Initially,
galanthamine was taken out from the TcAChE complex and then
docked back to its binding gorge of the enzyme to validate the pro-
cedure of docking.


For ligand setup, the atomic coordinates of galanthamine were
directly obtained from the crystal TcAChE complex (1DX6) and
then added up with the hydrogen atoms by taking into account
the hybridization of the covalent bonds. The structure of 1 was ta-
ken from the NCI database which was subsequently modified to
generate the new alkaloid 2. All ligand geometries were optimized
with the HF/3-21G level of theory on the Gaussian98 software
package21 in order to adjust bond lengths and angles involving
hydrogen atoms. Atomic charges of ligand were assigned using
the Gasteiger–Marsili formalism.22 The compounds were then set-
up for docking with the help of AutoTor. In contrast, both polar and
non-polar hydrogen atoms were added to the protein. The Kollman
all-atom charges and atomic solvation parameters were then
assigned.


The grid maps representing the protein were calculated with
AutoGrid. The grids (one for each atom type in the ligand, plus
one for the electrostatic interactions) were chosen to be suffi-
ciently large to include not only the binding gorge but also sig-
nificant portions of the surrounding surface. The dimensions of
the grid were 60 Å � 60 Å � 60 Å, with a spacing of 0.375 Å be-
tween the grid points and the center on the reference com-
pound, galanthamine. The docking search for the orientations
of ligand binding to the gorge of TcAChE was carried out using
the new empirical free energy function and the Lamarckian ge-
netic algorithm.
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Cu ions and GSH molecules interact to swiftly form the complex Cu(I)–glutathione. We investigated the
potential capacity of such complex to reduce molecular oxygen. The addition of SOD to a solution con-
taining Cu(I)–glutathione led to a sustained decline of the basal oxygen level. Such effect was partially
reverted by the addition of catalase. The complex was able to induce the reduction of cytochrome c
and the oxidation of dyhydroethidium into 2-hydroxyethidium. Both effects were totally blocked by
SOD. The ability of the complex to generate superoxide radicals was confirmed by EPR spin-trapping.
Cu(I)–glutathione induce no oxidation of fluorescein, a hydroxyl radical-sensitive probe. We conclude
that in solutions containing the complex, oxygen is continually reduced into superoxide, and that—in
absence of interceptors—the latter radicals are quantitatively re-oxidized into molecular oxygen. We sug-
gest that by functioning as a continuous source of superoxide, the complex could potentially affect a
broad range of susceptible biological targets.


� 2008 Elsevier Ltd. All rights reserved.

1. Introduction


Reduced glutathione (GSH), c-glutamyl-cysteinyl-glycine, is the
single most abundant non-protein thiol-containing molecule with-
in cells. While the intracellular concentration of GSH ranges from 2
to 8 mM, the tripeptide occurs extracellularly in concentrations
ranging from 5 to 15 lM.1–3 The occurrence of a thiol moiety in
the GSH molecule endows it with the potential to act as a reduc-
tant by donating an electron to some endogenous acceptors, and
to behave as a stabilizer of free radicals by donating a hydrogen
atom to the latter species.4,5 Although both modes of action could
implicate an antioxidant effect, under conditions involving the co-
occurrence of a transition metal, such as copper, the tripeptide
might also promote a pro-oxidant effect through a metal-reducing
action.6–8 In the latter case, the reduction of Cu2+ ions by GSH Rx1
could give place to the formation of a redox-active species capable
of catalyzing the subsequent reduction of molecular oxygen into
superoxide anion Rx2, and that of hydrogen peroxide into hydroxyl
radical4,9 (Rx3; k � 4.7 � 103 M�1 s�1).


2Cu2þ þ 2GSH�!2Cuþ þ GSSG ðRx1Þ
Cuþ þ O2 ��! ��Cu2þ þ O2


�� ðRx2Þ


Cuþ þH2O2�!Cu2þ þHO� þHO� ðRx3Þ

ll rights reserved.


+56 2 221 4030.

Although the biological conditions which define the prevalence
of an antioxidant versus a pro-oxidant action are not fully under-
stood, there is evidence which implicates the interaction between
GSH and Cu2+ ions in the promotion of both kinds of actions. For
instance, GSH can enhance copper-dependent DNA cleavage in
vitro,10,11 probably as a result of redox-cycling of a stable
copper–DNA complex.12 In the case of LDL molecules, however,
GSH strongly inhibits Cu2+-dependent LDL oxidation.13 In cells
over-exposed to copper, the tripeptide has been found to largely
ameliorate or even prevent the oxidative damage induced by
the metal.14–18 The protecting effects of glutathione against cop-
per-induced cell damage are attributed not only to its antioxi-
dant-related functions,3,5 but also to the ability of the GSH
molecule to interact directly with Cu2+ ions, sequestering the
metal under a form which otherwise would indiscriminately bind
to essential macromolecules.19 In the presence of a GSH excess,
the protection would involve a reduction of Cu2+ ions, which is
followed by the formation of a Cu(I)–glutathione complex.14–16


In non-cellular systems such complex is swiftly formed when
GSH and Cu2+ ions are mixed in a molar ratio equal to or greater
than 3:1.6,20–23 Interestingly, Spear and Aust24 observed that,
depending on whether such ratio is lower or greater that 3:1,
copper-dependent oxidative damage to DNA can be either exacer-
bated or totally prevented by GSH, respectively. The intracellular
occurrence of the Cu(I)–glutathione complex has been reported in
copper-exposed hepatoma cell lines.14–16 Although the biological
role of the complex has not been fully established, it is believed
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to play a role as copper-carrier to several copper-dependent en-
zymes20,25 and to various copper-storing14–16 and copper-trans-
porting proteins.25


Interestingly, despite containing copper under the Cu(I) form,
the copper–glutathione complex has been reported to be very sta-
ble in aqueous solutions even in the presence of oxygen.20,21


According to the prevalent view, the cuprous ion in the complex
is stabilized by the glutathione molecule in such a way that it pre-
vents the metal from reacting with either oxygen12 or hydrogen
peroxide.12,26 In the present study, we have undertaken experi-
ments whose results contend with the view that the Cu(I)–gluta-
thione complex is indeed redox-inactive towards oxygen. In fact,
we provide evidence that, when present in aqueous solutions,
the Cu(I)–glutathione complex continually reacts with molecular
oxygen to generate superoxide anions, and that as a result of this,
the complex can induce either the oxidation or the reduction of
molecules which are redox-susceptible towards superoxide.


2. Results


The overall aim of the studies described below was to evaluate
the hypothesis that the Cu(I)–glutathione complex, present in a
pre-incubated (3:1) GSH plus Cu2+ mixture, reacts continually with
molecular oxygen to generate superoxide anions.


2.1. Oxygen consumption experiments


According to above-stated hypothesis, the addition of a mixture
containing the Cu(I)–glutathione complex to an aqueous solution
containing a basal level of molecular oxygen should lead to a con-
tinuous decline in the concentration of oxygen dissolved in the
solution. As shown in Figure 1, contrary to what was expected,
the concentration of oxygen in the solution remained largely unal-
tered during, at least, the first 30 min after addition of the complex.
Upon addition of SOD, however, the concentration of oxygen
started to rapidly decline. This descent was steady, sustained and
to some extent proportional to the amount of SOD (from 100–
300 U/mL) added to the complex-containing solution. Since SOD
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Figure 1. Changes in oxygen concentration in a solution containing the Cu(I)–gl-
utathione complex. Oxygen concentration was continuously monitored (0–30 min)
in a phosphate buffer solution (pH 7.4) containing a 15-min pre-incubated mixture
of 900 lM GSH plus 300 lM Cu2+ both, in the absence (M) and in the presence of
added SOD, (h)100 U/mL, (s) 200 U/mL or 300 U/mL (}). SOD was added at the
moment of assaying the concentration of oxygen in the mixtures. The symbol �
represents the existence of a significant difference (p < 0.05) between the value
obtained in the absence and that obtained in the presence of SOD. The symbol ��
represents the existence of a significant difference (p < 0.05) between the signalled
value and that obtained with the closest lower SOD concentration.

catalyzes the dismutation of two moles of superoxide into only
one mol of oxygen and one mol of hydrogen peroxide Rx4, the de-
cline in oxygen concentration seen after addition of SOD is consis-
tent with the hypothesis that SOD-removable superoxide anions
are being continually generated by the Cu(I)–glutathione contain-
ing solution.


2O2
�� þ 2Hþ �!SOD


H2O2 þ O2 ðRx4Þ

2.2. EPR studies


Figure 2 A depicts a typical EPR spectrum of Cu2+ ions (5 mM). A
G value of 2.051 was calculated. When Cu2+ ions were pre-incu-
bated for 15 min in the presence of 15 mM GSH, no paramagnetic
signal was detected (not shown). Likewise, no paramagnetic signal
was seen when the time of pre-incubation of the GSH/Cu2+ mixture
was prolonged from 15 to 300 min. To evaluate whether the GSH/
Cu2+ mixture is capable of generating superoxide anions, the spin
trap DMPO (100 mM) was added. Figure 2B, which depicts the
DMPO-derived spectrum after having pre-incubated GSH
(15 mM) plus Cu2+ (5 mM) for 15 min, reveals the presence of lines
that are consistent with the trapping of O2


�� radicals. The adduct
formed between DMPO and O2


�� is unstable and decomposes to
produce, among several products, DMPO-OH, which is also gener-
ated by direct reaction with HO�.27,28 The latter could account for
the simultaneous occurrence of signals corresponding to both
superoxide and hydroxyl radicals, as suggested by the EPR spec-
trum depicted in Figure 2B. The appearance of the latter signal
was prevented when the GSH/Cu2+ mixture was incubated
(15 min) in the presence of SOD (300 U/mL); SOD addition gener-
ated a spectrum similar to that obtained in absence of the complex
(not shown).


Pursuant to demonstrating that the addition of SOD prevented
the Cu(I)–glutathione complex from generating the previously
mentioned DMPO adduct, we became interested in assessing
whether, in the absence of DMPO, removal of superoxide radicals
by SOD could result in the appearance of a paramagnetic properties
of the complex. The spectrum in Figure 2C, obtained 45 min after
incubating a mixture of GSH/Cu2+ (15 mM:5 mM) and SOD
(200 U/mL), reveals the presence of a paramagnetic signal compat-
ible with a Cu(II)-complex. This latter was found to be highly sim-
ilar to the hyperfine spectrum obtained upon mixing Cu2+ ions plus
GSSG (5 mM each), which results in the swift formation of the
complex Cu(II)–GSSG (Fig. 2D).29,30


2.3. Dihydroethidium oxidation experiments


The postulated ability of the Cu(I)–glutathione complex to
generate superoxide anions was also assessed by measuring the in-
crease in fluorescence which arises from oxidizing dihydroethidi-
um, a probe widely used to make evident the formation of such
radicals.31 As shown in Figure 3, the incubation of DHE (50 lM)
with a 15 min pre-incubated GSH (75 lM) plus Cu2+ (25 lM)
mixture, led to a time-dependent increase in fluorescence. Identi-
cal results were seen for Cu(I)–glutathione containing mixtures
pre-incubated during either 15 or 90 min. The increase in fluores-
cence induced by the complex-containing mixture was virtually
unaffected by the addition of catalase (100 U/mL) which removes
the hydrogen peroxide resulting from the superoxide-dependent
DHE oxidation. In turn, the addition of SOD (100 U/mL) to such
mixture completely blocked such effect. No changes in fluores-
cence were detected when DHE was incubated with a mixture of
Cu2+ (25 lM) plus GSSG (75 lM) (data not shown). Recent studies
using HPLC have revealed that the oxidation of DHE induced by
superoxide-generating systems (such as KO2 or xanthine/xanthine







Figure 2. EPR spectra of Cu2+ ions and EPR spin-trapping of superoxide radicals. (A) Typical EPR spectrum of Cu2+ ions (5 mM); (B) spectrum resulting from adding DMPO
(100 mM) to a sample containing the Cu(I)–glutathione complex (GSH 15 mM/Cu2+ 5 mM); (C) spectrum obtained 45 min after the addition of SOD (200 U/mL) to a GSH/Cu2+


mixture (15 mM:5 mM; pre-incubated during 15 min); (D) spectrum of a solution containing the Cu(II)–GSSG complex, prepared by mixing Cu2+ and GSSG, at 5 mM each.
Experimental and instrumental EPR conditions were as described in Section 5.
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Figure 3. Dihydroethidium oxidation by the Cu(I)–glutathione complex. DHE oxi-
dation products were monitored during 45 min and expressed as the increase in the
relative fluorescence units (excitation 470 nm and emission 590 nm) that followed
the addition of DHE (50 lM) to a solution containing the Cu(I)–glutathione complex
(GSH 75 lM/Cu2+ 25 lM). Symbols represent the fluorescence of a solution con-
taining DHE alone (s), or that resulting from adding DHE to a mixture of GSH plus
Cu2+, pre-incubated during either 15 min (M) or 90 min (}). The symbols (j) and
(N) represent the addition of DHE to a mixture containing the Cu(I)–glutathione
complex (pre-incubated during 15 min) in the presence of SOD or catalase (100 U/
mL each), respectively.
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oxidase), involves two different fluorescent products, 2-hydroxy-
ethidium and ethidium.32,33 While the generation of the former
occurs specifically by interaction with superoxide, the latter is

not linearly related to superoxide concentration. In fact, E+ forma-
tion can be induced by other oxidants and/or secondarily in more
complex pathways of DHE oxidation.32,34 To obtain additional evi-
dence on the postulated ability of the Cu(I)–glutathione complex to
generate superoxide anions, the formation of E-OH during the
incubation of DHE with a 3:1 GSH/Cu2+ mixture was assessed. After
separation by HPLC, the fluorescence of DHE and its major reaction
products (E-OH and E+) is depicted in Figure 4A and B, respectively.
The oxidation of DHE induced by the Cu(I)–glutathione complex
led to a decrease in peak p1, corresponding to DHE, and to a
concomitant increase in peaks p2 and p3. While p3 corresponded
to ethidium (confirmed through the use of a standard), p2 was
inferred to represent E-OH since only the increase in this peak
was totally abolished by the addition of SOD to the incubation
(not shown). The chromatogram in Figure 4B also shows a small
peak p4, whose identity remains to be established. While its
appearance in the chromatogram of the DHE plus GSH/Cu2+ mix-
tures was unaffected by the addition of SOD, its emergence could
be induced by the sole addition of Cu2+ ions to DHE (data not
shown).


The quantitative changes, expressed as fold-increments relative
to the basal area (concentration) of E-OH and E+, following the
incubation of DHE with a GSH/Cu2+ mixture, are depicted in Figure
5. The complex-containing mixture induced a time-dependent in-
crease in the concentration of both fluorescent products. However,
in the case of E-OH, the increment was faster during the first
30 min of incubation, and after 90 min it had reached approxi-
mately 20-fold; in the case of E+, the maximal increment was near
10-fold. While the addition of SOD to the incubation of DHE with
the Cu(I)–glutathione complex virtually abolished the increment
in E-OH concentration, the increment in E+ was unaffected by SOD.
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Figure 4. HPLC chromatogram of dihydroethidium and its major oxidation prod-
ucts. (A) peak corresponding to DHE (50 lM); (B) peaks resulting from incubating
DHE for 90 min in the presence of the Cu(I)–glutathione complex (GSH 75 lM/Cu2+


25 lM). Peaks p1, p2 and p3 correspond to DHE, 2-hydroxyethidium, and ethidium,
respectively. Peak p4 was not identified. HPLC conditions were as described in
Section 5.
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Figure 5. Oxidation-dependent changes in dihydroethidium fluorescence. DHE
(50 lM) was added to a solution containing the Cu(I)–glutathione complex (GSH
75 lM/Cu2+ 25 lM) and the mixture was incubated during 0–90 min. Samples
obtained along the incubation were assayed by HPLC for the two major DHE oxi-
dation products: 2-hydroxyethidium and ethidium. Results are expressed as rela-
tive area units and represent the fold-number increase in the basal area (as defined
by the area obtained after 1 min of incubation). The symbols correspond to the
changes in 2-hydroxyethidium (squares) and ethidium (circles) which followed
the incubation of DHE plus the complex both, in the absence (open symbols) or
presence of 200 U/mL SOD (dark symbols).
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Figure 6. Oxidation-dependent changes in the fluorescence of fluorescein. Fluo-
rescein (20 nM) was added to a solution containing the Cu(I)–glutathione complex
(GSH 75 lM/Cu2+ 25 lM) and the mixture was incubated for 0–50 min. The decrease
in fluorescence resulting from fluorescein oxidation was expressed as changes in
the relative fluorescence units. The symbols correspond to a solution containing
fluorescein alone (�), or to solutions containing fluorescein plus either Cu(I)–glut-
athione (h), Cu(I)–glutathione/H2O2 (j), ascorbic acid/Cu2+ (}), or ascorbic acid/
Cu2+/H2O2 (�). Further details and the corresponding concentrations are described
in Section 5.
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2.4. Fluorescein oxidation experiments


To evaluate the possibility that the Cu(I)–glutathione complex
could also generate hydroxyl radicals, the decrease in fluorescence
resulting from the oxidation of fluorescein was measured. The
addition of a 15 min pre-incubated (3:1) GSH/Cu2+ mixture to a
system containing fluorescein did not affect the relative fluores-
cence values (Fig. 6). When hydrogen peroxide was added to the
complex-containing mixture, a slight but non-significant decline
(p > 0.1) in the fluorescence was observed. In contrast, a swift
and substantial decrease in fluorescence was observed when
hydrogen peroxide, Cu2+ and ascorbic acid (as Cu2+-reducing agent)
were added. Comparatively, in the absence of added peroxide, the
copper–ascorbate mixture induced only a minor oxidation of fluo-
rescein. The latter effect is likely to reflect the one-electron reduc-
tion of hydrogen peroxide molecules which are produced through
the autodismutation of superoxide anions generated during the di-
rect interaction between oxygen and ascorbate-reduced Cu+ ions.


2.5. Cytochrome c-reduction experiments


To further make evident the ability of the Cu(I)–glutathione
complex to generate superoxide radicals, the capacity of the pre-
incubated (30 lM:10 lM) GSH plus Cu2+ mixture to reduce cyto-
chrome c was evaluated. As shown in Figure 7A, the addition of
such mixture to a solution containing Cyt c led to a rapid and sub-
stantial reduction of the cytochrome (expressed as an increment in

the OD550nm). The initial rate of Cyt c reduction induced by the mix-
ture was only slightly slower than that induced by the addition of a
xanthine/xanthine-oxidase mixture, a well-recognized O2


��-gener-
ator. The sole addition of GSH (30 lM) had, in turn, no Cyt c-reduc-
tion effect. An identical Cyt c-reducing capacity was observed
when a GSH/Cu2+ (30 lM:10 lM) mixture pre-incubated during
60 min instead of 15 min was assessed (not shown). Figure 7B de-
picts the results from adding SOD to a complex-containing mixture
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Figure 7. Superoxide-dependent reduction of cytochrome c by the Cu(I)–glutathi-
one complex. Cytochrome c reduction was assessed by monitoring the increase in
OD550nm that followed the addition of Cyt c (50 lM) to a solution containing: (A) the
Cu(I)–glutathione complex (M; GSH 30 lM/Cu2+ 10 lM), GSH alone (h; 30 lM), or a
mixture of xanthine/xanthine oxidase (O; 0.5 mM, 40 mU/mL); (B) the Cu(I)–glut-
athione complex alone (M; GSH 30 lM/Cu2+ 10 lM), or the same complex added
SOD directly—namely, during the reduction assay—at 50 U/mL (h) or 150 U/mL (}).
The symbol (s) represents a system in which Cyt c was added to a Cu(I)–glutath-
ione solution that—prior to the reduction assay—had been pre-incubated with SOD
(50 U/mL) during 60 min. The symbol * represents the existence of a significant
difference (p < 0.05) between the signalled value and all other experimental points.
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on the ability of the latter to reduce Cyt c. The direct addition of
50 U/mL of SOD to the mixture led to a partial decrease in the ex-
tent of Cyt c reduction. Comparatively, the addition of 150 U/mL of
SOD to such mixture totally prevented the ability of the latter to
reduce Cyt c. However, when previous to the Cyt c assay, the com-
plex-containing mixture was pre-incubated with 50 U/mL of SOD
during 60 min, the resulting mixture failed to promote any reduc-
tion of Cyt c. Similarly, a total absence of Cyt c-reducing capacity
was seen when the GSH plus Cu2+ mixture was incubated during
60 min in the presence of SOD plus catalase (50 U/mL each) (not
shown).


3. Discussion


The formation and occurrence of the Cu(I)–glutathione complex
has been well documented both, in non-cellular systems6,20–23,35 as
well as within cells exposed to copper excess.14–16 From a redox
point of view, the intracellular occurrence of Cu(I)–glutathione is
of interest since this complex has been shown to be quite stable
in aqueous solutions even in the presence of molecular oxygen.20,21


In fact, early work by Ciriolo et al.20 demonstrated that, when a
solution containing the Cu(I)–glutathione complex was incubated
at 37 �C under aerobic conditions, neither its 1H NMR nor its EPR

(Cu(II)-absent) spectra underwent changes, for at least 5 h after
its preparation. To explain the stability of the Cu(I)–glutathione
complex in oxygen-containing solutions, it has been proposed that
upon chelating the metal, the glutathione molecule would stabilize
the Cu(I) ion under a form that renders the complex redox-inactive
towards oxygen.12 Our study contends with this concept as it
provides direct evidence for the ability of the complex to reduce
oxygen. In fact, based on our results, we postulate that the Cu(I)–
glutathione complex would continually react with molecular oxy-
gen to generate superoxide anions Rx5.


CuðIÞ-complexþ O2 ��! ��CuðIIÞ-complexþ O2
�� ðRx5Þ


Initial support for the latter emerged from the demonstration
that, in a solution containing the Cu(I)–glutathione complex, the
basal level of oxygen started to decay only upon addition of SOD.
Such a result can be construed as an indication that superoxide an-
ions are being continually generated by the complex Rx5. Since
SOD catalyzes the conversion of two moles of superoxide into
one mole of oxygen and one of hydrogen peroxide (Rx4;
k � 2 � 109 M�1 s�1), the descent in oxygen concentration ob-
served after SOD addition is likely to reflect only half of the actual
extent of superoxide radicals formed. In accordance to Rx6
(k � 2 � 107 M�1 s�1), the addition of catalase led to a partial rever-
sal of the ongoing descent in oxygen concentration induced by the
prior addition of SOD.


2H2O2 �!
Catalase


2H2Oþ O2 ðRx6Þ


To explain why in a solution containing the complex, the basal
level of oxygen remains unaltered in the absence, but not in the
presence of SOD, we propose that SOD-removable superoxide
anions are permanently generated by the complex, and that in
the absence of SOD, such radicals are continually and quantitatively
re-oxidized into oxygen Rx5. It could be speculated that while the
reduction of oxygen into superoxide anions involves the obliged
oxidation of the complex, the re-generation of molecular oxygen
would involve the use of superoxide as reductant of an ‘oxidized
form’ of the complex. Consistent with the latter, in our EPR experi-
ments we observed that the addition of SOD to a Cu(I)–glutathione
containing solution results in a paramagnetic signal which reveals
that a Cu(II)-containing complex has formed. The high similarity
seen between the paramagnetic signal of the latter and that of a
solution containing a preformed Cu(II)–GSSG complex,29,30 strongly
suggests that the structure of the ‘oxidized form’ of the complex
postulated in this study corresponded to Cu(II)–GSSG.


Further evidence of the ability of the Cu(I)–glutathione complex
to generate superoxide anions emerged from using DHE as a super-
oxide probe.31 Noteworthy, the oxidation of this probe is not
subjected to artefactual redox-cycling,36 and it is unaffected by
reductants such as glutathione37 or oxidants such as hydrogen
peroxide.32 Coherent with the concept that superoxide radicals are
generated by the Cu(I)–glutathione through the continuous reduc-
tion of molecular oxygen, we observed that this complex induced
a marked increment in the fluorescence of DHE oxidation products.
We confirmed that DHE oxidation was indeed caused by superoxide
anions by showing a sustained increment in the formation of
2-hydroxyethidium, a metabolite whose formation is generated
solely upon the interaction between DHE and superoxide.32,33 The
latter effect was totally abolished by the presence of SOD.


Additional support for the ability of the Cu(I)–glutathione com-
plex to generate superoxide anions was obtained by the demon-
stration that the complex is also effective in inducing the
reduction of cytochrome c. Likewise, as seen in the oxygen and
DHE experiments, Cyt c reduction was also found to be both sus-
tained in time and susceptible to be inhibited by SOD. Interest-
ingly, we observed that SOD could induce a total inhibition of
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Cyt c reduction, either when sufficient amounts of the enzyme
were added together with the complex directly to the Cyt c-con-
taining solution or when, amounts of SOD previously shown to
be insufficient to induce total inhibition of Cyt c reduction, were
pre-incubated with the complex and then added to the Cyt c-con-
taining solution. In the latter case, a 60 min preincubation (instead
of 3 min) was needed to attain total inhibition. Presumably, the
need to prolong the preincubation appears to reflect that, at least
when no superoxide interceptors such Cyt c are present, the com-
plex generates (or releases) superoxide anions at a relatively slow
rate. The preincubation of the complex with SOD during 60 min is
likely to have provided enough time for the enzyme to dismutate
the total amount of O2


�� anions susceptible to be generated by
the complex during such preincubation time period. According to
our postulate, removal of O2


�� anions by SOD would preclude the
Cu(I)–glutathione complex from being regenerated from its ‘oxi-
dized form’. Since the effect of SOD was not altered by the co-addi-
tion of catalase, the loss of ability of the SOD-pre-incubated
complex to reduce Cyt c is not attributable to hydrogen peroxide
accumulation.


In addition to the use of molecules susceptible to undergo oxi-
dation or reduction as probes for evidence of the formation of
superoxide anions, the present study also supports the formation
of such radicals by showing their direct spin-trapping with DMPO.
Although the resulting EPR spectrum suggests that some hydroxyl
radicals might also be formed (aN = 14,8 G), the latter would be
rather attributable to the unstable character of DMPO-OOH adduct,
known to easily undergo decomposition into the product gener-
ated by the reaction between the DMPO and HO� radicals.27 In addi-
tion, the GSH molecules present in the 3:1 GSH/Cu2+ mixture, could
themselves induce a two-electron reduction of DMPO-OOH into
DMPO-OH.28 Most importantly, however, we observed that the for-
mation of the DMPO spectrum generated by the Cu(I)–glutathione
could be totally prevented when SOD was added (not shown). On
the other hand, results from experiments conducted with fluores-
cein, a highly sensitive probe for hydroxyl radicals38 but insensitive
to superoxide anions,39 would rule out the possibility that, in addi-
tion to generating superoxide, the complex also generates hydroxyl
radicals. The lack of ability of the Cu(I)–glutathione complex to
reductively decompose hydrogen peroxide into HO� observed by
us confirms results by others investigators.12,24,26,40 However, the
current study demonstrates that the purported redox stabilization
of Cu(I) in the complex does not limit the ability of the metal to re-
act with molecular oxygen. While we agree with the reputed sta-
bility of the complex in oxygenated aqueous solutions,20,21 we
believe that such stability does not involve a redox-inactivity of
the complex towards oxygen.


4. Conclusions


Based on the use of SOD, various superoxide-susceptible probes,
and an agent capable of spin-trapping superoxide radicals, we con-
clude that in solutions containing the Cu(I)–glutathione complex,
oxygen is continually reduced into superoxide, and that—in the ab-
sence of superoxide interceptors—the latter radicals would be
quantitatively re-oxidized into molecular oxygen. At this point, it
would seem reasonable to assume that the formation of superox-
ide occurs in a reversible manner and with a very fast back reac-
tion, much like recently proposed for mitochondrial formation of
superoxide.41 The latter contention provides a basis to explain
the undisputable stability of the Cu(I)–glutathione complex under
aerobic conditions.20,21 More importantly, however, we consider
that the redox-activity of the complex towards oxygen reported
here could imply that, by functioning as a continuous source of
superoxide radicals, the complex could participate or affect a broad

range of susceptible target molecules. Future studies to further
characterize the redox-activity of the Cu(I)–glutathione complex
should contemplate conditions relevant to those occurring in bio-
logical environments.


5. Materials and methods


5.1. Chemicals and reagents


Cupric chloride (CuCI2�2H2O), cytochrome c (Cyt c; bovine
heart), reduced glutathione, oxidized glutathione (GSSG), superox-
ide dismutase (SOD; EC 1.15.1.1 from bovine erythrocytes), cata-
lase (EC 1.11.1.6 from bovine liver), xanthine oxidase (EC 1.1.3.22
from buttermilk), ethidium bromide, fluorescein sodium salt,
DMPO (5,5-dimethyl-1-pyrroline N-oxide), ascorbic acid, hydrogen
peroxide, DMSO, acetonitrile and trifluoroacetic acid were all pur-
chased from Sigma–Aldrich. Dihydroethidium (DHE) and xanthine
were purchased from Calbiochem. All aqueous solutions were pre-
pared in Chelex-100-treated sodium phosphate buffer (120 mM;
pH 7.4).


5.2. Oxygen consumption experiments


The Cu(I)–glutathione complex was prepared as previously de-
scribed,20 by mixing in sodium phosphate buffer, CuCI2 and GSH to
a final concentration of 300 lM and 900 lM, respectively. The 3:1
molar GSH excess mixture was pre-incubated (during 15 min at
22 �C) in order to secure the formation of the Cu(I)–glutathione
complex.20 The concentration of oxygen in a Cu(I)–glutathione
complex-containing solution was monitored (during 0–30 min at
22 �C), using a Clark-type oxygen electrode (Yellow Spring Instru-
ment, model 5300). In some experiments, various amounts of
SOD (100–300 U/mL) were added to the above solution. In control
experiments (run at 22 �C), no changes in the basal oxygen level of
a solution containing no-complex were observed during 30 min
when either SOD (300 U/mL), catalase (100 U/mL), GSH (900 lM)
or CuCI2 (300 lM) were added.


5.3. Electron paramagnetic resonance (EPR) studies


The presence or absence of paramagnetic signals in a solution
containing either CuCI2 alone (5 mM; thereafter Cu2+), or a mixture
of Cu2+ (5 mM) plus GSH (15 mM) pre-incubated (at 22 �C) during
either 15 or 300 min, was assessed using EPR. The mM concentra-
tions of CuCI2 and GSH used in this study provide well resolved and
highly reproducible EPR spectra. In some experiments, SOD (200 U/
mL) was added. For comparative purposes, the EPR spectrum of a
preformed Cu(II)–GSSG complex,29,30 which was prepared by pre-
vious mixing Cu2+ and GSSG (1:1), was assessed. To investigate
the possible formation of reactive oxygen species, such as O2


�� or
HO�, by the latter mixture, the spin-trap DMPO (100 mM) was
added when starting the EPR recordings. Spectra were recorded
in a Bruker ECS 106 spectrometer, using an X band (9.85 GHz), a
rectangular cavity and 50 kHz field modulation at 22 �C, under
the following conditions: frequency, 9.79 GHz; centre field, 3180
gauss; amplitude modulation, 0.9 gauss; microwave power
25 mW; time constant 20 ms, time scan 40 s.


5.4. Dihydroethidium oxidation experiments


The oxidation of DHE was monitored fluorimetrically in a 96-
well plate using a Synergy HT multilector. Excitation and emission
wavelengths were 470 nm and 590 nm, respectively. Freshly pre-
pared DHE, dissolved in DMSO, was added (50 lM) to wells con-
taining mixtures of Cu2+ (25 lM) plus GSH (75 lM) pre-incubated
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(22 �C) during either 15 min or 90 min. Readings were carried out
at 30 �C during 0–45 min. When used, catalase or SOD were added
alone to a final activity of 100 U/mL, and GSSG to a concentration of
75 lM. A control of DHE alone (50 lM) was included.


5.5. HPLC analysis of DHE and DHE-derived products


DHE, ethidium (E+), and 2-hydroxyethidium (EOH) were sepa-
rated as described by Fink et al.37 using an HPLC system (HP Agi-
lent 1100 Series) equipped with a C-18 reverse phase column
(Agilent 4.6 � 150 mm) and a fluorescence detector. Fluorescence
was monitored at 580 nm (emission) and 480 nm (excitation).
The mobile phase was composed of a gradient containing 60% ace-
tonitrile and 0.1% trifluoroacetic acid. DHE and its oxidation prod-
ucts were separated by a linear increase in acetonitrile
concentration from 37% to 47% over 25 min at a flow rate of
0.2 mL/min. Mixtures containing the Cu(I)–glutathione complex
(prepared by pre-incubating 15 min, 22 �C) and a mixture of GSH
and Cu2+ (75 lM:25 lM) were added into DHE (50 lM) and incu-
bated for various lengths of time (from 0 to 90 min). When used,
SOD was added at 200 U/mL.


5.6. Fluorescein oxidation experiments


The oxidation of fluorescein was monitored fluorimetrically in a
96-well plate using a Synergy HT multilector. Excitation and emis-
sion wavelengths were 485 nm and 520 nm, respectively. Fluores-
cein, as a freshly prepared solution, was added (20 nM) to wells
containing mixtures of GSH (75 lM) plus Cu2+ (25 lM) pre-incu-
bated (22 �C) during 15-min. Readings were carried out at 30 �C
during 0–50 min. Controls were carried out using fluorescein alone
(20 nM) and a mixture of Cu2+/ascorbic acid/hydrogen peroxide
(25 lM/100 lM/250 lM).


5.7. Cytochrome c reduction assay


The superoxide-dependent reduction of cytochrome c was as-
sessed as described before42 by monitoring the increase in OD550nm


that followed the addition of Cyt c (50 lM) to cuvettes containing a
pre-incubated (15-min, 22 �C) mixture of GSH (30 lM) plus Cu2+


(10 lM). Controls of reduction were carried out using a mixture
of xanthine/xanthine oxidase (0.5 mM, 40 mU/mL). The influence
SOD on the reduction of Cyt c was assessed using either a pre-incu-
bated mixture of the complex (Cu2+ 10 lM/GSH 30 lM) with the
enzyme (50 U/mL during 60 min, 22 �C) or a non-pre-incubated
mixture of the complex plus the enzyme added directly (50 and
150 U/mL). Neither GSH (30 lM) nor Cu2+ (10 lM), each added
alone, had an effect on Cyt c reduction.


5.8. Data expression and analysis


Data points in figures represent the means of at least three-
independent experiments, each conducted in quadruplicate. The
SD of such data is not included as this generally represented less
than 10% of the means. When evaluated, statistical significance be-
tween points was assessed using the Student’s t-test. Differences at

p < 0.05 were considered to be significant. GraphPad Prism 4 was
used as statistical software.
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1. Introduction


The cellular enzyme S-adenosyl-L-homocysteine (SAH) hydro-
lase (EC 3.3.1.1) has emerged as a target enzyme for the molecular
design of anti-viral agents.1 Inhibition of SAH hydrolase results in
cellular accumulation of SAH, which is a potent product inhibitor
of S-adenosyl-L-methionine-dependent biological methylation.2–4


We previously reported that compounds resulting from the intro-
duction of a small molecule to the 2-position of noraristeromycin
(1), such as 2-fluoronoraristeromycin (2), increased the selective
inhibition of Plasmodium falciparum SAH hydrolase (PfSAHH) com-
pared with human SAHH (HsSAHH).5 PfSAHH has additional space
near the 2-position of the adenine-ring in the substrate binding
pocket compared with HsSAHH.6 Mutagenic analysis of the amino
acid residue forming the additional space confirmed that inhibitor
selectivity is due to the difference of only one amino acid residue.7


In the meantime, affinity-labeling probes were prepared for the
elucidation of the molecular mechanism of SAHHs. We have re-
ported that 9-[(20S,30S)-30-formyl-20,30-dihydroxypropyl]adenine8


(FDHPA, Fig. 1) showed ability as an affinity-labeling probe and
exhibited type II inhibition against SAHH.8 Although the potency
of the compound was moderate, it was not easy to handle because
of the instability of the aldehyde functional group at the 40-posi-

ll rights reserved.

tion. Therefore, it is necessary to develop a useful, stable, and po-
tent molecular probe possessing inhibitory activities against both
HsSAHH and PfSAHH.


To overcome the problems, we designed novel noraristeromy-
cin analogs possessing epoxy functional groups at the 30,40-posi-
tions as potential affinity-labeling probes, for the elucidation of
the catalytic site of SAHH and their affinities with both SAHHs. In
this paper, we described the synthesis of the title compounds
and their affinities with both HsSAHH and PfSAHH.


2. Chemistry


We selected noraristeromycin (1) and 2-fluoronoraristeromycin
(2) as starting materials, both of which were previously

1 R = H
2 R = F FDHPA


Figure 1. Structure of 2-modified noraristeromycin analogs and FDHA.
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reported.5,9–12 Protection of the 20 and 30 hydroxyl groups of 1 and
2 by isopropylidene group13 was performed by orthoformate
and p-toluenesulfonic acid14 to afford compounds 3 and 4. The
following mesylation by methanesulfonic chloride and bases
yielded compounds 5 and 6, which were deprotected successively
to afford 4-O-mesyl precursors 7 and 8 via deprotection of
isopropylidene group. Treatment with potassium tert-butoxide in
DMF yielded 30,40-epoxy compounds 9 and 10 (Scheme 1). Here,
the upper side of the cyclopentan-ring was defined as the a side
and the lower side as the b side. We refer to these epoxy com-
pounds 9 and 10 as a-epoxynoraristeromycin and a-epoxy-2-
fluoronoraristeromycin.


In the meantime, b-epoxynoraristeromycin was synthesized to
confirm and compare with the structures of these isomers. The
20,40-hydroxy groups of 1 were selectively protected by the TBDMS
group15 to give compound 11. The introduction of a methanesulfo-
nyl group (for 12) and deprotection of the TBDMS group afforded
the 3-O-mesyl precursor 13. Similarly, treatment with potassium
tert-butoxide yielded the desired b-epoxynoraristeromycin 14
(Scheme 2).


The stereochemistries of 30,40-a- and b-epoxynoraristeromycins
were determined by NOEs of the corresponding protons. The major
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NOE correlations are illustrated in Figure 2. The correlation be-
tween H-30b and H-50b of 9 indicated that the epoxy-ring was lo-
cated at the lower side (a side) of the cyclopentan-ring. Similarly,
the correlations between H-10a,H-30a and H-4a of 14 supported
the configuration of b-epoxy compound.
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3. Biological assay


The values of Ki and kinact,16 which are useful for evaluating the
affinity and reactivity of an affinity-labeling reagent, are summa-
rized in Table 1. The values of epoxy compound 9 against HsSAHH
were weaker than those of previously reported FDPHA. In addition,
compound 9 did not show any kinact against PfSAHH. It is notewor-
thy that 30,40-epoxy-2-fluoronoraristeromycin 10 had moderate
kinact against HsSAHH and PfSAHH.


4. Discussion


Although the inhibitory activity of 10 against HsSAHH was
equivalent to previously reported FDPHA, it showed sufficient kinact


against both HsSAHH and PfSAHH to act as a molecular probe,
which is an advantage over FDPHA and 9. Previously, we had re-
ported that a small functional group (Fluorine) increased selectiv-
ity of inhibition against PfAHH compared with HsSAHH. The
selective index (kinact of HsSAHH/kinact of PfSAHH) of 10 was 1.3,
which was not an excellent value, but supported our previous
report.


In this paper, we briefly described the synthesis of 30,40-epoxy-
noraristeromycin analogs and their potencies as molecular probes.
Generally, epoxy functional group is more stable than aldehyde
one, we can easily handle and preserve for longer time. These
epoxy compounds will be used as useful and stable molecular
affinity-labeling probes to clarify the molecular mechanisms of
both SAHHs aiming at the molecular design of antimalarial drugs.


5. Experimental


5.1. General procedure


Melting points were recorded on a Yanaco Micro Melting Point
Apparatus. Elemental analyses were carried out at the microana-
lytical laboratory of Gifu Pharmaceutical University. 1H and 13C
spectra were recorded at 400 MHz on a JEOL JNM a400 (operated
at 400 and 100 MHz, respectively) using CDCl3 with TMS as inter-
nal standard or DMSO-d6. The spin multiplicities are indicated by
the symbols s (singlet), d (doublet), dd (doublet doublet), t (triplet),
m (multiplet), and br (broad). Coupling constants (J) are expressed
in Hz. The Differential Nuclear Overhauser Effect (DIFNOE) data
were described; the irradiated proton (the correlated proton: % of
enhancement value). Mass spectra (MS and HRMS) were recorded
at 70 eV on JEOL JMS-D300 spectrometer and Shimadzu QP 1000A.
Reactions were monitored by thin-layer chromatography (TLC)
using MERCK silica gel 60F254. Column chromatography was car-
ried out on silica gel (Wako gel C-300).


5.1.1. 9-[(10R,20S,30R,40S)-40-Hydroxy-20,30-O-isopropylidene-
cyclopentan-10-yl]-9-H-adenine (3)


To a mixture of noraristeromycin (1) (40.8 mg, 0.162 mmol) and
p-toluenesulfonic acid monohydrate (37 mg) in acetone (1.4 mL)
was added ethyl orthoformate (0.15 mL). The reaction mixture

Table 1
Ki values and kinact values of epoxynoraristeromycins against HsSAHH and PfSAHH


Compound HsSAHH PfSAHH


Ki (lM) kinact (min) Ki (lM) kinact (min)


9 12.4 0.552 aND aND
10 20.3 0.133 14.3 0.099
FDPHA b8.8 b0.09 — —


a ND: no inhibitory activity.
b Ref. 8.

was stirred at room temperature for 2 h, and evaporated under re-
duced pressure. The resulting residue was purified by silica-gel col-
umn chromatography eluting with chloroform/methanol (30:1).
Compound 3 was obtained (41.4 mg, 88%) as a white solid: mp
143–144 �C; 1H NMR (CDCl3, 400 MHz) d 8.30 (1H, s, H-2), 7.87
(1H, s, H-8), 6.52 (1H, br s, OH-40), 5.79 (2H, br s, NH2), 4.92 (1H,
d, J = 5.2 Hz, H-20), 4.80 (1H, dt, J = 2.0 and 10.8 Hz, H-10) 4.76
(1H, d, J = 5.2 Hz, H-30), 4.44 (1H, d, J = 5.6 Hz, H-40), 2.99 (1H, m,
H-50b), 2.14 (1H, m, H-50a), 1.57,1.30 (6H, 2s, CH3); 13C NMR (CDCl3,
100 MHz) d 155.97, 152.27, 148.50, 140.77, 119.79, 111.48, 87.59,
86.31, 75.71, 63.20, 37.91, 26.88, 24.36; HREIMS calcd for
C13H17N5O3 291.1331; found 291.1328.


5.1.2. 9-[(10R,20S,30 S,40S )-20,30-O -Isopropylidene-40-
methanesulfonyloxy-cyclopentan-10-yl]-9-H-adenine (5)


To a mixture of compound 4 (41.4 mg, 0.142 mmol), 4-dimeth-
ylaminopyridine (17.3 mg, 0.142 mmol) and triethylamine
(0.121 mL) in dichloromethane (4 mL) was added methanesulfonyl
chloride (0.045 mL, 0.454 mmol). The reaction mixture was stirred
at room temperature for 1 h. Chloroform (5 mL) was added to the
reaction mixture and washed with saturated NaHCO3. The organic
layer was dried on Na2SO4, filtrated, and evaporated. The residue
was purified by silica-gel column chromatography eluting with
chloroform/methanol (30:1). Compound 5 was obtained
(41.2 mg, 79%) as a white solid: mp 193–196 �C; 1H NMR (CDCl3,
400 MHz) d 8.35 (1H, s, H-2), 7.85 (1H, s, H-8), 5.79 (2H, br s,
NH2), 5.15 (1H, dd, J = 2.4 and 6.4 Hz, H-20), 5.11 (1H, m, H-40),
4.97 (1H, dd, J = 2.4 and 6.4 Hz, H-30), 4.91 (1H, dt, J = 2.8 and
6.8 Hz, H-10), 3.03 (3H, s, CH3), 2.82 (2H, m, H-50a and b), 1.53,
1.31(6H, 2s, CH3); 13C NMR (CDCl3, 100 MHz) d 155.21, 152.31,
142.76, 139.63, 113.32, 83.96, 83.47, 83.35, 59.89, 38.51, 35.75,
29.66, 26.67, 24.45; HREIMS calcd for C14H19SN5O5 369.1107;
found 369.1100.


5.1.3. 9-[(10R,20S,30S,40S)-20,30-Dihydroxy-40-methanesulfonyloxy-
cyclopentan-10-yl]-9-H-adenine (7)


Compound 5 (41.2 mg, 0.115 mmol) was treated with TFA-H2O
(1:1, 3.2 mL) at room temperature for 2 h. The reaction mixture
was evaporated under reduced pressure and purified by silica-gel
column chromatography eluting with chloroform/methanol
(10:1). Compound 7 was obtained (37.6 mg, 99%) as a white solid:
mp 186 �C; 1H NMR (DMSO-d6, 400 MHz) d 8.23 (1H, s, H-2), 8.18
(1H, s, H-8), 7.49 (2H, br s, NH2), 4.79 (1H, m, H-40), 4.72 (1H, m, H-
30), 4.46 (1H, m, H-20), 4.12 (1H, m, H-10), 3.25 (3H, s, CH3), 2.77
(1H, m, H-50b), 2.30 (1H, m, H-50a); 13C NMR (DMSO-d6,
100 MHz) d154.80, 150.62, 149.41, 140.89, 119.22, 82.85, 73.94,
73.33, 58.03, 37.81, 32.81; Anal. Calcd for C11H15N5O5S: C, 40.12;
H, 4.59; N, 21.27; found: C, 40.12; H, 4.59; N, 21.27.


5.1.4. 9-[(10R,20S,30S,40R)-30,40-Epoxy-20-hydroxy-cyclopentan-
10-yl]-9-H-adenine (9)


To a solution of compound 6 (17.1 mg, 0.052 mmol) in DMF
(1.3 mL) was added potassium tert-butoxide (29 mg, 0.258 mmol).
The reaction mixture was stirred at room temperature for 0.5 h,
and evaporated under reduced pressure and purified by silica-gel
column chromatography eluting with chloroform/methanol
(10:1). Compound 7 was obtained (9.6 mg, 79%) as a white solid:
mp 180 �C; 1H NMR (DMSO-d6, 400 MHz) d 8.14 (1H, s, H-2), 8.10
(1H, s, H-8), 7.20 (2H, s, NH2), 5.52 (1H, d, JOH,20 = 5.9 Hz,OH-20),
4.76 (1H, t, J10 ,20 = 7.1 Hz, H-20), 4.26 (1H, q, J = 8.8 Hz, J = 8.2 Hz,
J = 8.0 Hz, H-10), 3.63 (1H, d, J30 ,40 = 3.0 Hz, H-40), 3.57 (1H, m,
H-30), 2.49 (1H, m, H-50b), 2.45 (1H, m, H-50a); DIFNOE: H-10


(OH-20: 4%, H-20: 0.4%), H-30 (H-20: 6.0%, OH-20: 0.7%, H-40: 3.0%,
H-5b0: 0.1%); 13C NMR (DMSO-d6, 100 MHz) d156.08, 152.05,
147.13, 141.02, 119.52, 74.01, 56.68, 56.56, 52.22, 30.71; HREIMS
calcd for C10H11O2N5 233.0913;; found 233.0919.
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5.1.5. 9-[(10R,20S,30R,40S)-40-Hydroxy-20,30-O-isopropylidene-
cyclopentan-10-yl]-9-H-2-fluoroadenine (4)


To a mixture of 2-fluoronoraristeromycin (2) (17 mg, 63 lmol)
and p-toluenesulfonic acid monohydrate (15.0 mg) in acetone
(0.53 mL) was added ethyl orthoformate (0.057 mL). The reaction
mixture was stirred at room temperature for 1 h, evaporated under
reduced pressure and purified by silica-gel column chromatogra-
phy eluting with chloroform/methanol (30:1). Compound 10 was
obtained (19 mg, 97%) as a white solid; mp 160 �C; 1H NMR (CDCl3,
400 MHz) d 7.94 (1H, s, H-8), 5.90 (2H, s, NH2), 4.95 (1H, d,
J = 4.8 Hz, OH-40), 4.85 (1H, d, J = 9.2 Hz, H-10), 4.76 (1H, d,
J = 5.2 Hz, H-20), 4.46 (1H, d, J = 5.2 Hz, H-40), 4.39 (1H, d,
J = 7.6 Hz, H-30), 2.92 (1H, m, H-50b), 2.18 (1H, d, J = 15.6 Hz, H-
50a), 1.52, 1.32 (6H, 2s, CH3); 13C NMR (DMSO, 100 MHz) d
158.62 (1C, d, J = 202.7 Hz), 157.67 (1C, d, J = 20.8 Hz), 150.08
(1C, d, J = 19.9 Hz), 140.55 (1C, d, J = 2.9 Hz), 117.21 (1C, d,
J = 3.9 Hz), 86.37, 84.48, 74.79, 59.87, 48.68, 37.12, 26.68, 24.39;
HREIMS calcd for C13H16FN5O3 309.1237; found 309.1228.


5.1.6. 9-[(10R,20S,30S,40S)-20,30-O-Isopropylidene-40-metha-
nesulfonyloxy-cyclopentan-10-yl]-9-H-2-fluoroadenine (6)


To a mixture of compound 4 (19 mg, 0.061 mmol), 4-dimethyl-
aminopyridine (8 mg, 0.061 mmol), and triethylamine (0.051 mL)
in dichloromethane (2 mL) was added methanesulfonyl chloride
(20 lL, 0.244 mmol). The reaction mixture was stirred at room
temperature for 0.5 h. Chloroform (5 mL) was added to the reaction
mixture and washed with saturated NaHCO3 solution (5 mL). The
organic layer was dried on Na2SO4, filtrated, and evaporated. The
residue was purified by silica-gel column chromatography eluting
with chloroform/methanol (30:1). Compound 6 was obtained
(23 mg, 97%) as a white solid: mp 253–254 �C; 1H NMR (CDCl3,
400 MHz) d 7.78 (1H, s, H-8), 6.67 (2H, d, J = 8.0 Hz, NH2), 5.08
(1H, dd, J = 2.4 and 6.4 Hz, H-10), 5.04 (1H, dt, J = 2.4 and 6.0 Hz,
H-20), 4.94 (1H, d, J = 6.0 Hz, H-40), 4.81 (1H, dt, J = 2.8 and 6.8 Hz,
H-30), 3.01 (3H, s, Mesyl), 2.80 (1H, m, H-50b), 2.64 (1H, m, H-
50a), 1.49, 1.27 (6H, 2s, CH3); 13C NMR (CDCl3, 100 MHz) d 158.92
(1C, d, J = 210.5 Hz), 157.26 (1C, d, J = 19.9 Hz), 151.03 (1C, d,
J = 19.4 Hz), 139.40 (1C, d, J = 2.9 Hz), 117.58 (1C, d, J = 3.9 Hz),
83.83, 82.87, 59.76, 50.32, 38.32, 37.80, 35.86, 26.52, 24.33; HRE-
IMS calcd for C14H18FN5O5S 387.1013; found 387.1019.


5.1.7. 9-[(10R,20S,30S,40S)-20,30-Dihydroxy-40-methanesulfonyloxy-
cyclopentan-10-yl]-9-H-2-fluoroadenine (8)


Compound 6 (15 mg, 0.039 mmol) was treated with TFA/H2O
(1:1, 4 mL) at room temperature for 2 h. The reaction mixture
was evaporated under reduced pressure and purified by silica-gel
column chromatography eluting with chloroform/methanol
(10:1). Compound 8 was obtained (10 mg, 95%) as a white solid:
mp 212 �C; 1H NMR (DMSO-d6, 400 MHz) d 8.18 (1H, s, H-8),
7.78 (2H, s, NH2), 5.51 (1H, d, J = 4.4 Hz, OH-20), 5.34 (1H, d,
J = 6.4 Hz, OH-30), 4.77 (1H, t, J = 8.0 Hz, H-10), 4.63 (1H, q,
J = 8.8 Hz, H-20), 4.41 (1H, q, J = 6.0 Hz, H-40), 4.09 (1H, q,
J = 4.8 Hz, H-30), 3.25 (3H, s, Mesyl), 2.76 (1H, m, H-50b), 2.20 (1H,
m, H-50a); 13C NMR (CDCl3, 100 MHz) d 158.43 (1C, d,
J = 185.2 Hz), 157.52 (1C, d, J = 37.8 Hz), 150.82 (1C, d,
J = 20.4 Hz), 140.48 (1C, d, J = 2.4 Hz), 117.63 (1C, d, J = 4.3 Hz),
82.72, 73.88, 73.31, 57.77, 37.80, 32.76; HRFABMS (positive mode)
calcd for C11H15FN5O5S 348.0778, found 348.0787; Anal. calcd for
C11H14FN5O5S � 1/2 H2O: C, 37.08; H, 4.24; N, 19.65; found: C,
37.29; H, 4.06; N, 19.51.


5.1.8. 9-[(10R,20S,30R,50R)-30,40-Epoxy-20-hydroxy-cyclopentan-
10-yl]-9-H-2-fluoroadenine (10)


To a solution of compound 8(17 mg, 48 lmol) in DMF (1.8 mL)
was added potassium tert-butoxide (27 mg, 0.24 mmol). The reac-
tion mixture was stirred at room temperature for 0.5 h, evaporated

under reduced pressure and purified by silica-gel column chroma-
tography eluting with chloroform/methanol (10:1). Compound 10
was obtained (5 mg, 42%) as a white solid: mp 230�C; 1H NMR
(DMSO-d6, 400 MHz) d 8.16 (1H, s, H-8), 7.77 (2H, s, NH2), 5.52
(1H, d, J = 6.0 Hz, OH-20), 4.67 (1H, t, J = 7.2 Hz, H-20), 4.20 (1H, q,
J = 8.4 Hz, H-30), 3.62 (1H, t, J = 2.8 Hz, H-40), 3.57 (1H, dd, J = 1.6
and 3.2 Hz, H-10), 2.38 (2H, m, H-50a and b); 13C NMR (CDCl3,
100 MHz) d 160.31 (1C, d, J = 213.8 Hz), 157.62 (1C, d,
J = 21.4 Hz), 150.87 (1C, d, J = 20.4 Hz), 141.36 (1C, d, J = 2.9 Hz),
117.80 (1C, d, J = 4.4 Hz), 74.10, 56.57, 56.46, 52.12, 30.68;
HRFABMS (positive mode) calcd for C10H11FN5O2 252.0897; found
252.0893.


5.1.9. 9-[(10R,20S,30R,40S)-20,40-O-Di-(tert-butyldimethylsilyl)-30-
hydroxy-cyclopentan-10-yl]-9-H-adenine (11)


To a mixture of noraristeromycin (3) (40.8 mg, 0.162 mmol) and
imidazole (72 mg, 1.03 mmol) in DMF (2.3 mL) was added
TBDMSCl (79 mg, 0.515 mmol). The reaction mixture was stirred
at room temperature for 2 h. EtOAc (5 mL) was added to the reac-
tion mixture and washed with saturated NaHCO3 solution. The or-
ganic layer was dried on Na2SO4, filtrated, and evaporated. The
residue was purified by silica-gel column chromatography eluting
with EtOAc. Compound 11 was obtained (38 mg, 33%) solid: 1H
NMR (DMSO-d6, 400 MHz) d 7.99 (2H, s, H-2 and H-8), 7.06 (2H,
s, NH2), 4.77 (1H, d, J = 4.0 Hz, OH-30), 4.69 (1H, q, J = 8.4 Hz, H-
10), 4.49 (1H, t, J = 4.8 Hz, H-20), 3.96 (1H, s, H-40), 3.62 (1H, s, H-
30), 2.49 (1H, m, H-50b), 1.88 (1H, m, H-50a), 0.81 (9H, s, 3CH3),
0.54 (9H, s, 3CH3); 13C NMR (DMSO-d6, 100 MHz) d 155.99,
152.16, 149.79, 139.51, 119.00, 77.61, 76.78, 75.47, 57.89, 36.50,
25.79, 25.64, 25.43, 17.69; HRFABMS (positive mode) calcd for
C22H42N5O3 Si2 480.2826; found 480.2836.


5.1.10. 9-[(10R,20S,30R,40S)-20,40-O-Di-(tert-butyldimethylsilyl)-
30-methanesulfonyloxy-cyclopentan-10-yl]-9-H-adenine (12)


To a mixuture of Compound 11 (45 mg, 94 lmol), 4-dimethyl-
aminopyridine (12 mg, 94 lmol), and triethylamine (0.08 mL) in
dichloromethane (2.5 mL) was added methanesulfonyl chloride
(0.02 mL, 0.188 mmol). The reaction mixture was stirred at room
temperature for 0.5 h. Chloroform (5 mL) was added to the reaction
mixture and washed with saturated Na2CO3 carbonate solution
(5 mL). The organic layer was dried on sodium sulfate, filtrated,
and evaporated. The residue was purified by silica-gel column
chromatography eluting with EtOAc/hexane (4:1). Compound 12
was obtained (45 mg, 86%) as a white solid: 1H NMR (CDCl3,
400 MHz) d 8.19 (1H, s, H-2), 7.81 (1H, s, H-8), 5.97 (2H, s, NH2),
4.84 (1H, m, H-10), 4.73 (1H, m, H-20), 4.61 (1H, s, H-40), 4.28 (1h,
d, J = 5.2 Hz, H-30), 2.97 (3H, s, CH3), 2.77 (1H, m, H-50b), 1.91
(1H, dd, J = 5.2 and 14.6 Hz, H-50a), 0.810 (9H, s, 3CH3), 0.572
(9H, s, 3CH3); 13C NMR (CDCl3, 100 MHz) d 155.66, 152.93,
150.36, 139.13, 119.66, 85.25, 72.89, 57.79, 38.67, 37.64, 29.63,
25.75, 25.62, 25.42, 17.83; HRFABMS (positive mode) calcd for
C23H44N5O5 SSi2 558.2602; found 558.2615.


5.1.11. 9-[(10R,20S,30R,40S)-20,40-Dihydroxy-30-methanesulfo-
nyloxy-cyclopentan-10-yl]-9-H-adenine (13)


To a solution of compound 12 (40 mg, 0.0717 mmol) in THF
(1 mL) was added Bu4NF (0.06 mL), and the reaction mixture was
stirred at room temperature for 0.5 h. The reaction mixture was
evaporated under reduced pressure and purified by silica-gel col-
umn chromatography eluting with chloroform/methanol (10:1).
Compound 13 was obtained (14 mg, 60%) as a white solid: 1H
NMR (CDCl3, 400 MHz) d 8.18 (1H, s, H-2), 8.13 (1H, s, H-8), 7.26
(2H, s, NH2), 5.89 (1H, d, J = 5.2 Hz, H-10), 5.72 (1H, d, J = 5.6 Hz,
H-20), 4.73-4.65 (3H, m, H-40, OH-20 and OH-40), 4.17 (1H, s, H-30),
3.23 (3H, s, CH3), 2.63 (1H, m, H-50b), 2.01 (1H, m, H-50a); 13C
NMR (CDCl3, 100 MHz) d 156.10, 152.13, 149.27, 140.13, 119.28,
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86.03, 72.75, 71.45, 58.00, 38.19, 35.41; HRFABMS (positive mode)
calcd for C11H16N5O5S 330.0872; found 330.0865.


5.1.12. 9-[(10R,20S,30R,40S)-30,40-Epoxy-20-hydroxy-cyclopentan-
10-yl]-9-H-adenine (14)


To a solution of compound 13(13 mg, 0.04 mmol) in DMF
(1.4 mL) was added potassium tert-butoxide (22 mg, 0.198 mmol).
The reaction mixture was stirred at room temperature for 0.5 h,
evaporated under reduced pressure, and purified by silica-gel col-
umn chromatography eluting with chloroform/methanol (10:1).
Compound 14 was obtained (7 mg, 74%) as a white solid: 1H
NMR (DMSO-d6, 400 MHz) d 8.13 (1H, s, H-2), 8.01 (1H, s, H-8),
7.19 (2H, s, NH), 5.86 (1H, s, OH-20), 4.99 (1H, d, J = 9.2 Hz, H-10),
4.18 (1H, s, H-20), 3.78 (1H, s, H-30), 3.54 (1H, d, J = 2.4 Hz, H-40),
2.61 (1H, dd, J = 10 Hz, H-50b), 2.21 (1H, d, Jgem = 15.6 Hz, H-50a);
DIFNOE: H-30 (H-10: 0.1%, H-50a: 0.4%, H-40: 4.9%), H-10 (OH-20:
2.4%, H-50a: 2.6%); 13C NMR (DMSO-d6, 100 MHz) d 155.92,
152.30, 149.36, 138.57, 118.31, 75.83, 59.10, 58.81, 56.92, 32.86;
HREIMS calcd for C10H11N5O2 233.0913; found 233.0917.


5.2. Enzyme assay


In the synthetic direction, the enzyme assay was a modification
of an earlier method.17 The enzyme was incubated with 100 mM
adenosine, 5 mM DL-homocysteine, and inhibitors on 0.2 ml of
10 mM potassium phosphate, pH 7.2, buffer at 30 �C for 2 min in
the standard assay system. The reaction was started by the addi-
tion of 3 mL of SAH hydrolase (human: 0.43 lg, P. falciparum:
0.54 lg) and terminated by the addition of 20 lL of 0.67 N HCl.
The reaction mixture was kept on ice until HPLC analysis. The
mixture was analyzed for SAH by a Shimadzu HPLC system. In
the synthetic reaction, one unit of SAHH was defined as the
amount synthesizing 1 mmol of SAH/min at 30 �C. The data were
analyzed by a Kitz and Wilson plot, fitting to the following equa-
tion: kapp = kinact [I]/(Ki + [I]) in this equation kapp, kinact, Ki, and I

mean pseudo-first-order rate of inactivation, maximum rate of
inactivation, inhibition constant, and concentration of compound,
respectively. The value of kapp was determined from a plot of the
residual activity versus incubation time. The values of Ki and kinact


were obtained using a curve-fitting program, CurveExpert.


Acknowledgment


This research was supported in part by Grant-in-Aid for Scien-
tific Research on Priority Area No. 16017239 (to Y.K.).


References and notes


1. de la Haba, G.; Cantoni, G. L. J. Biol. Chem. 1959, 234, 603.
2. Cantoni, G. L. In Biological methylation Methylation and drugdesignDrug design;


Borchardt, R. T., Creveling, C. R., Ueland, P. M., Eds.; Humana Press: Clifton, NJ,
1986; pp 227–238.


3. Montgomery, J. A.; Clayton, S. J.; Thomas, H. J.; Shannon, W. M.; Arnett, G.;
Bodner, A. J.; Kion, I. –K.; Cantoni, G. L.; Chiang, P. K. J. Med. Chem. 1982, 25, 626.


4. Glazer, R. I.; Hartman, K. D.; Knode, M. C.; Richard, M. M.; Chiang, P. K.; Tseng,
C. K. H.; Marquez, V. E. Biochem. Biophys. Res. Commun. 1986, 135, 688.


5. Kitade, Y.; Kojima, H.; Zulfiqur, F.; Kim, H.-S.; Wataya, Y. Bioorg. Med. Chem. Lett.
2003, 13, 3963.


6. Tanaka, N.; Nakanishi, M.; Kusakabe, Y.; Shiraiwa, K.; Yabe, S.; Ito, Y.; Kitade, Y.;
Nakamura, K. T. J. Mol. Biol. 2004, 343, 1007.


7. Nakanishi, M.; Yabe, S.; Tanaka, N.; Ito, Y.; Nakamura, K. T.; Kitade, Y. Mol.
Biochem. Parasitol. 2005, 143, 146.


8. Kitade, Y.; Nakanishi, M.; Yatome, C. Bioorg. Med. Chem. Lett. 1999, 9, 2737.
9. Patil, S. D.; Schneller, S. W.; Hosoya, M.; Snoeck, R.; Andrei, G.; Balzarini, J.; De


Clercq, E. J. Med. Chem. 1992, 35, 3372.
10. Siddiqi, S. M.; Chen, X.; Schneller, S. W.; Ikeda, S.; Snoeck, R.; Andrei, G.;


Balzarini, J.; De Clercq, E. J. Med. Chem. 1994, 37, 551.
11. Kitade, Y.; Kozaki, A.; Miwa, T.; Nakanishi, M. Tetrahedron 2002, 58, 1271.
12. Kitade, Y.; Ando, T.; Yamaguchi, T.; Hori, A.; Nakanishi, M.; Ueno, Y. Bioorg. Med.


Chem. 2006, 14, 5578.
13. Kitade, Y.; Kozaki, A.; Yatome, C. Tetrahedron Lett. 2001, 42, 433.
14. Evans, M. E.; Parrish, F. W.; Long, L., Jr. Carbohydr. Res. 1967, 3, 453.
15. Corey, E. J.; Venkateswarlu, A. J. Am. Chem. Soc. 1972, 94, 6190.
16. Wnuk, S. E.; Mao, Y.; Yuan, C. S.; Borchardt, R. T.; Andrei, G.; Balzarini, J.; De


Clercq, E.; Robins, M. J. J. Med. Chem. 1998, 41, 3078.
17. Gomi, T.; Date, T.; Ogawa, H.; Fujioka, M.; Aksamit, R. R.; Backlund, P. S., Jr.;


Cantoni, G. L. J. Biol. Chem. 1995, 270, 16140.





		Synthesis of 3 prime ,4 prime -epoxynoraristeromycin analogs for molecular labeling  probe of S-adenosyl-L-homocysteine -adenosyl-l-homocysteine hydrolase

		Introduction

		Chemistry

		Biological assay

		Discussion

		Experimental

		General procedure

		9-[1 prime R,2 prime S,3 prime R,4 prime S-4 prime -Hydroxy-2 prime ,3 prime -9-[1 prime R,2 prime S,3 prime R,4 prime S-4 prime -Hydroxy-2 prime ,3 prime -O-isopropylidene-cyclopentan-1 prime -yl]-9

		9-[1 prime R,2 prime S,3 prime  S,4 prime S- 2 prime , 3 prime --2 prime ,3 prime -O-Isopropylidene-4 prime -methansulfonyloxy-cyclopentan-1 prime -yl]-9-H-adenine -Isopropylidene-4 prime -methanesu

		9-[1 prime R,2 prime S,3 prime S,4 prime S-2 prime , 3 prime -Dihydroxy-4 prime -methansulfonyloxy-cyclopentan-1 prime -yl]-9-H-adenine 9-[1 prime R,2 prime S,3 prime S,4 prime S-2 prime ,3 prime -D

		9-[1 prime R,2 prime S,3 prime S,4 prime R-3 prime ,4 prime -Epoxy-2 prime -hydroxy-cyclopentan-1 prime -yl]-9-H-adenine 9-[1 prime R,2 prime S,3 prime S,4 prime R-3 prime ,4 prime -Epoxy-2 prime -h

		9-[1 prime R,2 prime S,3 prime R,4 prime S-4 prime -Hydroxy-2 prime ,3 prime -O-isopropylidene-cyclopentan-1 prime -yl]-9-H-2-fluoroadenine 9-[1 prime R,2 prime S,3 prime R,4 prime S-4 prime -Hydroxy

		9-[1 prime R,2 prime S,3 prime S,4 prime S-2 prime ,3 prime -O-Isopropylidene-4 prime -methansulfonyloxy-cyclopentan-1 prime -yl]- 9-H-2-fluoroadenine 9-[1 prime R,2 prime S,3 prime S,4 prime S-2 pri

		9-[1 prime R,2 prime S,3 prime S,4 prime S-2 prime ,3 prime -Dihydroxy-4 prime -methansulfonyloxy-cyclopentan-1 prime -yl] -9-H-2-fluoroadenine 9-[1 prime R,2 prime S,3 prime S,4 prime S-2 prime ,3 p

		9-[(1 prime R,2 prime S,3 prime R,5 prime R)-3 prime ,4 prime -Epoxy-2 prime -hydroxy-cyclopentan-1 prime -yl]-9-H-2-fluoroadenine (10)

		9-[1 prime R,2 prime S,3 prime R,4 prime S-2 prime ,4 prime -O-Di-tert-buthyldimethylsilyl-3 prime -hydroxy-cyclopentan-1 prime -yl]-9-H-adenine 9-[1 prime R,2 prime S,3 prime R,4 prime S-2 prime ,4

		9-[1 prime R,2 prime S,3 prime R,4 prime S-2 prime ,4 prime -O-Di-tert-buthyldimethylsilyl-3 prime -methansulfonyloxy-cyclopentan-1 prime -yl]-9-H-adenine 9-[1 prime R,2 prime S,3 prime R,4 prime S-

		9-[1 prime R,2 prime S,3 prime R,4 prime S-2 prime ,4 prime -Dihydroxy-3 prime -methansulfonyloxy-cyclopentan-1 prime -yl]-9-H-adenine 9-[1 prime R,2 prime S,3 prime R,4 prime S-2 prime ,4 prime -Di

		9-[1 prime R,2 prime S,3 prime R,4 prime S-3 prime ,4 prime -Epoxy-2 prime -hydroxy-cyclopentan-1 prime -yl]-9-H-adenine 9-[1 prime R,2 prime S,3 prime R,4 prime S-3 prime ,4 prime -Epoxy-2 prime -hy



		Enzyme assay



		AcknowledgementAcknowledgment

		References and notes








Bioorganic & Medicinal Chemistry 16 (2008) 6580–6588

Contents lists available at ScienceDirect


Bioorganic & Medicinal Chemistry


journal homepage: www.elsevier .com/locate /bmc

Synthetic and pharmacological studies on new simplified analogues
of the potent actin-targeting Jaspamide


Stefania Terracciano a, Ines Bruno a,*, Elisabetta D’Amico a, Giuseppe Bifulco a, Angela Zampella b,
Valentina Sepe b, Charles D. Smith c, Raffaele Riccio a


a Dipartimento di Scienze Farmaceutiche, Università degli Studi di Salerno, Via Ponte Don Melillo, 84084 Fisciano (SA), Italy
b Dipartimento di Chimica delle Sostanze Naturali, Università degli Studi di Napoli ‘‘Federico II”, Via D. Montesano 49, 80131 Napoli, Italy
c Hollings Cancer Center, Medical University of South Carolina, 86 Jonathan Lucas Street, Charleston, SC 29425, USA


a r t i c l e i n f o a b s t r a c t

Article history:
Received 10 March 2008
Revised 6 May 2008
Accepted 7 May 2008
Available online 10 May 2008


Dedicated to the memory of Professor Luigi
Gomez-Paloma


Keywords:
Cyclodepsipeptide
Cytoskeleton
Amino acids
Ring-closing metathesis

0968-0896/$ - see front matter � 2008 Elsevier Ltd. A
doi:10.1016/j.bmc.2008.05.019


Abbreviations: Boc, tert-butyloxycarbonyl; ClTrt
resin; DIEA, N,N-diisopropylethylamine; DCM, dichlor
ylformamide; Fmoc, 9-fluorenylmethyloxycarbonyl; F
aminooctanoic acid; Fmoc-Ala-OH, N-a-Fmoc-L-alani
aminobutanoic acid; Fmoc-D-Trp(Boc)-OH, N-a-Fmoc-
b-Ala-OH, N-a-Fmoc-b-L-alanine; Fmoc-b-Phe-OH,
Fmoc-b-Tyr-4-OMe-OH, Fmoc-L-b-tyrosine; HATU, N
triazolo-[4,5-b]pyridin-1-yl-methylene]-N-methyl-me
posphate N-oxide; HBTU, O-(benzotriazol-1-yl)-1,1,3
fluorophosphate; HOBt, N-hydroxybenzotriazole; NMM
trifluoroacetic acid; TFE, 2,2,2-trifluoroethanol; 3-M
acid; 4-Pea, 4-pentenoic acid; 4-Peo, 4-penten-1-ol.


* Corresponding author. Tel.: +39 089 969743; fax:
E-mail address: brunoin@unisa.it (I. Bruno).

In the recent years, we focused our attention on the cyclodepsipeptide Jaspamide 1, an interesting marine
metabolite, possessing a potent inhibitory activity against breast and prostate cancer, as a consequence of
its ability to disrupt actin cytoskeleton dynamics. Although its biological profile has been well deter-
mined, many mechanistic details are still missing in terms of molecular target identification. For this rea-
son, we decided to synthetically modify the natural metabolite, obtaining small arrays of unnatural
variants useful to illuminate the structural requirements essential for the activity. Here, we report the
synthesis of seven new Jaspamide analogues 2–8, containing, as the parent compound, a b-amino acid
in the cyclopeptide backbone. Their biological profile is also described.


� 2008 Elsevier Ltd. All rights reserved.

1. Introduction


As a part of our investigations on bioactive natural metabolites,
which have shown to be precious tools in medicinal chemistry, re-
cently we focused our interest on the marine metabolite Jaspamide
1.1 From a structural point of view, Jaspamide is a representative
member of cyclodepsipeptide family that possesses an L-Ala-D-N-
Me-2-BrTrp-L-b-Tyr tripeptide fragment, which is linked to a x-
hydroxyacid of polyketide origin, containing four methyl groups,
located at 1–3 distance, as well as a trisubstituted double bond
(Fig. 1). Based on its biological behaviour, it can be included in

ll rights reserved.
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ePea, 3-methyl-4-pentenoic


+39 089 969702.

the attractive class of cytoskeleton targeting agents, which, as it
has been well established, represent potential anticancer therapeu-
tics.2 In particular, Jaspamide showed to selectively interfere with
actin microfilaments and to produce potent antiproliferative ef-
fects.3 Although many efforts have been invested in this research
area, the mechanism of action of depsipeptide-based anti-actin
compounds, including chondramides,4 and doliculide,5 is quite un-
clear in terms of molecular aspects of their interaction with the
biological target, and, consequently, it is quite hard to explain
the similar effects of all these metabolites on actin, in absence of
a receptor mapping and further structural details. Previous investi-
gations made on Jaspamide indicated that, the two structural ele-
ments composing the molecule, the tripeptidic portion and the
polyketide fragment, play a cooperative role in eliciting the bioac-
tive shape of the compound.6 In fact, it seems that the tripeptide
moiety, in the macrocycle, is forced to adopt a preferential b-turn
conformation, indicating thus that the polyketide fragment is far
from accomplishing the mere function of spacer element, but it
likely plays a decisive role in generating geometric constrains
and, of consequence, inducing a selective conformation.


In our previous work, we synthesized a small collection of sim-
plified analogues, all containing the common dipeptide fragment
Ala-D-Trp, and, as third amino acid, replacing the unusual b-Tyr,
a-Tyr, L-Val and Phg.7 As concerning the polyketide-mimetic
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Figure 1. Structures of Jaspamide (1) and its new synthetic variants (2-8).


S. Terracciano et al. / Bioorg. Med. Chem. 16 (2008) 6580–6588 6581

fragment, in some cases variable-length open chain linkers were
used to connect the N and C termini of the tripeptide portion; in
other cases an appropriately elongated meta-disubstituted phenyl
ring was used to generate 16, 18 and 19 membered macrocycles.
Unfortunately, even if all these synthetic compounds showed a
moderate cytotoxicity, they were found to completely loose the
target selectivity, resulting not active on actin cytoskeleton at all.
Such results indicated that the extreme simplification of the parent
compound was unsuccessful, by drastically affecting the biological
profile. Hence, starting from the assumption that the peptide core
can be considered as the pharmacophore, as first stage we worked
to design a new generation of Jaspamide analogues with the inten-
tion of reproducing more accurately this structural part of the mol-
ecule, considering, of course, some crucial simplifications which
can turn out useful on the synthetic plane. In more details we pro-
jected a small array of analogues, all containing as part of the pep-

tidic core a b-amino acid residue, which, in our opinion, could elicit
a b-turn conformational motif, that was supposed to be the bioac-
tive tridimensional arrangement7,8 As concerning the polyketide
moiety, we preferred to handle, in turn, the same available linear
linkers used for the previous compounds, where the macrocycle
closure has been realized through an amide bond formation (2–
5); furthermore, in analogues 6–8 we experienced the versatile
RCM reaction to generate the cyclopeptide backbone (Fig. 1).


2. Results and discussion


2.1. Design and preliminary conformational studies


In order to synthesize molecules containing a peptidic core con-
formationally similar to the Jaspamide, we projected and prelimi-
narily studied from a conformational point of view analogues 2
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and 3. In particular, an extensive conformational analysis was per-
formed in order to predict the geometrical features of 2 and 3 (see
Section 3.3). As it is clear from Figure 2, which reports a superpo-
sition of 2 and 3, respectively, with the X-ray structure of Jaspa-
mide, there is a very good alignment of the peptidic core of both
compounds with the natural product. Such result prompted us to
synthesize these two analogues and the others of the same family
in view of the expected biological activity which we hypothesized
to be related to the tripeptidic central core.


2.2. Synthesis of b-aminoacid synthons


The non-racemic chiral N-protected b-aminoacid 12 was pre-
pared by Michael conjugate addition of lithium (S)-N-benzyl-N-
(methylbenzyl)amide to conjugated ester 9 (Scheme 1A) according

Figure 2. Superposition of 2 (a) and 3 (b), respectively, with the X-ray struc
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Scheme 1. Preparation of b

to Davies’ procedure.9 Thus, addition of lithium amide to commer-
cially available trans-methylcinnamate 9 afforded N-protected
methyl ester 10 in reasonable yields and excellent stereoselectivi-
ty. N-deprotection of both N-benzyl protection groups was readily
achieved by Pd(OH)2 promoted hydrogenolysis to give the corre-
sponding b-amino ester without compromising the stereoselectiv-
ity. Further ester hydrolysis (11) followed by Fmoc protection
furnished the corresponding N-protected b-amino acid 12, used
for the solid phase syntheses of compounds 2–3 and 7–8. For prep-
aration of N-Fmoc-b-Tyr-4OMe-OH 17, a slight different procedure
was applied (Scheme 1B). Benzylation of 4-methoxy cinnamic acid
13 furnished the benzyl ester 14 in quantitative yield. Conjugate
addition followed by global deprotection and N-Fmoc protection
afforded compound 17 that was used for preparation of cyclopep-
tide 4.

ture of Jaspamide. In orange are represented the synthetic compounds.
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2.3. Synthesis of cyclodepsipeptides


A convenient combination of both solid-phase and solution ap-
proaches was used for the synthesis of the analogues 2–8 (Schemes
2 and 3). Solid-phase synthesis of the linear peptide sequences,
using the Fmoc/tBu protection scheme, was performed on a 2-chlo-
rotrityl chloride resin. Together with commercially available amino
acids residues, also two synthetically obtained b-Phe and b-Tyr
were used (see next section). Loading of the solid support was
achieved, under anhydrous conditions, with the first Fmoc-pro-
tected amino acid and an excess of diisopropylethlyamine (DIEA)
in DCM, followed by capping of the unreacted trityl groups with
methanol, according to general procedure a (see Section 3).


The resulting loading degree was determined by UV spectro-
photometric analysis, using the general procedure a0 (0.17–
0.53 mmol g�1). The Fmoc protecting group, before each coupling
step, was removed by treatment with a 20% solution of piperidine
in N,N-dimethylformamide (DMF), according to general procedure
b. The resin was then submitted to coupling-deprotection steps in
order to obtain the desired linear sequences as precursors of the
cyclic analogues. All the coupling steps were performed using clas-
sical SPPS conditions with hydroxybenzotriazole/O-(benzotriazol-
1-yl)-N,N,N0,N0-tetramethyluronium hexafluorophosphate (HOBt/
HBTU) in presence of N-methylmorpholine (NMM), as described
in the general procedure c; the amino acid coupling degree was

ClTrt-Cl-resin


Cl
Cl


PS=


Fmoc-AA1-COOH


AA1-AA2-AA3 AAn-NH


e
AA1-AA2-AA3 AAn
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Scheme 2. General synthetic approa
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7= NH2-4-Peo-4-Pea-Ala-D-Trp-β-Phe-COOH


8= NH2-4-Peo-3-MePea-Ala-D-Trp-β-Phe-COOH


Scheme 3. General synthetic approa

checked through the Kaiser and TNBS tests. After completion of
peptide assembly, the Fmoc protecting group was removed from
the N-terminal residue and the protected peptide was cleaved from
the resin using a 2:2:6 acetic acid/2,2,2-trifluoroethanol/dicholo-
romethane (AcOH/TFE/DCM) solvent mixture, according to proce-
dure d (81–97% overall yield with greater than 95% purity).


For the synthesis of analogues 2–5, the intramolecular cycliza-
tion was achieved in solution under highly dilute conditions using
O-(7-azabenzotriazol-1-yl)-N,N,N0,N0-tetramethyluronium hexa-
fluorophosphate (HATU) and DIEA in DCM/DMF, following general
procedure e (Scheme 2).


Peptide cyclic structures were confirmed, on crude products,
through analytical reversed-phase HPLC (RP-HPLC) and ESI-MS
mass spectrometry analysis. Finally, after removing the protecting
groups, purification on semi-preparative RP-HPLC on a C18 col-
umn, (UV–vis detection), yielded the pure cyclopeptides 2–5 (the
cyclopeptides were obtained in 22–30% yield calculated after two
HPLC purification steps). Their structures were fully elucidated
by ESI-MS and NMR spectroscopic analysis.


The synthesis of the advanced intermediates 6b–8b (Scheme 2)
followed the SPPS protocol up to 6a–8a. After cleavage from the
resin, according the general procedure d (greater than 82% yield),
ester bond formation at the C terminus of the linear peptide with
4-penten-1-ol, was performed in solution, with HATU, as coupling
reagent, in basic conditions. Finally, the intramolecular cyclization

FmocAA1
b, c cyclesa


2 d HOOC-AA1-AA2-AA3 AAn-NH2


AA1-AA2-AA3 AAnf


2-5
CM


2= NH2-Gaba-β Ala-Ala-D-Trp- β-Phe-COOH


3= NH2-8-Aoc-Ala-D-Trp-β-Phe-COOH


4= NH2-Gaba-β-Ala-Ala-D-Trp-β-Tyr-4-OMe-COOH


5= NH2-Gaba-β-Ala-Ala-D-Trp-β-Ala-COOH


81-97%


22-30% (2 HPLC purification steps)


ch followed for analogues 2-5.


Ring-closing 
metathesis


f) TFA/H2O/TIS


h) Grubbs catalyst 2nd  generation,
 DCM, MW


OOC-AA1-AA2-AA3-NH


6a-7a R= H 8a R= CH3


O R


h,f -AA1-AA2-AA3-NH


O
O


O
R


6-7 R= H 8 R= CH3


20-33% yield after 2 HPLC 
purification steps


ch followed for analogues 6-8.







6584 S. Terracciano et al. / Bioorg. Med. Chem. 16 (2008) 6580–6588

was performed through Ring Closing Methatesis (RCM) reaction,
which represents a suitable approach for the construction of vari-
able-sized macrocyclic ring systems, especially in the synthesis of
natural products.10 As this procedure has high functional-groups
tolerance, it has emerged as an efficient approach for obtaining
modified cyclopeptides.


In our previous studies on cyclopeptidomimetics synthesis we
experienced the efficiency of second-generation Grubbs’ catalyst,
which was found to be more stable and more reactive in our reac-
tion conditions (Fig. 3).


On the basis of the reported data regarding the successful use of
microwave in RCM,11 we used MW irradiation instead of conven-
tional heating, in order to speed up the reaction, as well as to in-
crease reaction yield. Hence for the synthesis of analogues 6–8,
we used the following optimized procedure: refluxing DCM as sol-
vent, 10 mol% of second generation Grubbs’ catalyst, microwave
heating at 300 W for two 40 min periods. A second addition of
fresh 10 mol% catalyst was performed after the first forty minutes.
In order to remove the evolving ethylene during the RCM, a gentle
stream of an inert gas was employed.


To find the best cyclization conditions we performed several tri-
als and finally we selected the very high 0.3 mM dilution. The
structures of the desired compounds were confirmed by mass
spectrometry and analytical RP-HPLC. After RCM, all cyclodepsi-
peptides were deprotected, using TFA in the presence of scaveng-
ers. Crude products were purified by semi-preparative RP-HPLC

Ru
PCy3


Cl


NN


Cl


Grubbs second-generation


Figure 3. Grubbs’ catalysts structure.


Figure 4. Microfilaments immunofluorescence assays on A-498

on a C18 column and the structures of cyclodepsipeptides 6–8
(20–33% yield after 2 purification HPLC steps) were confirmed by
MS and NMR analysis.


2.4. Biological activity


The antiproliferative activity of the compounds 2–8 was evalu-
ated on kidney A498 adenocarcinoma cells. A moderate cytotoxic-
ity (IC50 = 25 lM) was observed only for compounds 7 and 8. The
synthetic compounds 2–8 were also tested for their activity on
the microfilaments. A498 cells were treated with either cytochala-
sin B as positive control for microfilament depolymerising activity,
or 100 lmol amounts of compounds 2-8. Whilst binucleated cells
were consistently and clearly present in samples treated with cyto-
chalasin B, no cellular aberration was observed with compounds
2–8, even if a modest change on the actin morphology was ob-
served for compound 8 (Fig. 4).


These results appeared quite unexpected, considering the good
alignment found between two of our synthetic compounds and
Jaspamide in our preliminary conformational studies. Presumably
the extreme simplification of the polyketide moiety, proposed in
order to allow more synthetic accessibility of our analogues, re-
sulted to be detrimental for the biological activity. This hypothesis
is based on the consideration that the structural variations made
on the peptide portion, such as the substitution of the two rare
amino acids (b-Tyr and N-methyl-2-brTrp) with commercially
available or, at least more synthetically accessible residues, were
suggested by previous investigations made on other natural ac-
tin-targeting agents5b which show, for instance, the absence of
bromine atom on Trp residue. Our conclusion was that, even if
the three peptide portions seem to play a crucial role in eliciting
bioactivity, as it has emerged by several investigations, the impor-
tance of the polypropionate unit cannot be underestimated in
endowing the molecule with the proper lipophilicity and in assur-
ing the right orientation of the tripeptide backbone in the space,
also in accordance with the parallel findings by Maier’s group.12


In any case, despite the disappointing biological response of our
synthetic compounds, we definitely gained further information

kidney adenocarcinoma cells of Jaspamide analogues 2-8.
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useful to optimize the rational design of a new generation of ana-
logues, as these data represent the only guidelines in absence of a
detailed receptor mapping and well-defined structural determi-
nants which could clarify at molecular level the nature of interac-
tion of Jaspamide with its biological target.


3. Experimental


3.1. General


Unless specified otherwise, all starting materials, reagents, and
solvents were commercially available and used without further
purification. DCM and DMF used for solid-phase reactions were
synthesis grade (dried over activated 4 Å molecular sieves). Water
and CH3CN were HPLC grade. 2-Chlorotrityl chloride resin (100–
200 mesh), 1% DVB, (ClTrt-Cl, loading level: 1.04 and 1.4 mmol/
g), HOBt, and HBTU were purchased from Novabiochem. Fmoc-
amino acids were obtained from Novabiochem, Neosystem and
Fluka. HATU was purchased from Fluka. Solid-phase peptide syn-
theses, using the Fmoc-t-Bu strategy, were carried out on a poly-
propylene ISOLUTE SPE column on a VAC MASTER system, a
manual parallel synthesis device purchased from Stepbio. All solid
phase reactions were run under a nitrogen atmosphere with dry
solvents. For estimation of Fmoc amino acids on the resin, absor-
bance at 301 nm was read employing a Shimadzu UV 2101 PC.
Analytical and semipreparative reverse phase HPLC with UV detec-
tor system operating at 220 and 250 nm was performed on a Jupi-
ter C-18 column (250 � 4.60 mm, 5l, 300 Å; 250 � 10.00 mm, 10l,
300 Å, respectively). The binary solvent system (A/B) was as fol-
lows: 0.1% TFA in water (A) and 0.1% TFA in acetonitrile (B).


All ring-closing metathesis (RCM) reactions were carried out
under an argon atmosphere with dry, degassed solvents under
anhydrous conditions. Grubbs catalyst 2nd generation was pur-
chased from Aldrich.


All the NMR spectra (1H, HMBC, HSQC, TOCSY, COSY, ROESY)
were recorded on a Bruker Avance DRX600 spectrometer at
T = 298 K. The compounds 2–8 were dissolved in 0.5 mL of
99.95% d6-DMSO (Carlo Erba, 99.95 Atom % D) (1H, d = 2.50 ppm;
13C d = 39.5 ppm). The NMR data were processed on a Silicon Gra-
phic Indigo 2 workstation using UXNMR software.


Electrospray mass spectrometry (ES-MS) was performed on a
LCQ DECA ThermoQuest (San Josè, CA, USA) mass spectrometer.
High resolution mass spectra were acquired on a Q-Tof ULTIMA
(Waters, Manchester UK) calibrated with [Glu]-Fibrinopeptide B
fragments using standard experimental conditions.


3.2. Computational details


In order to allow a full exploration of the conformational space
of the molecules 2 and 3, MM/MD calculations at different temper-
atures (300 K, 500 K, 700 K/10 ns) were performed using the
AMBER force field (MacroModel software package) All the so-ob-
tained structures (in number of 100) were minimized using the Po-
lak-Ribier Conjugate Gradient algorithm (PRCG, 1000 steps,
maximum derivative less than 0.05 kcal/mol). This led to the selec-
tion of the lowest energy minimum conformer for the molecules; a
parallel analysis was performed using the MonteCarlo Multiple
Minimum (MCMM) method (50 K steps) of the MacroModel pack-
age,13 leading to the same results obtained by MM/MD
calculations.


3.3. Microwave irradiation experiments


All microwave irradiation experiments were carried out in a
dedicated CEM-Discover Focused Microwave Synthesis apparatus,

operating with continuous irradiation power from 0 to 300 W uti-
lizing the standard absorbance level of 300 W maximum power.
The reaction mixture was carried out in 100 mL round-bottomed
flask containing a magnetic stirring and fitted with a reflux
condenser.


The DiscoverTM system also offers controllable ramp time, hold
time (reaction time) and uniform stirring. The temperature was
monitored using the CEM-Discover built-in-vertically-focused IR
temperature sensor. After the irradiation period, the reaction ves-
sel was cooled rapidly (60–120 s) to ambient temperature by air
jet cooling.


3.4. Representative procedure for lithium amide addition


n-BuLi (2 equiv) was added dropwise to a stirred solution of (S)-
N-benzyl-N-(methylbenzyl)amide (2 equiv) in anhydrous THF at
0 �C and stirred for 15 min under argon. The solution was cooled
at �78 �C and a solution of a,b-unsaturated ester in THF was added
via cannula and stirred at �78 �C for 12 h before the addition of
saturated aqueous ammonium chloride. The resulting mixture
was portioned between brine and ether and the combined organic
extracts dried (MgSO4), filtered and concentrated in vacuo before
purification on silica gel column chromatography.


3.4.1. Compound 10
Purification with hexane/ethyl acetate 996:4 (68% yield, 95%


de). 1H NMR (400 MHz, CDCl3): d 1.33 (3H, d, J = 7.0 Hz), 2.70
(1H, dd, J = 9.0 e 15.2 Hz), 2.83 (1H, dd, J = 9.0 e 15.2 Hz), 3.56
(3H, s), 3.84 (2H, q, J = 14.8 Hz) 4.15 (1H, q, J = 7.07 Hz), 4.59 (1H,
dd, J = 6.0 e 9.4 Hz), 7.27–7.56 (15H, ovl); 13C NMR (100 MHz,
CDCl3): d 15.7, 37.3, 50.6, 51.3, 56.6, 59.1, 126.5–128.2, 141.2,
141.6, 144.0, 172.0. ESI-MS: m/z 374.2 [M+H]+.


3.4.2. Compound 15
Purification with hexane/ethyl acetate 99:1 (75% yield, 98% de).


1H NMR (400 MHz, CDCl3): d 1.39 (3H, d, J = 6.4 Hz), 2.64 (1H, dd,
J = 9.0 e 15.0 Hz), 2.71 (1H, dd, J = 5.4 e 15.0 Hz), 3.71 (1H, m),
3.81 (3H, s), 3.84 (1H, q, J = 7.0 Hz), 4.14 (1H, q, 7.2 Hz), 4.93 (2H,
m), 6.87 (2H, d, J = 8.0 Hz), 7.09–7.46 (16H, ovl); 13C NMR
(100 MHz, CDCl3): d 15.7, 37.3, 50.6, 51.3, 56.6, 59.1, 126.5–
128.2, 141.2, 141.6, 144.0, 145.9, 159.3, 172.0.


3.5. Representative procedure for N-deprotection and
hydrolysis


The N-protected b-amino esters arising from conjugate addition
were dissolved in MeOH/acetic acid/H20 (10:1:0.25, 2 mL/
0.1 mmol) and the solution poured in the pressure bottle of a Parr
hydrogenation apparatus. Pd (OH)2 Degussa E101 (20 equiv) was
added and the mixture shaken under 6 atm of H2 for 12 h. The bot-
tle was degassed, the catalyst was filtered and washed several
times with MeOH. The solvent was evaporated and the crude prod-
uct was immediately subjected to acidic hydrolysis without purifi-
cation. b-Amino ester was dissolved in 2 M HCl (1 mL/0.2 mmol)
and heated at 140 �C for 16 h. The solvent was removed in vacuo
and the resulting material was chromatographed on silica gel elut-
ing with DCM/MeOH 99:1.


3.5.1. Compound 11
White amorphous solid; ½d�25


D þ 6:8ðc0:9;H2OÞ; ESI-MS: m/z
166.1 [M+H]+.


3.5.2. Compound 16
White amorphous solid; ½d�25


D � 0:6ðc0:1;H2OÞ; ESI-MS: m/z
196.1 [M+H]+.
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3.6. Representative procedure for N-Fmoc protection


Na2CO3 (3 equiv) was added to a solution of free b-amino acids
in acetone/H2O 1:1 (2 ml/0.2 mmol) and stirred for 30 min before
FmocCl was added (1.1 equiv). After stirring overnight the mixture
was extracted with EtOAc for 3 times. The combined organic layers
were dried (MgSO4), filtered and concentrated in vacuo. Silica gel
chromatography (hexane/ethyl acetate 9:1) furnished N-protected
b-amino acids in good yields.


3.6.1. Compound 12
Yield (75%). 1H NMR (400 MHz, CDCl3): d 2.90 (2H, m), 3.63 (3H,


s), 4.13 (1H, m), 4.21 (1H, t, J = 6.6), 4.41 (2H, d, 6.6 Hz), 7.29–7.33
(7H, m), 7.39 (2H, t, 6.4 Hz), 7.58 (2H, d, 6.4 Hz), 7.76 (2H, d,
6.4 Hz); 13C NMR (100 MHz, CDCl3): d 40.6, 47.5, 52.1, 67.0,
120.2, 125.3, 126.4, 127.3, 127.9, 129.0, 141.5, 144.0, 155.9,
172.0. ESI-MS: m/z 388.1 [M+H]+.


3.6.2. Compound 17
Yield (69%). 1H NMR (400 MHz, CDCl3): d 2.81 (1H, dd, J = 5.9 e


15.2 Hz) 2.91 (1H, dd, J = 5.2 e 15.2 Hz), 3.80 (3H, s), 4.09 (1H, m),
4.21 (1H, t, J = 6.3 Hz), 4.39 (2H, d, 6.3 Hz), 6.87 (2H, d, J = 7.0 Hz),
7.23 (2H, d, 7.0 Hz), 7.30 (2H, t, 6.2 Hz), 7.40 (2H, t, 67.3 Hz), 7.58
(2H, d, 6.2 Hz), 7.76 (2H, d, 7.3 Hz); 13C NMR (100 MHz, CDCl3): d
30.9, 41.0, 47.5, 51.4, 55.5, 61.0, 67.0, 114.3, 120.2, 125.3, 127.3,
127.6, 128.0, 141.5, 155.8, 172.0. ESI-MS: m/z 418.2 [M+H]+.


3.7. General procedures for the synthesis of compounds 2–8


3.7.1. Loading of the resin
The ClTrt-Cl resin was placed in a 25 mL polypropylene ISOSO-


LUTE syringe on a VAC MASTER system, swollen in 3 mL of DMF for
1 h, and then washed with 2� 3 mL of DCM.


A solution of Fmoc-AA-OH (1 equiv) and DIEA (4 equiv) in
2.5 mL of dry DCM was added and the mixture was agitated for
2 h with a N2 stream. The mixture was then removed, and the resin
was washed with 3� DCM/MeOH/DIEA (17:2:1), and sequentially
with the following washing/treatments: DCM 3� 3 mL, DMF 2�
3 mL, DCM 2� 3 mL (1.5 min each).


3.7.2. Estimation of the level of first residue attachment
The loading of the resin was determined by UV quantification of


the Fmoc-piperidine adduct.
The assay was performed on duplicate samples: 0.4 mL of piper-


idine and 0.4 mL of DCM were added to two dried samples Fmoc
amino acid-resin (�3.0 mg) in two volumetric flasks of 25 mL.
The reaction mixture was allowed to proceed for 30 min at rt
and then 1.6 mL of MeOH was added and the solutions were di-
luted to 25 mL volume with DCM. A reference solution was pre-
pared in a 25 mL volumetric flask using 0.4 mL of piperidine,
1.6 mL of MeOH and DCM to volume. The solutions were shaken
and the absorbance of the samples versus the reference solution
was measured at 301 nm. The substitution level (expressed in
mmol of amino acid/g of resin) was calculated from the equation:
mmol g�1 = (A301/7800) � (25 mL g�1 of resin). The obtained load-
ing degree was 0.17–0.53 mmol g�1.


3.7.3. Fmoc deprotection
About 20% piperidine in DMF (3 mL, 1� 1.5 min), 20% piperidine


in DMF (3 mL, 1� 10 min); washings in DMF 2� 3 mL, DCM 2�
3 mL, DMF 2� 3 mL, (1.5 min each).


3.7.4. Peptide coupling conditions
The coupling reaction was promoted by a HOBt/HBTU in DMF


coupling protocol: Fmoc-amino acid, 4-pentenoic acid and 3-
methyl-4-pentenoic acid (3–4 equiv), HOBt (3–4 equiv), HBTU

(3–4 equiv) and NMM (4–5 equiv) were agitated under N2 in
2.5 mL of DMF for 2 h. After each coupling, washings were carried
out with DMF (3 mL, 3� 1.5 min), and DCM (3 mL, 3� 1.5 min).


3.7.5. Cleavage
The dried peptide resin was treated for 2 h, under stirring, with


the following cleavage mixture: AcOH/TFE/DCM (2:2:6;
10 lL � 1 mg of resin). Then the resin was filtered off and washed
with neat cleavage mixture (3 mL, 3� 1.5 min). After addition of
hexane (15 times volume) to remove acetic acid as an azeotrope,
the filtrate was concentrated and lyophilized (81–97% overall
yield).


3.7.6. Cyclization
The cyclization step was performed in solution at a concentra-


tion of 7.7 � 10�5 M with HATU (2.0 equiv) and DIEA (2.5 equiv)
in DCM. The solution was stirred at 4 �C for 1 h and then allowed
to warm to room temperature for 1 h. The solvent was removed
under reduced pressure.


3.7.7. Final deprotection
Final deprotection was carried out with TFA/H2O/TIS


(95:2.5:2.5; 100lL � 1 mg of resin) for 1 h, under stirring. The
crude product was purified by semipreparative RP HPLC (22–30%
yield calculated after two HPLC purification steps) and character-
ized by ES-MS and NMR spectra.


3.7.8. Ester bond formation
The coupling reaction was performed by using 4-penten-1-ol


(1.6 equiv), HATU (3.0 equiv) and DIEA (3.8 equiv) in DCM at a con-
centration of 0.2 M. The solution was stirred at 4 �C for 1 h and
then allowed to warm to room temperature overnight. The solvent
was removed under reduced pressure. The crude product was ana-
lyzed by analytical RP HPLC and ESI-MS.


3.7.9. RCM under microwave irradiation
Optimized microwave ring closing metathesis.
To a stirred solution (0.3 mM) of the linear precursor in dry


DCM was purged argon for 10 min followed by the addition of
10% mol of Grubbs catalyst 2nd. The mixture was refluxed at
60 �C under an argon atmosphere and irradiated at a maximum
power (300 W) for 40 min. The reaction mixture was then de-
gassed with N2 to dry off any dissolved ethene, an additional 10%
mol catalyst was added and the solution was stirred and subjected
to MW irradiation (300 W) for a further 40 min. Finally, the solu-
tion was concentrated in vacuo and the crude cyclodepsipeptide
was purified by RP-HPLC.


The crude products were purified by semipreparative reverse
phase HPLC (on a Jupiter C-18 column: 250 � 10.00 mm, 10l,
300 Å, flow rate = 4 mL/min) using the following gradient condi-
tions (20–33% yield after 2 purification HPLC steps) and character-
ized by ES-MS and NMR spectra.


3.7.10. Cyclo [b-Phe-D-Trp-Ala-b-Ala-Gaba] (2)
RP-HPLC tR = 13.35 min. from 15% B to 85% B over 35 min;


3.5 mg (27% yield) as a white solid; ES-MS, calcd for C30H36N6O5


560.6; found m/z = 561.1 [M+H]+, 583. 3 [M+Na]+, 599. 1 [M+K]+.
HRMS calcd for C30H37N6O5 [M+H]+ 561.2820; found 561.2560.


1H and 13C NMR data (600 MHz, DMSO-d6): b-Phe dH: a 5.24, b
2.53 (2H), Ar 7.05–7.26, NH 8.46; Trp dH: a 4.58, b 2.86, 3.05, NHin


10.82, 2 7.12, 5 7.65, 6 6.97, 7 7.05, 8 7.32, NH 8.12; Ala dH: a 4.33, b
0.97, NH 8.00; b-Ala dH: a 2.22, 2.39, b 3.27, 3.35, NH 7.37; Gaba dH:
a 2.80 (2H), b 1.49 (2H), c 3.15 (2H); b-Phe dC: a 49.83, b 42.16, Ar
126.00–128.40; Trp dC, a 52.67, b 27.27, 2 122.92, 5 118.02, 6
117.75, 7 120.43, 8 110.70; Ala dC: a 47.18, b 17.00; b-Ala dC: a
34.50, b 34.76; Gaba dC: a 37.18, b 24.78, c 37.08.
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3.7.11. Cyclo[b-Phe-D-Trp-Ala-8-Aoc] (3)
The RP-HPLC analysis showed a main peak at tR = 19.70 min.


from 5% B to 100% B over 45 min; 6.9 mg (23% yield) as a slightly
yellow solid; ES-MS, calcd for C31H39N5O4 545.6; found m/
z = 546.2 [M+H]+, 568.4 [M+Na]+, 584.2 [M+K]+.


HRMS calcd for C31H40N5O4 [M+H]+ 546.3075; found 546.2985.
The minor peak eluting at tR 20.51 min was shown to contain a


diastereoisomeric compound, ES-MS, m/z = 546.2 [M+H]+.
1H and 13C NMR data (600 MHz, DMSO-d6): b-Phe dH: a 5.25, b


2.41 (2H), Ar 7.04–7.28, NH 8.71; Trp dH: a 4.63, b 2.80, 3.00, NHin


10.75, 2 6.93, 5 7.57, 6 6.96, 7 7.04, 8 7.30, NH 8.06; Ala dH: a 4.44, b
0.89, NH 7.86; 8-Aoc dH: a 1.93, 2.13, b 1.13 (2H), c 1.15, 1.25, d
1.56 (2H), e 1.35 (2H), f 2.98 (2H), NH 7.76; b-Phe dC: a 51.00, b
44.13, Ar 126.69–129.15; Trp dC: a 53.51, b 28.99, 2 124.44, 5
119.20, 6 118.80, 7 121.62, 8111.85; Ala dC: a 47.62, b 19.20;
Aoc dC: a 35.71, b 25.39, c 29.00, d 25.80, e 28.70, f 39.21.


3.7.12. Cyclo [b-Tyr-4-OMe-D-Trp-Ala-b-Ala-Gaba] (4)
RP-HPLC tR = 12.00 min. from 5% B to 100% B over 55 min;


2.9 mg (22% yield) as a slightly yellow solid; ES-MS, calcd for
C31H38N6O6 590.6; found m/z = 591.4 [M+H]+, 613.2 [M+Na]+.


HRMS calcd for C31H39N6O6 [M+H]+ 591.2926; found 591.2829.
1H and 13C NMR data (600 MHz, DMSO-d6): b-Tyr-4-OMe dH: a


5.19, b 2.40 (2H), Ar 6.77–7.00, 4-OMe 3.72, NH 8.65; Trp dH: a
4.57, b 2.85, 3.03, NHin 10.77, 2 6.95, 5 7.64, 6 6.97, 7 7.02, 8
7.30, NH 8.07;Ala dH: a 4.32, b 0.97, NH 7.97; b-Ala dH: a 2.38
(2H), b 3.12, 3.37, NH 7.50; Gaba dH: a 1.90 (2H), b 1.20 (2H), c
2.93, 3.08, NH 7.78; b-Tyr-4-OMe dC: a 49.50, b 43.27, Ar
113.20–130.00, 4-OMe 54.85; Trp dC: a 52.72, b 27.75, 2 123.26,
5 118.32, 6 118.06, 7 120.60, 8 110.92; Ala dC: a 47.46, b 17.00;
b-Ala dC: a 34.73, b 35.21; Gaba dC: a 33.00, b 28.25, c 37.53.


3.7.13. Cyclo [b-Ala-D-Trp-Ala-b-Ala-Gaba] (5)
RP-HPLC tR = 13.84 min from 5% B to 100% B over 50 min;


3.0 mg (30% yield) as a slightly yellow solid; ES-MS, calcd for
C24H32N6O5 484.5; found m/z = 485.2 [M+H]+, 507.3 [M+Na]+,
523.2 [M+K]+.


HRMS calcd for C24H33N6O5 [M+H]+ 485.2507; found 485.2587.
1H and 13C NMR data (600 MHz, DMSO-d6): b-Ala dH: a 1.96


(2H), b 3.37 (2H), NH 7.99; Trp dH: a 4.42, b 2.90, 3.14, NHin


10.78, 2 7.13, 5 7.60, 6 6.95, 7 7.03, 8 7.29, NH 8.11; Ala dH: a
4.29, b 0.90, NH 7.89; b-Ala dH: a 2.16, 2.34, b 3.20, 3.35, NH
7.59; Gaba dH: a 1.96 (2H), b 1.55 (2H), c 3.00 (2H), NH 7.66; b-
Ala dC: a 32.60, b 35.33; Trp dC: a 53.07, b 27.10, 2 123.50, 5
118.27, 6 117.94, 7 120.55, 8 110.91; Ala dC: a 47.33, b17.41; b-
Ala dC: a 34.98, b 35.02; Gaba dC: a 32.60, b 25.16, c 37.25.


3.7.14. Cyclo [b-Ala-D-Trp-Ala-4-Pea-4-Peo] (6)
RP-HPLC tR = 31.05 min. from 10% B to 60% B over 65 min;


1.7 mg (23% yield) as a white solid; ES-MS, calcd for C25H32N4O5


468.5; found m/z = 469.3 [M+H]+, 491.2 [M+Na]+.
HRMS calcd for C25H33N4O5 [M+H]+ 469.2445; found 469.2338.
The E isomer was obtained with 90% selectivity as determined


by HPLC.
RP-HPLC of the Z isomer tR = 32.15 min. from 10% B to 60% B


over 65 min.
1H and 13C NMR data (600 MHz, DMSO-d6): b-Ala dH: a 2.43,


2.53, b 3.16, 3.48, NH 8.03, Trp dH: a 4.48, b 2.87, 3.08, NHin, 2
7.09, 5 7.59, 6 6.95, 7 7.03, 8 7.29, NH 8.06; Ala dH: a 4.33, b
0.90, NH 7.79; 4-Pea-4-Peo dH: 2 2.05, 2.23, 3 2.06, 2.25, 4-CH
5.31 (overlapping signals), 5-CH 5.31 (overlapping signals), 6
1.88, 7 1.51, 8 3.88, 3.98; b-Ala dC: a 34.22, b 35.50; Trp dC: a
53.23, b 28.29, 2 123.99, 5 118.88, 6 118.42, 7 121.20, 8 111.43;
4-Pea-4-Peo dC: 2 34.94, 3 27.92, 4-CH 129.55, 5-CH 129.55, 6
28.43, 7 27.79, 8 63.39.
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3.7.15. Cyclo[b-Phe-D-Trp-Ala-4-Pea-4-Peo] (7)
RP-HPLC tR = 26.50 min. from 5% B to 100% B over 60 min; 1.9 mg


(20% yield) as a slightly brown oil; ES-MS, calcd for C31H36N4O5


544.6; found m/z = 545.2 [M+H]+.


HRMS calcd for C31H37N4O5 [M+H]+ 454.2758; found 545.2527.
The E isomer was obtained with 83% selectivity as determined


by HPLC.
RP-HPLC of the Z isomer tR = 27.56 min. from 5% B to 100% B


over 60 min.
1H and 13C NMR data (600 MHz, DMSO-d6): b-Phe dH: d 5.28, b


2.69, 2.76, Ar 7.24–7.70, NH 8.89; Trp dH: d 4.61, b 2.95 (2H), NHin


10.74, 2 7.00, 5 7.62, 6 6.95, 7 7.03, 8 7.31, NH 8.09; Ala dH: d 4.44, b
0.83, NH 7.77; 4-Pea-4-Peo dH:2 2.01, 2.30, 3 2.04, 2.24, 4-CH 5.30
(overlapping signals), 5-CH 5.30 (overlapping signals), 6 1.87, 7
1.50, 8 3.90, 4.05; b-Phe dC: d 49.84, b 42.50, Ar 126.66–128.01;
Trp dC: d 52.72, b 28.00, 2 123.54, 5 118.70, 6 117.92, 7 120.84, 8
112.90; Ala dC: d 47.37, b 19.36; 4-Pea-4-Peo dC: 2 33.68, 3
27.00, 4-CH 128.47, 5-CH 128.47, 6 27.97, 7 27.48, 8 63.40.
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3.7.16. Cyclo[b-Phe-D-Trp-Ala-3-MePea-4-Peo] (8)
RP-HPLC tR = 38.56 min. from 5% B to 20% B over 5 min and then


from 20% B to 60% B over 50 min; slightly brown oil; ES-MS, calcd for


C32H38N4O5 558.6; found m/z = 559.2 [M+H]+, 581.3 [M+Na]+.


HRMS calcd for C32H39N4O5 [M+H]+ 559.2915; found 559.2603.
The E isomer was obtained with 90% selectivity as determined


by HPLC.
RP-HPLC of the Z isomer tR = 39.80 min. from 5% B to 20% B over


5 min and then from 20% B to 60% B over 50 min.
1H and 13C NMR data (600 MHz, DMSO-d6): b-Phe dH: d 5.30, b


2.68, 2.78, Ar 7.22–7.34, NH 8.90; Trp dH: d 4.63, b 2.77, 2.95, NHin


10.75., 2 7.02,5 7.66, 6 6.97, 7 7.05, 8 7.30, NH 8.14; Ala dH: d 4.47, b
0.80, NH 7.75; 3-MePea-4-Peo dH:2 1.78, 2.11,3 2.46, 3-Me 0.94,4-
CH 5.23,5-CH 5.31,6 1.87 (2H), 7 1.52 (2H), 8 3.93, 4.09; b-Phe dC: d
49.80, b 42.27, Ar 126.37–128.89; Trp dC: d 53.00, b 28.68, 2
121.10, 5 118.96, 6 118.36, 7 121.24, 8 111.41; Ala dC: d 47.07,
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b 47.07; 3-MePea-4-Peo dC: 2 43.82,3 33.96, 3-Me 21.82,4-CH
134.70,5-CH 128.06,6 28.66, 7 28.20, 8 64.20.
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3.8. Biological tests

3.8.1. Cytotoxicity assay
A498 kidney adenocarcinoma cells were maintained in a R-


MEM medium containing 10% fetal bovine serum and 50 lg/mL
gentamycin at 37 �C in an atmosphere of 5% CO2 and 95% air. To
determine the cytotoxicities of the test compounds, cells were pla-
ted into 96-well tissue culture plates at approximately 15% conflu-
ency and were allowed to attach and recover for 24 h. The cells
were then treated in triplicate with varying concentrations of the
test compound for 48 h, and cell survival was assayed using the
sulforhodamine B (SRB) binding assay.14 The percentage of cell sur-
vival was calculated as the percentage of SRB binding as compared
with control cultures.


3.8.2. Immunofluorescence assays
A-498 cells were grown to near-confluency on glass coverslips


and treated with the indicated compounds for 16 h. Microtubules
and microfilaments were stained with monoclonal anti-b-tubulin
and monoclonal anti-actin antibodies, respectively, and visualized
with fluorescein-conjugated anti-mouse IgG as previously
described.15
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Novel 7-aryl benzo[1,4]oxazepin-2-ones were synthesized and evaluated as non-steroidal progesterone
receptor (PR) modulators. The structure activity relationship of 7-aryl benzo[1,4]oxazepinones was
examined using the T47D cell alkaline phosphatase assay. A number of 7-aryl benzo[1,4]oxazepinones
such as 10j and 10v demonstrated good in vitro potency (IC50 of 10–30 nM) and selectivity (over 100-
fold) at PR over other steroidal receptors such as glucocorticoid and androgen receptors (GR and AR). Sev-
eral 7-aryl benzo[1,4]oxazepinones were active in the rat uterine decidualization model. In this in vivo
model, compounds 10j and 10u were active at 3 mg/kg when dosed orally.


� 2008 Elsevier Ltd. All rights reserved.

1. Introduction


The progesterone receptor (PR) is a member of the superfamily of
ligand-dependent transcription factors1 Progesterone, a natural PR
agonist, plays an important role in female reproduction. PR agonists,
both natural and synthetic, have been used extensively, often in com-
bination with an estrogen, as oral contraceptives and in post-meno-
pausal hormone therapy. In contrast, clinically successful PR
antagonists remain scarce and their therapeutic potential has not
yet been fully realized. Selective PR antagonists may be potentially
used in female contraception2 and for the treatment of various gyne-
cological and obstetric diseases including hormone dependent cancers
and non-malignant chronic conditions such as fibroids3 and endo-
metriosisp4,5 Mifepristone (1), the only FDA approved steroidal PR
antagonist that is in clinical use, demonstrated activity at other steroi-
dal receptors such as glucocorticoid (GR) and androgen receptors
(AR)6 Mifepristone was nearly equipotent as an antagonist for both
PR and GR and this potentially limits its chronic use. Clearly, the un-
met need of selective PR antagonists presents a good opportunity for
drug discovery in this area. To search for more selective PR antago-
nists, a number of non-steroidal PR antagonist templates have been
investigated and reported7–10 Recently, we have disclosed several ser-
ies of novel PR antagonists including 5-aryl oxindoles (e.g., 2), and 6-
aryl benzoxazinones (e.g., 3)11–13 In an expansion of our SAR effort, we
decided to examine 7-aryl benzo[1,4]oxazepin-2-ones as PR modula-

ll rights reserved.


: +1 484 865 9398.

tors. Herein, we report synthesis, in vitro SAR, and in vivo activity of
novel 7-aryl benzoxazepin-2-ones and analogs (10a–24) as PR antag-
onists.
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2. Chemistry


The synthesis of 7-aryl benzoxazepin-2-ones and benzoxaze-
pine-2-thiones 10a–10ad is illustrated in Scheme 1. Treatment of
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Scheme 1. Reagents and conditions: (a) R1Li, THF, 0�C, N2, 30–70%; (b) when R1 = R2, R1MgBr, diethyl ether, �78 �C–rt, N2, 30–60%; (c) R2MgBr or LiR2, THF, 0 �C–rt, N2, 25–
90%; (d) chloroacetyl chloride, Et3N, THF, 0 �C–rt, 50–70%; (e) NaH, THF, 0 �C to rt, N2, 80–99%; (f) ArB(OH)2, Pd(PPh3)4, Na2CO3, Glyme/H2O, 80–90 �C, 50–80%; (g) Lawesson’s
reagent, toluene, 110 �C.
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anthranilic acid 5 with an appropriate organo-lithium agent affor-
ded (2-amino-5-bromophenyl) ketones 6. Conversion of ketones 6
to their corresponding carbinols 7 was readily furnished by the
addition of a Grignard or organo-lithium reagent. Anthranilic acid
5 could also be directly converted to carbinols 7 (R1 = R2) by the
addition of excess of an appropriate Grignard reagent. Acylation
of 7 with chloroacetyl chloride led to the formation of 8, which
upon ring closure with sodium hydride provided the key interme-
diate benzoxazepinones 9. The 7-aryl benzoxazepinones 10a–10ad
were obtained in good yields by coupling 9 and appropriate aryl
boronic acids via a standard Suzuki cross-coupling protocol. 7-Aryl
benzoxazepinones 10f and 10p were converted to their respective
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Scheme 2. Reagents and conditions: (a) Di-tert-butyl pyrocarbonate, DMAP, THF, 70 �C
28%; (c) TFA, CH2Cl2, rt, 80%; (d) NBS, CH2Cl2, rt, 94%; (e) furan, n-BuLi, THF, �78 to 0 �C,
50%; (h) ArB(OH)2, Pd(PPh3)4, Na2CO3, Glyme/H2O, 80 �C, 52%.

benzoxazepine-2-thiones 11a and 11b by refluxing with Lawes-
son’s reagent in toluene.


Compounds 20a and 20b were prepared as shown in Scheme 2.
Aniline 12 was first protected using di-t-butyl pyrocarbonate to give
13. Ortho-directed lithiation of 13 followed by addition of ethyl pen-
tafluoropropionate afforded ketone 14. Removal of the Boc group
under acidic conditions gave 15 and subsequent bromination using
NBS provided compound 16. The ring closure and arylation at the 7-
position to deliver the desired target compounds 20a and 20b were
carried in a similar fashion as illustrated in Scheme 1.


4,5-Dihydro-1H-benzo[1,4]diazepin-2-one 24 was furnished via
the Scheme 3. Ring closure of 2-amino-5-bromoacetophenone 21
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, N2, 81%; (b) ethyl pentafluoropropionate, t-BuLi, diethyl ether, �78 to �15 �C, N2,
N2, >90%; (f) chloroacetyl chloride, Et3N, THF, 0 �C–rt, 60%; (g) NaH, THF, 0 �C–rt, N2,







Table 1
PR alkaline phosphatase activity of 7-aryl 5,5-dimethyl benzoxazepin-2-ones


N
H


O


O


X


Compound X T47D alkaline phosphatase IC50
a (nM)


1 0.2
2 13.0
3 (90)b


10a 2-F 62.1
10b 3-F 14.9
10c 4-F 100.0
10d 2-F, 3-F 15.7
10e 3-F, 4-F 29.3
10f 3-F, 5-F 30.0
10g 3-Cl, 4-F 30.1
10h 3-Cl, 5-F 15.0
10i 3-Cl, 5-Cl 29.1
10j 3-CN, 5-F 25.0
10k 3-CN, 5-Cl 34.6


a Fifty percent inhibitory concentration of tested compounds on 1 nM proges-
terone induced alkaline phosphatase activity in the human T47D breast carcinoma
cell line.


b The number in the parentheses is EC50 value and represents 50% effective
concentration of tested compounds on alkaline phosphatase activity in the human
T47D breast carcinoma cell line. Values represent the average of at least duplicate
determinations. The standard deviations for these assays were typically ±20% of the
mean or less.
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with glycine ethyl ester hydrochloride salt in refluxing pyridine
formed 5-methyl-1H-benzo[e][1,4]diazepin-2(3H)-one 22. Cou-
pling 22 with 3-chloro-4-fluorophenyl boronic acid afforded com-
pound 23 following the standard Suzuki cross-coupling protocol.
Methylation of compound 23 at the 4-position followed by an
addition of methylmagnesium bromide afforded benzodiazepin-
2-one 24.


3. Results and discussion


We have recently reported several series of non-steroidal PR
modulators. 11–16 Among the antagonist scaffolds examined, the
6-aryl benzoxazin-2-ones were the most promising and rendered
the most potent and selective PR antagonists as demonstrated in
a number of in vitro and in vivo models12 In an expansion of our
SAR efforts on the benzoxazin-2-one template, we have examined
and disclosed the ring-contracted oxindole scaffold (e.g., 2). The
SAR effort led to several 5-aryl oxindoles that showed good in vitro
and in vivo PR antagonist potency11 To further exploit the SAR
uncovered from benzene-fused 5-membered ring oxindole and
6-membered ring benzoxazin-2-one scaffolds, we decided to
examine the benzoxazinone core ring expansion by inserting a
methylene moiety between the 2-position carbonyl group and
3-position oxygen atom. This modification led to 7-aryl benzoxaze-
pin-2-ones, a new class of PR modulators as demonstrated using
the T47D cell alkaline phosphatase assay17,18


Using the 5,5-dimethylbenzoxazepinone as a core, a number of
novel 7-phenyl based benzoxazepinones were prepared to probe
the SAR of substitution on the 7-phenyl group (Table 1). 3-Fluoro-
phenyl analog 10b was more potent in the T47D alkaline phospha-
tase assay than its 2- and 4-fluoro congeners 10a and 10c. This
finding was consistent with the SAR trend observed from the ben-
zoxazinone and oxindole scaffolds in that an electron-withdrawing
group was preferred at the 3-position of the pendant phenyl
group11,12 Disubstituted analogs 10d–k had PR antagonist potency
in the 30 nM or lower range that was comparable to that of their
30-fluoro analog 10b. Overall, the ring-expanded benzoxazepinones
had similar in vitro potency compared to their benzoxazinone (3)
and oxindole (2) analogs in the T47D alkaline phosphatase
assay.11,12


As previously disclosed,11,12 3-cyano-5-fluoro and 3-chloro-5-
fluorophenyl substituted benzoxazinones showed weak to moder-
ate PR agonist activity in T47D alkaline phosphatase assay while
the corresponding ring-contracted oxindoles were PR antagonists
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Scheme 3. Reagents and conditions: (a) Glycine ethyl ester HCl salt, pyridine, reflux, 16
MeI, anhydrous acetonitrile, 50 �C; MeMgBr, ether, 5%.

in the same assay. Interestingly, both 3-cyano-5-fluoro and 3-
chloro-5-fluorophenyl substituted benzoxazepinones (10h, 10j)
elicited PR antagonist activity suggesting the same SAR trend to
their ring-contracted oxindole analogs.


Compounds 10l–ab and 20a,b (Table 2) were prepared to exam-
ine the SAR at the 5-position while maintaining the 7-(3-cyano-5-
fluorophenyl) and 7-(3-chloro-4-fluorophenyl) group constant.
Replacing one of methyl groups at the 5-position with a thien-2-
yl moiety (10l, IC50 = 65.5 nM) slightly decreased potency com-
pared to 5,5-dimethyl analog 10g (IC50 = 30.1 nM). Increasing the
size of alkyl group from methyl to propyl group (10m–q) caused
reduction in PR antagonist potency. Substitution of fur-2-yl and
thien-3-yl groups for thien-2-yl moiety (10r–u vs. 10m,n) in-
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Table 2
PR alkaline phosphatase activity of different 5,5-disubstituted benzoxazepin-2-ones


N
H


O


O


R2
R1


Y
NC


N
H


O


O


R2
R1X


Compound R1 R2 X T47D alkaline phosphatase IC50
a (nM)


10l CH3 Thien-2-yl 3-Cl, 4-F 65.5
10m C2H5 Thien-2-yl 3-Cl, 4-F 207.7
10n C2H5 Thien-2-yl 3-CN, 5-F 100.0
10o n-C3H7 Thien-2-yl 3-Cl, 4-F 349.4
10p i-C3H7 Thien-2-yl 3-Cl, 4-F 365.7
10q i-C3H7 Thien-2-yl 3-CN, 5-F 138.3
10r C2H5 Thien-3-yl 3-Cl, 4-F 116.7
10s C2H5 Thien-3-yl 3-CN, 5-F 59.2
10t C2H5 Fur-2-yl 3-Cl, 4-F 62.5
10u C2H5 Fur-2-yl 3-CN, 5-F 11.8
10v Fur-2-yl Fur-2-yl 3-CN, 5-F 13.3
10w Fur-2-yl Fur-2-yl 3-Cl, 4-F 22.5
10x Thien-2-yl Thien-2-yl 3-CN, 5-F 26.6
10y Thien-2-yl Thien-2-yl 3-Cl, 4-F 65.2
10z Phenyl Phenyl 3-Cl, 4-F 88.0
10aa 50-Cl-thien-2-yl 50-Cl-thien-2-yl 3-Cl, 4-F 1000.0
10ab 50-Cl-thien-2-yl 50-Cl-thien-2-yl 3-CN, 5-F 1000.0
10ac C2H5 Fur-2-yl Y = O 29.9
10ad C2H5 Thien-2-yl Y = S 107.6
20a C2F5 Fur-2-yl 3-Cl, 4-F 82.4
20b C2F5 Fur-2-yl 3-CN, 5-F 34.1


a % Inhibitory concentration of tested compounds on 1 nM progesterone induced alkaline phosphatase activity in the human T47D breast carcinoma cell line. Values
represent the average of at least duplicate determinations. The standard deviations for these assays were typically ±20% of the mean or less.
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creased PR antagonist potency. Increasing the lipophilicity by
replacing the ethyl group of compounds 10t,u with a pentafluoro-
ethyl group (20a,b) resulted in a slight reduction in potency. 5,5-
Difuryl, 5,5-dithienyl, and 5,5-diphenyl analogs 10v–z also showed
good PR antagonist potency. However, replacing thien-2-yl group
(10x,y) with 50-chlorothien-2-yl group (10aa,ab) at the 5-position
resulted in a greater than 15-fold loss in potency suggesting a size
limitation at this position. Compounds 10ac,ad also had good PR
antagonist potency suggesting that the phenyl-based aryl groups
at the 7-position can be replaced by an appropriate hetero aryl
moiety without losing PR antagonist potency.


As shown in Table 3, benzoxazepine-2-thione 11a became a PR
agonist with moderate potency when the 2-carbonyl group was re-
placed by a 2-thiocarbonyl moiety. However, 11a was over 20-fold
less potent than its corresponding benzoxazine-2-thione conge-
ner16 Interestingly, benzoxazepine-2-thione 11b with larger 5-sub-
stituents remained as a PR antagonist with a similar potency as
that of its parent compound 10p. Replacing the 4-oxygen by N-
methyl group led to 4,5-dihydrobenzodiazepin-2-one 24, which
was 3-fold less potent compared to 10g. In addition, benzodiaze-
pin-2-one 23, a precursor of 24, was PR antagonist with the mod-
erate potency.


Clearly, there appeared different SAR trends between 6-aryl
benzoxazinones and 7-aryl benzoxazepinones. In contrast to 6-aryl
benzoxazinones that showed both PR agonist and antagonist activ-
ities dependent on the nature of 6-aryl substitution, 7-aryl benzox-
azepinones demonstrated more consistent PR antagonist activity
regardless of 7-aryl substitutions. Furthermore, 7-aryl benzoxaze-
pine-2-thiones 11a and 11b were either less potent PR agonist or
remained a PR antagonist in contrast to the consistent agonism
of similar substituted 6-aryl benzoxazine-2-thiones.16 To under-
stand the binding mode of these 7-aryl benzoxazepinones within
the progesterone receptor, docking studies were carried out on
compound 10u using the recently published X-ray structure of

PR LBD with asoprisnil, a steroidal selective progesterone modula-
tor (SPRM). The PR/asoprisnil crystal structure showed helix-12 in
an antagonist conformation, which is different than the typical
agonist conformations seen in the PR/progesterone complex and
the non-steroidal PR agonist ligand tanaproget. Inspection of the
docked structure of 10u revealed that the nitrile group of the A-
ring makes a network of hydrogen bond interactions with
Arg766 and Gln725 residues that are held in position by a water
molecule. The benzoxazepin-2-one ring lied in a similar orienta-
tion as seen in the benzoxazine-2-thione ring of tanaproget and
the NH group of the ligand made hydrogen bond interaction with
the carbonyl group of the Asn719 residue within helix-3. The larger
substituents on the 5-position, that is, ethyl and furan, were
accommodated in the pocket occupied by the Phe794 and
Leu797 residues. An overlay of the PR/asoprisnil complex structure
onto the PR/tanaproget structure showed backbone deviations of
0.7 Å in this region, which allowed residues Phe794, Leu797, and
Tyr890 to swing away from the ligand in the asoporisnil structure
and created more room for these groups to be accommodated. This
also explained why our earlier attempts to dock 10u into the
tanaproget binding site did not yield any reasonable low energy
bound pose for this ligand. Clearly the steric interactions with
the rotamers of these residues present in the tanaproget structure
did not allow these bulky groups to be accommodated. Taken to-
gether, docking studies suggested that the more bulky benzoxaze-
pin-2-ones preferred an antagonist conformation in the PR binding
pocket thus leading to more consistent PR antagonism (Fig. 1).


Compounds 10j, 10u, and 10v were evaluated for their selectiv-
ity against other steroidal receptors by using a Gal4-DNA binding
domain (DBD)-hormone receptor ligand binding domain (LBD)
one-hybrid assay for each receptor19 (Table 4). Compared to steroi-
dal PR antagonist mifepristone (1), these compounds are more
selective at PR over other hormone receptors. Both 10j and 10v
have 100-fold or greater selectivity at PR over other steroid recep-







Table 3
PR alkaline phosphatase activity of 7-aryl benzoxazepine-2-thiones and benzodiaz-
epine-2-one
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11a 11b


Compound X Y T47D alkaline phosphatase
EC50


a (nM)
T47D alkaline phosphatase
IC50


b (nM)


11a 35.8
11b 78.2
23 676.7
24 104.7


a Fifty percent effective concentration of tested compounds on alkaline phos-
phatase activity in the human T47D breast carcinoma cell line.


b Fifty percent inhibitory concentration of tested compounds on 1 nM proges-
terone induced alkaline phosphatase activity in the human T47D breast carcinoma
cell line. Values represent the average of at least duplicate determinations. The
standard deviations for these assays were typically ±20% of the mean or less.


Figure 1. Proposed binding mode of compound 10j (cyan) in PR/asoprisinil LBD
binding site. (Only key residues and a Connolly surface of the binding site are shown
for simplicity. Hydrogen bonds are shown as yellow dotted lines.)
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tors suggesting that these novel PR ligands might have less
potential AR- or GR-related side effects. Several 7-aryl benzoxaz-
epinones were also evaluated for their oral activity in the ovariec-
tomized mature female rat decidualization model.20 Both 10j
and 10u were PR antagonists in this in vivo model inhibiting pro-
gesterone induced decidualization by �50% when dosed orally at
3 mg/kg.

In summary, a novel series of non-steroidal 7-aryl
benzo[1,4]oxazepin-2-ones and analogs were evaluated as proges-
terone receptor (PR) modulators. The structure activity relation-
ship of 7-aryl benzo[1,4]oxazepinones was examined using the
T47D cell alkaline phosphatase assay. A number of 7-aryl
benzo[1,4]oxazepinones such as 10j and 10u demonstrated good
in vitro potency and selectivity at PR over other steroidal receptors
such as GR and AR. In addition, several 7-aryl benzo[1,4]oxazepi-
nones were active PR antagonists in the rat uterine decidualization
model.

4. Experimental


4.1. General


1H NMR spectra were recorded on a Bruker DPX300, Varian
INOVA 400, or Varian INOVA 500 instrument. Chemical shifts
are reported in d values (parts per million, ppm) relative to an
internal standard of tetramethylsilane in CDCl3 or DMSO-d6.
Electrospray (ESI) mass spectra were recorded using a Hewlett-
Packard 5989B MS engine or Waters Alliance-ZMD mass spec-
trometer. Electron Impact ionization (EI, EE = 70 eV) mass spectra
were recorded on a Finnigan Trace mass spectrometer. Elemental
analyses were carried out on a modified Perkin-Elmer model
2400 series II CHN analyzer or sent to Robertson Microlit. Ana-
lytical thin-layer chromatography (TLC) was carried out on pre-
coated plates (silica gel, 60 F-254), and spots were visualized
with UV light and stained in iodine. Preparative HPLC purifica-
tions were performed on a preparative Gilson HPLC system using
a CombiPrep Pro C18 column with acetonitrile (0.1% TFA) and
water (0.1% TFA) as solvents at a flow rate of 20 mL/min. Sol-
vents were purchased as anhydrous grade and were used with-
out further purification.


4.1.1. 2-(2-Amino-5-bromophenyl)propan-2-ol (7a)
A solution of 2-amino-5-bromobenzoic acid (10.0 g, 46 mmol)


in dry THF (200 mL) was treated at �78 �C under nitrogen with a
solution of methylmagnesium bromide in ether (3.0 M, 90 mL,
270 mmol). The reaction mixture was slowly warmed to ambient
temperature, kept stirring for 48 h under nitrogen and then poured
into a cold 0.5 N aqueous hydrochloride solution (300 mL). The
mixture was neutralized with aqueous 1N sodium hydroxide solu-
tion and ethyl acetate (300 mL) was added. The organic layer was
separated and aqueous layer was extracted with ethyl acetate
(3 � 100 mL). The combined organic layers were washed with
brine and dried (MgSO4). After removal of solvent in vacuo, the res-
idue was purified by a silica gel flash chromatography (hexane–
ethyl acetate, 3:2) to give 2-(2-amino-5-bromophenyl)propan-2-
ol as off-white solid (6.0 g, 57%): mp 62–63 �C; MS (ESI) m/z 230
([M+H]+); 1H NMR (CDCl3): d 7.19 (d, 1H, J = 2.3 Hz), 7.12 (dd, 1H,
J = 8.4, 2.3 Hz), 6.51 (d, 1H, J = 8.4 Hz), 4.70 (s, 2H), 1.82 (s, 1H),
1.65 (s, 6H).


4.1.2. N-[4-Bromo-2-(1-hydroxy-1-methyl-ethyl)-phenyl]-2-
chloro-acetamide (8a)


To a solution of 2-(2-amino-5-bromophenyl)propan-2-ol (4.6 g,
20 mmol) in a mixture of anhydrous diethyl ether (100 mL) at 0 �C
under nitrogen was added triethyl amine (6.3 mL, 45 mmol) and
chloroacetyl chloride (1.8 mL, 22.6 mmol). After addition, the reac-
tion mixture was slowly warmed to rt, stirred for 3 h, and treated
with a cold 1N hydrogen chloride aqueous solution (70 mL). Ethyl
acetate (100 mL) was added and organic layer separated, dried
(Mg2SO4), concentrated to yield the title compound as an off-white
solid (4.5 g, 74%): mp 133–134 �C. MS (ESI) m/z 304 ([M�H]�); 1H
NMR (DMSO-d6): d 1.21 (s, 1H), 8.12 (d, J = 8.6 Hz, 1H), 7.46 (dd,







Table 4
Antagonist cross-activities of 1, 10j, 10u, and 10v


Compound PR IC50
a (nM) ER IC50


b (nM) AR IC50
b (nM) GR IC50


b (nM) MR IC50
b (nM)


1 0.2 5000 (50) 6.9 (95) 0.6 (97) 590 (96)
10j 25.0 NAc >3000 (57) >3000 (23) >3000 (32)
10u 11.8 NA 690 (82) 190 (91) >3000 (82)
10v 13.3 NA >3000 (62) 1300 (82) >3000 (60)


a Fifty percent inhibitory concentration of tested compounds on 1 nM progesterone induced alkaline phosphatase activity in the human T47D breast carcinoma cell line.
Values represent the average of at least duplicate determinations. The standard deviations for these assays were typically ±20% of the mean or less.


b Experimental values represented the average of at least duplicate determinations and values in the parentheses represented percentage of inhibition. The standard
deviation for these assays was typically ±30% of mean or less. See Section 4 for details.


c Not active up to 10 lM concentration.
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J = 8.6, 2.3 Hz, 1H), 7.44 (d, J = 2.3 Hz, 1H), 6.28 (s, 1H), 4.43 (s, 2H),
1.53 (s, 6H).


4.1.3. 7-Bromo-5,5-dimethyl-1,5-dihydro-4,1-benzoxazepin-
2(3H)-one (9a)


To a solution of N-[4-bromo-2-(1-hydroxy-1-methyl-ethyl)-
phenyl]-2-chloro-acetamide (3.0 g, 9.9 mmol) in anhydrous THF
(30 mL) was added sodium hydride (60% in mineral oil, 0.85 g,
21 mmol) at 0 �C under nitrogen. After addition, the reaction
mixture was stirred for 3 h, treated with an aqueous saturated
ammonium chloride solution (30 mL). Ethyl acetate (50 mL)
was added and organic layer separated, dried (Mg2SO4), and
concentrated to yield the title compound as an off-white solid
(2.7 g, 99%): mp 120–121 �C. MS (ESI) m/z 270 ([M+H]+); 1H
NMR (DMSO-d6): d 10.01 (s, 1H), 7.46 (d, J = 2.3 Hz, 1H), 7.37
(dd, J = 8.6, 2.3 Hz, 1H), 7.04 (d, J = 8.6 Hz, 1H), 4.23 (s, 2H),
1.53 (s, 6H).


4.1.4. 7-(3-Fluorophenyl)-5,5-dimethyl-1,5-dihydro-4,1-
benzoxazepin-2(H)-one (10b)


A mixture of 7-bromo-5,5-dimethyl-1,5-dihydro-4,1-ben-
zoxazepin-2(3H)-one (1.0 g, 3.7 mmol), 3-fluorophenyl boronic
acid (0.8 g, 5.7 mmol), tetrakis(triphenylphosphine) palladium
(0) (0.25 g, 0.22 mmol), sodium carbonate (1.2 g, 11.3 mmol) in
a mixture of DME and water (20 mL and 5 mL) was degassed to
remove air and then heated at 90 �C under nitrogen for 4 h. The
mixture was allowed to cool to rt, treated with a saturated aque-
ous ammonium sulfate solution (50 mL). Ethyl acetate (80 mL)
was added and organic layer separated, dried (Mg2SO4), and con-
centrated. The residue was purified by a flash chromatography on
a silica gel column (hexane–ethyl acetate, 3:1) to give the title
compound as an off-white solid: mp 196–197 �C; 1H NMR
(DMSO-d6): d 9.98 (s, 1H), 7.43–7.58 (m, 5H), 7.12–7.20 (m,
2H), 4.23 (s, 2H), 1.63 (s, 6H). MS (ESI) m/z 286 ([M+H]+); Anal.
Calcd for C17H16FNO2: C, 71.56; H, 5.65; N:4.91. Found: C,
71.54; H, 5.77; N, 4.82.


4.1.5. 7-(2-Fluorophenyl)-5,5-dimethyl-1,5-dihydro-4,1-
benzoxazepin-2(H)-one (10a)


Prepared from 9a and 2-fluorophenyl boronic acid according to
the coupling procedure described in example 10b. 1H NMR (DMSO-
d6): d 10.01 (s, 1H), 7.63 (m, 1H), 7.51–7.57 (m, 1H), 7.36–7.43 (m,
2H), 7.25–7.30 (m, 2H), 7.19 (d, J = 8.32 Hz, 1H), 4.27 (s, 2H), 1.59
(s, 6H); MS (ESI) m/z 286 ([M+H]+); MS (ESI) m/z 284 ([M�H]�).


4.1.6. 7-(4-Fluorophenyl)-5,5-dimethyl-1,5-dihydro-4,1-
benzoxazepin-2(H)-one (10c)


Prepared from 9a and 4-fluorophenyl boronic acid according to
the coupling procedure described in example 10b. 1H NMR (DMSO-
d6): d 9.92 (s, 1H), 7.64–7.67 (m, 2H), 7.41–7.46 (m, 2H), 7.17–7.25
(m, 2H), 7.12 (s, J = 2.26 Hz, 1H), 4.21 (s, 2H), 1.57 (s, 6H); MS (ESI)
m/z 286 ([M+H]+); MS (ESI) m/z 284 ([M�H]�).

4.1.7. 7-(2,3-Difluorophenyl)-5,5-dimethyl-1,5-dihydro-4,1-
benzoxazepin-2(H)-one (10d)


Prepared from 9a and 2,3-difluorophenyl boronic acid accord-
ing to the coupling procedure described in example 10b. 1H
NMR (DMSO-d6): d 10.04 (s, 1H), 7.2–7.45 (m, 6H), 4.28 (s,
2H), 1.59 (s, 6H); MS (ESI) m/z 304 ([M+H]+); MS (ESI) m/z 302
([M�H]�).


4.1.8. 7-(3,4-Difluorophenyl)-5-ethyl-5-(2-furyl)-1,5-dihydro-
4,1-benzoxazepin-2(H)-one (10e)


Prepared from 9a and 3,4-difluorophenyl boronic acid using
the coupling procedure described in example 10b. 1H NMR
(DMSO-d6): d 9.98 (s, 1H), 7.76–7.83 (m, 1H), 7.60–7.67 (m,
1H), 7.49–7.56 (m, 3H), 7.17 (d, J = 8.32 Hz, 1H), 4.26 (s, 2H),
1.61 (s, 6H); MS (ESI) m/z 304 ([M+H]+); MS (ESI) m/z 302
([M�H]�).


4.1.9. 7-(3,5-Difluorophenyl)-5,5-dimethyl-1,5-dihydro-4,1-
benzoxazepin-2(3H)-one (10f)


Prepared from 9a and 3,5-difluorophenyl boronic acid according
to the coupling procedure described in example 10b. 1H NMR
(DMSO-d6): d 10.04 (s, 1H), 7.61–7.57 (m, 2H), 7.52–7.45 (m, 2H),
7.23–7.17 (m, 2H), 4.72 (s, 2H), 1.60 (s, 6H); MS (FI) m/z 304
[M+H]+.


4.1.10. 7-(3-Chloro-4-fluorophenyl)-5,5-dimethyl-1,5-dihydro-
4,1-benzoxazepin-2(H)-one (10g)


Prepared from 9a and 3-chloro-4-fluorophenyl boronic acid
according to the coupling procedure described in example 10b. A
white solid: mp 170–171 �C; 1H NMR (DMSO-d6): d 10.01 (s, 1H),
7.93 (dd, J = 8.1, 2.3 Hz, 1H), 7.68 (m, 1H), 7.44–7.59 (m, 3H),
7.18 (d, J = 8.4 Hz, 1H), 4.25 (s, 2H), 1.63 (s, 6H). MS (ESI) m/z 318
([M�H]�); Anal. Calcd for C17H15ClFNO2: C, 63.86; H, 4.73; N,
4.38. Found: C, 63.54; H, 4.72; N, 4.11.


4.1.11. 7-(3-Chloro-5-fluorophenyl)-5,5-dimethyl-1,5-dihydro-
4,1-benzoxazepin-2(H)-one (10h)


Prepared from 10b and 5-chloro-3-fluoro phenyl boronic acid
according to the coupling procedure described in example 10b.
1H NMR (DMSO-d6): d 10.01 (s, 1H), 7.61–7.65 (m, 4H), 7.36–
7.39 (m, 1H), 7.18 (d, J = 8.54 Hz, 1H), 4.26 (s, 2H), 1.62 (s,
6H); MS (ESI) m/z 320/322 ([M+H]+); MS (ESI) m/z 318/320
([M�H]�).


4.1.12. 7-(3,5-Dichlorophenyl)-5,5-dimethyl-1,5-dihydro-4,1-
benzoxazepin-2(H)-one (10i)


Prepared from 9a and 3,5-dichlorophenyl boronic acid
according to the coupling procedure described in example
10b. 1H NMR (DMSO-d6): d 10.02 (s, 1H), 7.76 (s, 2H), 7.55–
7.64 (m, 3H), 7.18 (d, J = 8.45 Hz, 1H), 4.26 (s, 2H), 1.62 (s
6H); MS (ESI) m/z 336/338 ([M+H]+); MS (ESI) m/z 334/336
([M�H]�).







P. Zhang et al. / Bioorg. Med. Chem. 16 (2008) 6589–6600 6595

4.1.13. 3-(5,5-Dimethyl-2-oxo-1,2,3,5-tetrahydro-4,1-
benzoxazepin-7-yl)-5-fluorobenzonitrile (10j)


Prepared from 9a and 3-cyano-5-fluorophenyl boronic acid
according to the coupling procedure described in example 10b. A
white solid: mp 238–239 �C; 1H NMR (DMSO-d6): d 10.1 (s, 1H),
8.14 (t, J = 1.5 Hz, 1H), 7.98 (m, 1H), 7.80 (m, 1H), 7.69 (d,
J = 1.9 Hz, 1H), 7.64 (dd, J = 8.3, 2.0 Hz, 1H), 7.19 (d, J = 8.3 Hz,
1H), 4.27 (s, 2H), 1.63 (s, 6H). MS m/z 309 ([M�H]�); Anal. Calcd
for C18H15FN2O2: C, 69.67; H, 4.87; N, 9.03. Found: C, 69.51; H,
4.63; N, 9.07.


4.1.14. 3-Chloro-5-(5,5-dimethyl-2-oxo-1,2,3,5-tetrahydro-4,1-
benzoxazepin-7-yl)benzonitrile (10k)


Prepared from 9a and 3-chloro-5-cyano phenyl boronic acid
according to example 10b. 1H NMR (DMSO-d6): d 10.03 (s, 1H),
8.22 (m, 1H), 8.14 (m, 1H), 7.97 (m, 1H), 7.69 (m, 1H), 7.64 (dd,
J = 8.54, 2.44 Hz, 1H), 7.20 (d, J = 8.54 Hz, 1H), 4.27 (s, 2H), 1.63
(s, 6H); MS (ESI) m/z 327/329 ([M+H]+); MS (ESI) m/z 325/327
([M�H]�).


4.1.15. 1-(2-Amino-5-bromo-phenyl)-ethanone (6a)
To a solution of 5-bromo anthranilic acid (50.0 g, 0.23 mol) in


anhydrous THF (500 mL) at 0 �C was added methyllithium (1.4 M
in diethyl ether, 661 mL, 0.93 mol) under nitrogen in a dropwise
manner. After addition, the reaction mixture was allowed to
slowly warm to rt, stirred overnight, and treated with a satu-
rated aqueous ammonium chloride solution (1000 mL). Ethyl
acetate (400 mL) was added and organic layer was separated.
The aqueous layer was extracted with ethyl acetate
(3 � 200 mL). The combined organic layers were dried (Mg2SO4)
and concentrated. The residue was purified by a flash chroma-
tography on silica gel (hexane:ethyl acetate/9:1) to afford the ti-
tle compound as a brown solid (29.3 g, 59%). MS (ES) m/z 214/
216 ([M+H]+).


4.1.16. 1-(2-Amino-5-bromo-phenyl)-1-thiophen-2-yl-ethanol
(7b)


To a solution of 1-(2-amino-5-bromo-phenyl)-ethanone (3.0 g,
14 mmol) in anhydrous THF (50 mL) was added 2-thienyllithium
(1.0 M in THF, 28 mL, 28 mmol) at�78 �C under nitrogen. The reac-
tion mixture was allowed to slowly warm to �20 �C, treated with a
saturated aqueous ammonium chloride solution (50 mL). Ethyl
acetate (50 mL) was added and organic layer was separated, dried
(Mg2SO4), and concentrated to afford the title compound as clear
oil (3.9, 95%). 1H NMR (DMSO-d6): d 7.4 (d, J = 4.9 Hz, 1H), 7.07–
7.11 (m, 2H), 6.94 (m, 1H), 6.84 (dd, J = 3.5, 0.5 Hz, 1H), 6.55 (d,
J = 8.2 Hz, 1H), 6.36 (s, 1H), 5.31 (s, 2H), 1.85 (s, 3H).


4.1.17. N-[4-Bromo-2-(1-hydroxy-1-thien-2-ylethyl)phenyl]-2-
chloroacetamide (8b)


Prepared from 7b and chloroacetyl chloride according to the
procedure described in example 8a. A white solid: 1H NMR
(DMSO-d6): d 10.78 (s, 1H), 8.05 (d, J = 8.7 Hz, 1H), 7.51 (dd,
J = 8.7, 2.2 Hz, 1H), 7.43 (d, J = 5.0 Hz, 1H), 7.37 (m, 2H), 6.95
(m, 1H), 6.88 (dd, J = 3.4, 0.8 Hz, 1H), 4.26 (d, J = 6.9 Hz, 2H),
1.94 (s, 3H).


4.1.18. 7-Bromo-5-methyl-5-thien-2-yl-1,5-dihydro-4,1-
benzoxazepin-2(3H)-one (9b)


Prepared from 8b according to the procedure described in
example 9a. A white solid: 1H NMR (DMSO-d6): d 10.13 (s,
1H), 7.57 (dd, J = 5.0, 1.0 Hz, 1H), 7.47 (dd, J = 8.6, 1.4 Hz, 1H),
7.39 (d, J = 1.67 Hz, 1H), 7.11 (d, J = 8.4 Hz, 1H), 7.00 (m, 1H),
6.88 (dd, J = 2.6, 0.9 Hz, 1H), 4.18 (d, J = 15.8 Hz, 1H), 4.03 (d,
J = 16.3 Hz, 1H), 1.99 (s, 3H). MS (ES) m/z 338/340 ([M+H]+).

4.1.19. 7-(3-Chloro-4-fluorophenyl)-5-methyl-5-thien-2-yl-1,5-
dihydro-4,1-benzoxazepin-2(H)-one (10l)


Prepared from 9b and 3-chloro-4-fluorophenyl boronic acid
according to the coupling procedure described in example 10b.
1H NMR (DMSO-d6): d 10.13 (s, 1H), 7.86 (dd, J = 6.8, 2.0 Hz, 1H),
7.64 (m, 2H), 7.55 (m, 2H), 7.48 (t, J = 8.8 Hz, 1H), 7.25 (d,
J = 8.3 Hz, 1H), 6.99 (dd, J = 4.9, 3.4 Hz, 1H), 6.91 (dd, J = 3.4,
1.0 Hz, 1H), 4.16 (d, J = 16.1 Hz, 1H), 4.06 (d, J = 16.1 Hz, 1H), 2.08
(s, 3H); MS (ES) m/z 388 ([M+H]+); Anal. Calcd for C20H15ClFNO2S:
C, 61.93; H, 3.90; N, 3.61. Found: C, 61.88; H, 3.99; N, 3.35.


4.1.20. (2-Amino-5-bromophenyl)(2-thienyl)methanone (6b)
Prepared from 5-bromo anthranilic acid and 2-thenyllithium


using the procedure described in example 6a. 1H NMR (CDCl3): d
7.86 (d, J = 2.3 Hz, 1H), 7.71 (dd, J = 5.0, 1.0 Hz, 1H), 7.59 (dd,
J = 3.8, 1.0 Hz, 1H), 7.39 (dd, J = 8.8, 2.4 Hz, 1H), 7.19 (m, 1H),
6.66 (d, J = 8.8 Hz, 1H), 5.71 (s, 2H); MS (ES) m/z 280 ([M�H]�).


4.1.21. N-[4-Bromo-2-(1-hydroxy-1-thien-2-ylpropyl)phenyl]-
2-chloroacetamide (8c)


Prepared from 6b using the procedures described in examples
7b and 8a. 1H NMR (CDCl3): d 10.23 (s, 1H), 8.11 (d, J = 8.7 Hz,
1H), 7.46 (dd, J = 8.7, 2.3 Hz, 1H), 7.37 (d, J = 2.3 Hz, 1H), 7.29 (dd,
J = 5.1, 1.0 Hz, 1H), 6.97 (m, 1H), 6.90 (dd, J = 3.5, 1.0 Hz, 1H),
4.09 (m, 2H), 2.80 (s, 1H), 2.43 (m, 2H), 1.03 (t, J = 7.3 Hz, 3H);
MS (ES) m/z 386 ([M�H]�); Anal. Calcd for C15H15BrClNO2S: C,
46.35; H, 3.89; N, 3.60. Found: C, 46.67; H, 3.80; N, 3.52.


4.1.22. 7-Bromo-5-ethyl-5-thien-2-yl-1,5-dihydro-4,1-
benzoxazepin-2(3H)-one (9c)


Prepared from N-[4-bromo-2-(1-hydroxy-1-thien-2-ylpro-
pyl)phenyl]-2-chloroacetamide 8c using the procedure described
in example 9a. 1H NMR (CDCl3): d 7.80 (br s, 1H), 7.39 (m, 3H),
6.97 (m, 1H), 6.81 (m, 2H), 4.19 (d, J = 16.0 Hz, 1H), 4.05 (d,
J = 16.0 Hz, 1H), 2.58 (m, 1H), 2.31 (m, 1H), 0.87 (t, J = 7.2 Hz,
3H); MS (ES) m/z 350 ([M�H]�).


4.1.23. 7-(3-Chloro-4-fluoro-phenyl)-5-ethyl-5-thiophen-2-yl-
1,5-dihydro-benzo[e][1,4]oxazepin-2-one (10m)


Prepared from 9c and 3-chloro-4-fluorophenyl boronic acid
using the coupling procedure described in example 10a. 1H NMR
(DMSO-d6): d 10.08 (s, 1H), 7.85 (dd, J = 7.1, 2.2 Hz, 1H), 7.65 (m,
2H), 7.57 (dd, J = 5.0, 1.0 Hz, 1H), 7.52 (m, 2H), 7.26 (d, J = 8.5 Hz,
1H), 7.01 (m, 2H), 4.11 (d, J = 15.4 Hz, 1H), 3.95 (d, J = 15.4 Hz,
1H), 2.41 (m, 2H), 0.78 (t, J = 7.0 Hz, 3H); MS (ES) m/z 400
([M�H]�).


4.1.24. 3-(5-Ethyl-2-oxo-5-thiophen-2-yl-1,2,3,5-tetrahydro-
benzo[e][1,4]oxazepin-7-yl)-5-fluoro-benzonitrile (10n)


Prepared from 9c and 5-fluoro-3-cyanophenyl boronic acid
using the coupling procedure described in example 10a. 1H NMR
(DMSO-d6): d 10.12 (s, 1H), 8.07 (s, 1H), 7.95 (dt, J = 10.3, 2.0 Hz,
1H), 7.81 (m, 2H), 7.69 (d, J = 2.0 Hz, 1H), 7.57 (dd, J = 5.0, 0.9 Hz,
1H), 7.29 (d, J = 8.5 Hz, 1H), 7.01 (m, 1H), 6.95 (m, 1H), 4.10 (d,
J = 15.5 Hz, 1H), 4.01 (d, J = 15.5 Hz, 1H), 2.65 (m, 2H), 0.78 (t,
J = 7.0 Hz, 3H); MS (ES) m/z 391 ([M�H]�).


4.1.25. N-[4-Bromo-2-(1-hydroxy-1-thien-2-ylbutyl)phenyl]-2-
chloroacetamide (8d)


Prepared from the 5-bromoanthranilic acid according to the
procedures described in examples 6a, 7b, and 8a. 1H NMR
(DMSO-d6): d 10.93 (s, 1H), 8.06 (d, J = 8.5 Hz, 1H), 7.47 (dd,
J = 8.8, 2.3 Hz, 1H), 7.41 (m, 2H), 7.15 (s, 1H), 6.94 (m, 2H), 4.28
(m, 2H), 2.15–2.40 (m, 2H), 1.25–1.40 (m, 2H), 0.88 (t, J = 7.3 Hz,
3H). MS (ESI) m/z 400/402 ([M�H]�). Anal. Calcd for
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C16H17BrClNO2S: C, 47.72; H, 4.25; N, 3.48. Found: C, 47.76; H,
4.39; N, 3.46.


4.1.26. 7-Bromo-5-propyl-5-thien-2-yl-1,5-dihydro-4,1-
benzoxazepin-2(H)-one (9d)


Prepared from 8d according to the procedure described in
example 9a. A white solid: 1H NMR (DMSO-d6): d 10.06 (s, 1H),
7.58 (dd, J = 5.1, 1.1 Hz, 1H), 7.45 (dd, J = 8.7, 2.2 Hz, 1H), 7.36 (d,
J = 2.3 Hz, 1H), 7.12 (d, J = 8.7 Hz, 1H), 7.03 (dd, J = 5.1, 3.6 Hz,
1H), 6.92 (dd, J = 3.6, 1.1 Hz, 1H), 4.08 (d, J = 15.4 Hz, 1H), 3.91 (d,
J = 15.3 Hz, 1H), 2.32 (m, 2H), 1.43 (m, 1H), 0.92 (m, 1H), 08.84
(t, J = 7.2 Hz, 3H); MS (ESI) m/z 366/368 ([M+H]+); MS (ESI) m/z
364/366 ([M�H]�); Anal. Calcd for C16H16BrNO2S: C, 52.47; H,
4.40; N, 3.82. Found: C, 52.37; H, 4.21; N, 3.77.


4.1.27. 7-(3-Chloro-4-fluorophenyl)-5-propyl-5-thien-2-yl-1,5-
dihydro-4,1-benzoxazepin-2(H)-one (10o)


Prepared from 9d and 3-chloro-4-fluorophenyl boronic acid
using the procedure described in example 10a. A white solid: mp
183–184 �C; 1H NMR (DMSO-d6): d 10.07 (s, 1H), 7.83 (dd, J = 7.1,
2.2 Hz, 1H), 7.51–7.68 (m, 4H), 7.47 (t, J = 9.0 Hz, 1H), 7.24 (d,
J = 8.5 Hz, 1H), 7.02 (t, J = 5.0 Hz, 1H), 6.96 (dd, J = 3.5, 1.0 Hz,
1H), 4.09 (d, J = 15.3 Hz, 1H), 3.90 (d, J = 15.3 Hz, 1H), 2.45 (m,
2H), 1.48 (m, 1H), 0.98 (m, 1H), 0.86 (t, J = 7.2 Hz, 3H). MS (ESI)
m/z 415/417 ([M�H]�).


4.1.28. N-[4-Bromo-2-(1-hydroxy-2-methyl-1-thien-2-
ylpropyl)phenyl]-2-chloroacetamide (8e)


Prepared from (2-amino-5-bromophenyl)(2-thienyl)methanone
(6b) in two steps using the procedures described in examples 7b
and 8a. 1H NMR (DMSO-d6): d 11.25 (s, 1H), 8.14 (d, J = 8.8 Hz,
1H), 7.50 (d, J = 2.3 Hz, 1H), 7.46 (dd, J = 8.8, 2.3 Hz, 1H), 7.40 (dd,
J = 5.0, 1.1 Hz, 1H), 7.02 (d, J = 3.5, 1.1 Hz, 1H), 6.96 (m, 2H), 4.36
(d, J = 15.0 Hz, 1H), 4.30 (d, J = 15.0 Hz, 1H), 2.86 (m, 1H), 0.94
(dd, J = 22.0, 6.6 Hz, 6H); MS (ES) m/z 400 ([M�H]�); Anal. Calcd
for C16H17BrClNO2S: C, 47.72; H, 4.25; N, 3.48. Found: C, 47.89;
H, 4.14; N, 3.37.


4.1.29. 7-Bromo-5-isopropyl-5-thien-2-yl-1,5-dihydro-4,1-
benzoxazepin-2(3H)-one (9e)


Prepared from N-[4-bromo-2-(1-hydroxy-2-methyl-1-thien-2-
ylpropyl)phenyl]-2-chloroacetamide using the procedure de-
scribed in example 9a. 1H NMR (DMSO-d6): d 10.01 (s, 1H), 7.56
(dd, J = 4.9, 1.0 Hz, 1H), 7.52 (dd, J = 8.6, 2.2 Hz, 1H), 7.44 (d,
J = 2.2 Hz, 1H), 7.10 (d, J = 8.6 Hz, 1H), 7.03 (m, 2H), 4.22 (d,
J = 14.4 Hz, 1H), 3.87 (d, J = 14.4 Hz, 1H), 2.69 (m, 1H), 0.93 (dd,
J = 17.8, 6.8 Hz, 6H); MS (ES) m/z 364 ([M�H]�).


4.1.30. 7-(3-Chloro-4-fluorophenyl)-5-isopropyl-5-thien-2-yl-
1,5-dihydro-4,1-benzoxazepin-2(3H)-one (10p)


Prepared from 9e and 3-chloro-4-fluorophenyl boronic acid
using the coupling procedure described in example 10a. 1H NMR
(DMSO-d6): d 10.02 (s, 1H), 7.83 (dd, J = 7.1, 2.2 Hz, 1H), 7.67 (dd,
J = 8.4, 2.0 Hz, 1H), 7.60 (m, 2H), 7.53 (m, 1H), 7.52 (m, 1H), 7.23
(d, J = 8.5 Hz, 1H), 7.05 (dd, J = 3.6, 1.3 Hz, 1H), 7.02 (dd, J = 5.0,
3.7 Hz, 1H), 4.21 (d, J = 14.4 Hz, 1H), 3.90 (d, J = 14.4 Hz, 1H), 2.81
(m, 1H), 0.91 (m, 6H); Anal. Calcd for C22H19ClFNO2S: C, 63.53; H,
4.60; N, 3.37. Found: C, 63.34; H, 4.92; N, 2.97.


4.1.31. 3-Fluoro-5-(5-isopropyl-2-oxo-5-thien-2-yl-1,2,3,5-
tetrahydro-4,1-benzoxazepin-7-yl)benzonitrile (10q)


Prepared from 9e and 3-cyano-5-fluorophenyl boronic acid
using the coupling procedure described in example 10a. 1H NMR
(DMSO-d6): d 10.07 (s, 1H), 8.03 (s, 1H), 7.90 (m, 1H), 7.84 (m,
1H), 7.77 (m, 2H), 7.51 (dd, J = 5.0, 1.2 Hz, 1H), 7.24 (d, J = 8.5 Hz,

1H), 7.04 (m, 2H), 4.20 (d, J = 14.4 Hz, 1H), 3.96 (d, J = 14.4 Hz,
1H), 2.90 (m, 1H), 0.92 (t, J = 6.4 Hz, 6H); MS (ES) m/z 407 ([M+H]+).


4.1.32. N-[4-Bromo-2-(1-hydroxy-1-thien-3-ylpropyl)phenyl]-
2-chloroacetamide (8f)


Prepared from 1-(2-amino-5-bromophenyl)-propan-1-one
using the procedure described in examples 7b and 8a. 1H NMR
(DMSO-d6): d 10.95 (s, 1H), 8.05 (dd, J = 6.8, 2.9 Hz, 1H), 7.47
(m, 2H), 7.42 (m, 1H), 7.40 (m, 1H), 6.88 (dd, J = 4.9, 1.0 Hz,
1H), 6.74 (s, 1H), 4.32 (d, J = 31.7, 1H), 4.25 (d, J = 31.7 Hz, 1H),
2.30 (m, 2H), 0.82 (t, J = 7.3 Hz, 3H); MS (ES) m/z 386
([M+H]+); Anal. Calcd for C15H15BrClNO2S: C, 46.35, H, 3.89, N,
3.60. Found: C, 46.03, H, 3.73, N, 3.55.


4.1.33. 7-Bromo-5-ethyl-5-thien-3-yl-1,5-dihydro-4,1-
benzoxazepin-2(3H)-one (9f)


Prepared from 8f using the procedure described in example
9a. 1H NMR (DMSO-d6): d 10.03 (s, 1H), 7.57 (dd, J = 4.9,
3.0 Hz, 1H), 7.45 (dd, J = 8.5, 2.2 Hz, 1H), 7.28 (d, J = 2.2 Hz,
1H), 7.26 (dd, J = 2.7, 1.4 Hz, 1H), 7.12 (dd, J = 5.2, 1.4 Hz, 1H),
7.10 (d, J = 8.5 Hz, 1H), 4.05 (d, J = 15.4 Hz, 1 H), 3.93 (d,
J = 15.4 Hz, 1H), 2.51 (m, 1H), 2.20 (m, 1H), 0.73 (t, J = 7.1 Hz,
3H); MS (ES) m/z 352 ([M+H]+); Anal. Calcd for C15H14BrNO2S:
C, 51.15, H, 4.01, N, 3.98. Found: C, 51.38, H, 4.09, N, 3.82.


4.1.34. 7-(3-Chloro-4-fluorophenyl)-5-ethyl-5-thien-3-yl-1,5-
dihydro-4,1-benzoxazepin-2(3H)-one (10r)


Prepared from 9f and 3-chloro-4-fluorophenyl boronic acid
using the coupling procedure described in example 10a. 1H NMR
(DMSO-d6): d 10.03 (s, 1H), 7.84 (dd, J = 6.9, 2.2 Hz, 1H), 7.62 (m,
2H), 7.56 (dd, J = 5.2, 3.0 Hz, 1H), 7.48 (m, 2H), 7.27 (m, 1H), 7.24
(d, J = 8.5 Hz, 1H), 7.16 (dd, J = 5.2, 1.4 Hz, 1H), 4.04 (d,
J = 15.4 Hz, 1H), 3.94 (d, J = 15.4 Hz, 1H), 2.53 (m, 1H), 2.35 (m,
1H), 0.75 (t, J = 7.1 Hz, 3H); MS (ES) m/z 402 ([M+H]+).


4.1.35. 3-(5-Ethyl-2-oxo-5-thien-3-yl-1,2,3,5-tetrahydro-4,1-
benzoxazepin-7-yl)-5-fluorobenzonitrile (10s)


Prepared from 9f and 3-cyano-5-fluorophenyl boronic acid
using the coupling procedure described in example 10a. 1H NMR
(DMSO-d6): d 10.07 (s, 1H), 8.07 (t, J = 1.5 Hz, 1H), 7.94 (dt,
J = 10.3, 2.0 Hz, 1H), 7.80 (m, 1H), 7.73 (dd, J = 8.3, 2.0 Hz, 1H),
7.63 (d, J = 2.4 Hz, 1H), 7.57 (dd, J = 4.9, 2.9 Hz, 1H), 7.27 (m, 2H),
7.17 (dd, J = 4.9, 1.5 Hz, 1H), 4.02 (d, J = 15.6 Hz, 1H), 3.96 (d,
J = 15.6 Hz, 1H), 2.54 (m, 1H), 2.49 (m, 1H), 0.74 (t, J = 7.3 Hz,
3H); MS (ES) m/z 393 ([M+H]+).


4.1.36. N-{4-Bromo-2-[1-(2-furyl)-1-hydroxypropyl]phenyl}-2-
chloroacetamide (8g)


Prepared from 1-(2-amino-5-bromophenyl)-propan-1-one in
two steps using the procedure described in examples 7b and
8a. 1H NMR (DMSO-d6 ): d 10.96 (s, 1H), 8.11 (d, J = 8.8 Hz,
1H), 7.60 (d, J = 1.0 Hz, 1H), 7.49 (dd, J = 8.8, 2.4 Hz, 1H), 7.11
(d, J = 2.0 Hz, 1H), 6.95 (s, 1H), 6.47 (m, 2H), 4.35 (s, 2H),
2.23 (q, 7.3 Hz, 2H), 0.82 (t, J = 7.3 Hz, 3H); MS (ES) m/z 372
([M�H]�).


4.1.37. 7-Bromo-5-ethyl-5-(2-furyl)-1,5-dihydro-4,1-
benzoxazepin-2(H)-one (9g)


Prepared from 8g using the procedure described in example
9a. 1H NMR (DMSO-d6): d 10.08 (s, 1H), 7.72 (t, J = 1.0 Hz, 1H),
7.47 (dd, J = 8.8, 2.4 Hz, 1H), 7.17 (d, J = 2.4 Hz, 1H), 7.12 (d,
J = 8.8 Hz, 1H), 6.48 (dd, J = 2.4, 1.0 Hz, 1H), 6.34 (d, J = 2.4 Hz,
1H), 4.21 (d, J = 15.1 Hz, 1H), 3.95 (d, J = 15.1 Hz, 1H), 2.45 (m,
1H), 2.10 (m, 1H), 0.73 (t, J = 7.3 Hz, 3H); MS (ES) m/z 336
([M+H]+).
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4.1.38. 7-(3-Chloro-4-fluorophenyl)-5-ethyl-5-(2-furyl)-1,5-
dihydro-4,1-benzoxazepin-2(H)-one (10t)


Prepared from 9g and 3-chloro-4-fluorophenyl boronic acid
using the procedure described in example 10a. 1H NMR (DMSO-
d6): d 10.08 (s, 1H), 8.32 (s, 1H), 7.81 (dd, J = 7.1, 2.5 Hz, 1H), 7.72
(s, 1H), 7.63 (dd, J = 8.5, 2.2 Hz, 1H), 7.47 (t, J = 9.0 Hz, 1H), 7.33
(d, J = 2.2 Hz, 1H), 7.25 (d, J = 8.5 Hz, 1H), 6.47 (m, 1H), 6.32 (d,
J = 3.3 Hz, 1H), 4.19 (d, J = 15.4 Hz, 1H), 3.95 (d, J = 15.4 Hz, 1H),
2.52 (m, 1H), 2.26 (m, 1H), 0.75 (t, J = 7.1 Hz, 3H); MS (ES) m/z
386 ([M+H]+).


4.1.39. 3-[5-Ethyl-5-(2-furyl)-2-oxo-1,2,3,5-tetrahydro-4,1-
benzoxazepin-7-yl]-5-fluorobenzonitrile (10u)


Prepared from 9g and 3-cyano-5-fluorophenyl boronic acid
according to the coupling procedure described in example 10a.
1H NMR (DMSO-d6): d 10.13 (s, 1H), 8.03 (s, 1H), 7.90 (dt,
J = 10.5, 2.2 Hz, 1H), 7.80 (m, 1H), 7.74 (m, 2H), 7.52 (d, J = 2.2 Hz,
1H), 7.28 (d, J = 8.5 Hz, 1H), 6.46 (m, 1H), 6.29 (d, J = 3.3 Hz, 1H),
4.14 (d, J = 15.6 Hz, 1H), 3.96 (d, J = 15.6 Hz, 1H), 2.54 (m, 1H),
2.49 (m, 1H), 0.75 (t, J = 7.4 Hz, 3H); MS (ES) m/z 753 (2M+H)+.


4.1.40. N-[4-Bromo-2-[di(2-furyl)(hydroxy)methyl]phenyl]-2-
chloroacetamide (8h)


To a solution of furan (369.6 g, 5.4 mol) in anhydrous THF
(250 mL) was added at 0 �C n-butyllithium (2.5 M in hexane,
217 mL, 543 mmol) under nitrogen. The mixture was stirred for
30 min and treated with a solution of methyl 2-amino-5-bro-
mobenzoate (25.0 g, 108.7 mmol) in THF (150 mL). The mixture
was stirred for overnight and treated with an ice-cold saturated
aqueous ammonium chloride solution (200 mL). Ethyl acetate
(500 mL) was added and organic layer was separated, dried
(MgSO4) and concentrated. The residue was triturated in a mixture
of hexane and ethyl acetate to afford (2-amino-5-bromophe-
nyl)[di(2-furyl)]methanol as an orange solid (32.7 g, 90%). The title
compound was prepared according to the procedure described in
example 8a. 1H NMR (DMSO-d6): d 10.4 (s, 1H), 8.06 (d,
J = 8.79 Hz, 1H), 8.04 (s, 1H), 7.70–7.71 (m, 2H), 7.55 (dd, J = 8.79,
2.44 Hz, 1H), 6.67 (d, J = 2.44 Hz, 1H), 6.49–6.50 (m, 2H), 6.23–
6.24 (m, 2H), 4.23 (s, 2H); MS (ES) m/z 408/410 ([M�H]�).


4.1.41. 7-Bromo-5,5-di(2-furyl)-1,5-dihydro-4,1-benzoxazepin-
2(3H)-one (9h)


Prepared from 8h using the procedure described in example 9a.
1H NMR (DMSO-d6): d 10.27 (s, 1H), 7.78 (d, J = 0.98 Hz, 2H), 7.52
(dd, J = 8.79, 2.44 Hz, 1H), 7.18 (d, J = 8.79 Hz, 1 H), 6.73 (d,
J = 2.44 Hz, 1H), 6.51 (dd, J = 3.42, 1.95 Hz, 2H), 6.24 (dd, J = 3.42,
0.98 Hz, 2H), 4.1 (s, 2H); MS (ES) m/z 372/374 ([M�H]�); MS (ES)
m/z 374/376 ([M+H]+).


4.1.42. 3-[5,5-Di(2-furyl)-2-oxo-1,2,3,5-tetrahydro-4,1-
benzoxazepin-7-yl]-5-fluorobenzonitrile (10v)


Prepared from 9h and 3-cyano-5-fluorobenzeneboronic acid
according to the coupling procedure of example 10a. 1H NMR
(DMSO-d6): d 10.34 (s, 1H), 7.73–7.87 (m, 5H), 7.59 (dt, J = 10.25,
1.95 Hz, 1H), 7.35 (d, J = 8.3 Hz, 1H), 6.98 (d, J = 1.95 Hz, 1H), 1H,
6.52 (dd, J = 3.42, 1.95 Hz, 2H), 6.29 (dd, J = 3.42, 0.98 Hz, 2H),
4.16 (s, 2H); MS (ESI) m/z 415 ([M+H]+); MS (ESI) m/z 413
([M�H]�).


4.1.43. 7-(3-Chloro-4-fluorophenyl)-5,5-di(2-furyl)-1,5-
dihydro-4,1-benzoxazepin-2(H)-one (10w)


Prepared from 9h and 3-chloro-4-fluorophenyl boronic acid
according to the coupling procedure of example 10a. 1H NMR
(DMSO-d6): d 10.28 (s, 1H), 7.77 (dd, J = 1.95, 0.98 Hz, 2H), 7.66
(dd, J = 8.3, 1.95 Hz, 1H), 7.59 (dd, J = 7.32, 2.44 Hz, 1H), 7.45 (dd,
JHF = JHH = 8.79 Hz, 1H), 7.33–7.36 (m, 1H), 7.32 (d, J = 8.79 Hz,

1H), 6.89 (d, J = 2.44 Hz, 1H), 6.51 (dd, J = 3.42, 1.95 Hz, 2H), 6.27
(dd, J = 3.42, 0.98 Hz, 2H), 4.17 (s, 2H); MS (ESI) m/z 422/424
([M�H]�).


4.1.44. (2-Amino-5-bromophenyl)(dithien-2-yl)methanol (7c)
Prepared from methyl 2-amino-5-bromobenzoate and 2-thi-


enyllithium using the procedure similar to example 8h. 1H NMR
(CDCl3): d 7.35 (dd, J = 5.3, 1.1 Hz, 2H), 7.26 (dd, J = 8.4, 2.3 Hz,
1H), 6.98 (m, 2H), 6.82 (d, J = 2.3 Hz, 1H), 6.79 (m, 2H), 6.62 (d,
J = 8.4 Hz, 1H), 5.45 (br s, 1H), 3.86 (br s, 2H).


4.1.45. 2-Bromo-N-{4-bromo-2-[hydroxy(dithien-2-
yl)methyl]phenyl}acetamide (8i)


Prepared from 7c and bromoacetyl chloride using the procedure
described in example 8a. 1H NMR (DMSO-d6): d 10.22 (s, 1H), 8.42
(s, 1H), 8.05 (d, J = 9.0 Hz, 1H) 7.59 (m, 3H), 7.05 (m, 2H), 6.87 (m,
2H), 6.78 (d, J = 3 Hz, 1H), 3.92 (s, 2H); MS (ES) m/z 484 ([M�H]�).


4.1.46. 7-Bromo-5,5-dithien-2-yl-1,5-dihydro-4,1-
benzoxazepin-2(3H)-one (9i)


Prepared from 8i using the similar procedure described in
example 9a. 1H NMR (CDCl3): d 8.08 (br s, 1H), 7.40 (d, J = 4.0 Hz,
2H), 7.37 (d, J = 2.1 Hz, 1H), 7.14 (d, J = 2.2 Hz, 1H), 6.99 (m, 2H),
6.89 (d, J = 3.6 Hz, 2H), 6.83 (d, J = 8.5 Hz, 1H), 4.35 (s, 1H); MS
(ES) m/z 404 ([M�H]�); Anal. Calcd for C17H12BrNO2S2: C, 50.25;
H, 2.98; N, 3.45. Found: C, 50.57; H, 3.01; N, 3.25.


4.1.47. 3-Fluoro-5-(2-oxo-5,5-dithien-2-yl-1,2,3,5-tetrahydro-
4,1-benzoxazepin-7-yl)benzonitrile (10x)


Prepared from 9i and 3-cyano-5-fluorophenyl boronic acid
using the coupling procedure described in example 10a. 1H NMR
(DMSO-d6): d 10.32 (s, 1H), 7.81 (m, 3H), 7.63 (m, 3H), 7.30 (m,
2H), 7.05 (m, 4H), 4.21 (s, 2H); MS (ES) m/z 445 ([M�H]�).


4.1.48. 7-(3-Chloro-4-fluorophenyl)-5,5-dithien-2-yl-1,5-
dihydro-4,1-benzoxazepin-2(H)-one (10y)


Prepared from 9i and 3-chloro-4-fluorophenyl boronic acid
using the coupling procedure described in example 10a. 1H NMR
(DMSO-d6): d 10.27 (s, 1H), 7.68 (m, 4H), 7.48 (t, J = 8.8 Hz, 1H),
7.38 (m, 1H), 7.27 (d, J = 8.5 Hz, 1H), 7.16 (d, J = 2.1 Hz, 1H), 7.04
(dd, J = 5.0, 3.6 Hz, 2H), 6.93 (dd, J = 3.6, 1.2 Hz, 2H), 4.22 (s, 2H);
MS (ES) m/z 456 ([M+H]+); Anal. Calcd for C23H15ClFNO2S2: C,
60.59; H, 3.32; N, 3.07. Found: C, 60.35; H, 3.28; N, 2.91.


4.1.49. 7-(3-Chloro-4-fluorophenyl)-5,5-diphenyl-1,5-dihydro-
4,1-benzoxazepin-2(H)-one (10z)


Prepared from 7-bromo-5,5-diphenyl-1,5-dihydro-4,1-ben-
zoxazepin-2(3H)-one (9j, prepared in a similar manner as that for
compound 9i) and 3-chloro-4-fluoro benzeneboronic acid accord-
ing to the coupling procedure described in example 10a. 1H NMR
(DMSO-d6): d 10.17 (s, 1H), 7.65 (dd, J = 8.3, 2.44 Hz, 1H), 7.50
(dd, J = 7.32, 2.44 Hz, 1H), 7.34–7.43 (m, 7H), 7.25 (d, J = 8.3 Hz,
1H), 7.22–7.24 (m, 1H), 7.16–7.19 (m, 4H), 6.75 (d, 1.95 Hz, 1 H),
4.26 (s, 2H); MS (ESI) m/z 442/444 ([M�H]�); Anal. Calcd for
C27H19ClFNO2: C, 73.06; H, 4.31; N, 3.16. Found: C, 72.67; H,
4.36; N, 2.89.


4.1.50. 7-(3-Chloro-4-fluorophenyl)-5,5-bis(4-chlorophenyl)-
1,5-dihydro-4,1-benzoxazepin-2(H)-one (10aa)


Prepared from 7-bromo-5,5-bis(4-chlorophenyl)-1,5-dihydro-
4,1-benzoxazepin-2(H)-one (9k, prepared in a similar manner as
that for compound 9i) and 3-chloro-4-fluorobenzeneboronic acid
according to the coupling procedure described in example 10a.
1H NMR (DMSO-d6): d 10.17 (s, 1H), 7.69 (dd, J = 8.3, 2.4 Hz, 1H),
7.58 (dd, J = 6.8, 2.4 Hz, 1H), 7.46 (m, 5H), 7.31 (m, 1H), 7.24 (d,
J = 8.3 Hz, 1H), 7.22 (m, 4H), 6.78 (d, J = 2.0 Hz, 1H), 4.23 (s, 2H);
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MS (ES) m/z 510 ([M�H]�); Anal. Calcd for C27H17Cl3FNO2: C,
63.24; H, 3.34; N, 2.73. Found: C, 62.75; H, 3.58; N, 2.72.


4.1.51. 3-[5,5-Bis(4-chlorophenyl)-2-oxo-1,2,3,5-tetrahydro-
4,1-benzoxazepin-7-yl]-5-fluorobenzonitrile (10ab)


Prepared from 7-bromo-5,5-bis(4-chlorophenyl)-1,5-dihydro-
4,1-benzoxazepin-2(H)-one (9k) and 5-fluoro-3-cyanobenzenebo-
ronic acid according to the coupling procedure described in
example 10a. 1H NMR (DMSO-d6): d 10.24 (s, 1H), 7.79 (m, 3H),
7.59 (dt, J = 9.8, 2.0 Hz, 1H), 7.46 (m, 4H), 7.28 (d, J = 8.3 Hz, 1H),
7.26 (m, 4H), 6.93 (d, J = 2.0 Hz, 1H), 4.20 (s, 2H); MS (ES) m/z
501 ([M�H]�); Anal. Calcd for C28H17Cl2FN2O2: C, 66.81; H, 3.40;
N, 5.57. Found: C, 66.46; H, 3.43; N, 5.48.


4.1.52. 3-[5,5-Bis(4-chlorophenyl)-2-oxo-1,2,3,5-tetrahydro-
4,1-benzoxazepin-7-yl]-5-fluorobenzonitrile (10ac)


To a stirred solution of 7-bromo-5-ethyl-5-(2-furyl)-1,5-dihy-
dro-4,1-benzoxazepin-2(H)-one (9g, 5.0 g, 14.8 mmol) in DMF
(100 mL) were added potassium acetate (4.5 g, 44.4 mmol),
bis(pinacolato)diboron (7.5 g, 29.6 mmol), and [1,10-bis(diphenyl-
phosphino)-ferrocene]dichloropalladium (II) (0.6 g, 0.8 mmol) at
rt under nitrogen. The mixture was heated at reflux under nitrogen
overnight. The solution was allowed to cool to room temperature
and partitioned between ammonium chloride solution (sat.)
(100 mL) and ethyl acetate (150 mL). The aqueous layer was
extracted with ethyl acetate (3 � 50 mL). The organic layers
were combined, dried over magnesium sulfate, filtered through
silica gel and triturated with ether to give 5-ethyl-5-(2-fur-
yl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1,5-dihydro-
4,1-benzoxazepin-2(H)-one as a white solid (2.9 g, 50%). 1H NMR
(DMSO-d6): d 10.08 (s, 1H), 7.71 (s, 1H), 7.53 (d, J = 8.0 Hz, 1H),
7.33 (s, 1H), 7.16 (d, J = 8.1 Hz, 1 H), 6.48 (d, J = 3.2 Hz, 1H), 6.30
(d, J = 3.2 Hz, 1H), 4.21 (d, J = 15.4 Hz, 1H), 4.04 (d, J = 15.4 Hz,
1H), 2.45 (m, 1H), 2.00 (m, 1H), 1.25 (s, 8H), 0.71 (t, J = 7.1 Hz,
3H); MS (ES) m/z 384 ([M+H]+).


The title compound 10ac was prepared from 5-ethyl-5-(2-fur-
yl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1,5-dihydro-
4,1-benzoxazepin-2(H)-one and 4-bromo-furan-2-carbonitrile
using the coupling procedure described in example 10a. 1H NMR
(DMSO-d6): d 10.02 (s, 1H), 8.55 (d, J = 2.2 Hz, 1H), 8.10 (d,
J = 2.0 Hz, 1H), 7.71 (d, J = 1.9 Hz, 1H), 7.58 (m, 1H), 7.41 (s, 1H),
7.24 (dd, J = 8.4, 2.7 Hz, 1H), 6.45 (s, 1H), 6.25 (d, J = 2.7 Hz, 1H),
4.11 (d, J = 15.6 Hz, 1H), 3.96 (d, J = 15.6 Hz, 1H), 2.50 (m, 1H),
2.33 (m, 1H), 0.75 (m, 3H); MS (ES) m/z 349 ([M+H]+); Anal. Calcd
for C20H16N2O4: C, 68.96; H, 4.63; N, 8.04. Found: C, 68.38; H, 4.73;
N, 7.84.


4.1.53. 4-(5-Ethyl-2-oxo-5-thien-2-yl-1,2,3,5-tetrahydro-4,1-
benzoxazepin-7-yl)thiophene-2-carbonitrile (10ad)


Prepared from 7-bromo-5-ethyl-5-thien-2-yl-1,5-dihydro-4,1-
benzoxazepin-2(3H)-one (9c) and 4-bromo-2-cyanothiophene
according to the procedures described in example 10ac. A yellow-
ish solid: mp 202–204 �C; 1H NMR (DMSO-d6): d 10.06 (s, 1H), 8.48
(s, 1H), 8.33 (s, 1H), 7.64–7.7 (m, 2H), 7.55 (d, J = 5.0 Hz, 1H), 7.23
(d, J = 8.48 Hz, 1H), 6.92–7.03 (m, 2H), 4.06 (d, J = 15.52 Hz, 1H),
3.94 (d, J = 15.44 Hz, 1H), 3.37 (m, 1H), 2.5 (m, 1H), 0.76 (t,
J = 6.79 Hz, 1H); MS (ESI) m/z 381 ([M+H]+); MS (ESI) m/z 379
([M�H]�); Anal. Calcd for C20H16N2O2S2: C, 63.14; H, 4.24; N,
7.36. Found: C, 62.53; H, 4.25; N, 7.12.


4.1.54. 7-(3,5-Difluorophenyl)-5,5-dimethyl-1,5-dihydro-4,1-
benzoxazepin-2(3H)-thione (11a)


To a solution of 7-(3,5-difluorophenyl)-5,5-dimethyl-1,5-dihy-
dro-4,1-benzoxazepin-2(3H)-one (10f) (0.4 g, 1.3 mmol) in a mix-
ture of toluene (20 mL) and THF (10 mL, help to dissolve the
starting material) was added the Lawesson’s reagent (0.3 g,

0.71 mmol) at rt under nitrogen. The mixture was heated at
100 �C for 10 min, cooled to rt, and concentrated. The residue
was purified by a flash chromatography on silica gel column (hex-
ane:THF/4:1) to give the title compound as a yellowish solid
(0.25 g, 59%). 1H NMR (DMSO-d6): d 12.01 (s, 1H), 7.70–7.63 (m,
2H), 7.59–7.48 (m, 2H), 7.41 (d, J = 8.82 Hz, 1H), 7.28–7.18 (m,
1H), 4.51 (s, 2H), 1.62 (s, 6H); MS (FI) m/z 318 ([M�H]�).


4.1.55. 3-Fluoro-5-(5-isopropyl-5-thien-2-yl-2-thioxo-1,2,3,5-
tetrahydo-4,1-benzoxazepin-7-yl)benzonitrile (11b)


Prepared by heating a mixture of 3-fluoro-5-(5-isopropyl-2-
oxo-5-thien-2-yl-1,2,3,5-tetrahydro-4,1- benzoxazepin-7-yl)ben-
zonitrile (10q) and Lawesson’s reagent at reflux in toluene accord-
ing to example 11a. 1H NMR (DMSO-d6): d 12.09 (s, 1H), 8.1 (s, 1H),
7.96 (d, J = 10.1 Hz, 1H), 7.88 (m, 2H), 7.83 (dd, J = 8.5, 1.8 Hz, 1H),
7.48 (dd, J = 4.9, 0.66 Hz, 1H), 7.40 (d, J = 8.5 Hz, 1H), 7.03 (d,
J = 2.6 Hz, 1H), 7.00 (m, 1H), 4.48 (d, J = 14.1 Hz, 1H), 4.37 (d,
J = 14.1 Hz, 1H), 2.96 (m, 1H), 0.93 (d, J = 6.7 Hz, 3H), 0.87 (d,
J = 6.5 Hz, 3H); MS (ES) m/z 421 ([M�H]�).


4.1.56. 1-(2-Amino-5-bromophenyl)-2,2,3,3,3-
pentafluoropropan-1-one (16)


A solution of BOC protected aniline (14.0 g, 72 mmol) in
anhydrous ether (150 mL) at �15 �C under nitrogen was treated
with a solution of tert-butyllithium (1.7 M in pentane, 106 mL,
183 mmol). The reaction mixture was stirred at �15 �C for 4 h,
cooled to �78 �C, and treated with ethyl pentafluoropropionate
(13 mL, 88 mmol). The mixture was allowed to slowly warm to
rt and brine (500 mL) was added. The organic layer was sepa-
rated, dried (MgSO4), and concentrated. The residue was taken
up in methylene chloride (100 mL) and treated with TFA
(5 mL) at 0 �C under nitrogen. After 1.5 h, the solution was trea-
ted with a cold sodium bicarbonate solution (3 N, 100 mL) and
organic layer was separated, dried (MgSO4), and concentrated.
The crude residue (5.0 g, 21 mmol) was then taken up in meth-
ylene chloride (80 mL) and treated with NBS (3.6 g, 20 mmol) in
portions at rt under nitrogen. After 1 h, the solution was washed
with aqueous 3 N sodium bicarbonate solution (3 � 20 mL), dried
(MgSO4), and concentrated to give 1-(2-amino-5-bromophenyl)-
2,2,3,3,3-pentafluoropropan-1-one as a yellow solid (6.0 g, 25%
in three steps). 1H NMR (DMSO-d6): d 7.97 (s, 2H), 7.67 (d,
J = 2.3 Hz, 1H), 7.56 (dd, J = 9.2, 2.2 Hz, 1H), 6.94 (d, J = 9.3 Hz,
1H); MS (ESI) m/z 318/320 ([M+H]+); MS (ESI) m/z 316/318
([M�H]�).


4.1.57. N-{4-Bromo-2-[2,2,3,3,3-pentafluoro-1-(2-furyl)-1-
hydroxypropyl]phenyl}-2-chloroacetamide (18)


To a solution of furan (13.0 g, 190 mmol) in anhydrous THF
(150 mL) was added n-butyllithium (2.5 M in hexane, 40 mL,
100 mmol) at 0 �C under nitrogen. The solution was stirred at
0 �C for 30 min, cooled to �78 �C, and treated with a solution
of 1-(2-amino-5-bromophenyl)-2,2,3,3,3-pentafluoropropan-1-
one. The mixture was allowed to warm to �30 �C, a saturated
ammonium chloride solution (100 mL) was added and mixture
was warmed to rt. Ethyl acetate (300 mL) was added and organic
layer separated, dried (MgSO4), and concentrated. The residue
was dissolved in anhydrous THF. The resultant solution was
cooled to 0 �C, treated with triethylamine followed by addition
of chloroacetyl chloride following the procedure described in
example 8a to give N-{4-bromo-2-[2,2,3,3,3-pentafluoro-1-(2-fur-
yl)-1-hydroxypropyl]phenyl}-2-chloroacetamide as a white solid.
1H NMR (DMSO-d6): d 10.54 (s, 1H), 9.11 (s, 1H), 8.18 (d,
J = 9.0 Hz, 1H), 7.79 (m, 1H), 7.64 (dd, J = 8.8, 2.4 Hz, 1H), 7.21
(d, J = 1.7 Hz, 1H), 6.71 (s, 1H), 6.58 (m, 1H), 4.35 (d, J = 1.5 Hz,
2H). MS (ESI) m/z 462/464 ([M+H]+); MS (ESI) m/z 460/462
([M�H]�).
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4.1.58. 7-Bromo-5-(2-furyl)-5-(pentafluoroethyl)-1,5-dihydro-
4,1-benzoxazepin-2(H)-one (19)


Prepared from N-{4-bromo-2-[2,2,3,3,3-pentafluoro-1-(2-fur-
yl)-1-hydroxypropyl]phenyl}-2-chloroacetamide using the proce-
dure described in example 9a. 1H NMR (DMSO-d6): d 10.33 (s,
1H), 7.93 (s, 1H), 7.68 (dd, J = 8.6, 2.0 Hz, 1H), 7.49 (s, 1H), 7.20
(d, J = 8.7 Hz, 1H), 6.75 (d, J = 2.9 Hz, 1H), 6.64 (m, 1H), 4.49 (d,
J = 14.8 Hz, 1H), 4.14 (d, J = 14.9 hz, 1H); MS (ESI) m/z 426/428
([M+H]+); MS (ESI) m/z 424/426 ([M�H]�).


4.1.59. 7-(3-Chloro-4-fluorophenyl)-5-(2-furyl)-5-(pentafluoro-
ethyl)-1,5-dihydro-4,1-benzoxazepin-2(H)-one (20a)


Prepared from 7-bromo-5-(2-furyl)-5-(pentafluoroethyl)-1,5-
dihydro-4,1-benzoxazepin- 2(H)-one and 3-chloro-4-fluorophenyl
boronic acid according to the coupling procedure described in
example 10a. 1H NMR (DMSO-d6): d 10.36 (s, 1H), 7.93 (d,
J = 1.3 Hz, 1H), 7.82 (dd, J = 8.5, 2.1 Hz, 1H), 7.72 (dd, J = 7.8,
1.8 Hz, 1H), 7.45–7.58 (m, 3H), 7.36 (d, J = 8.6 Hz, 1H), 6.78 (d,
J = 3.4 Hz, 1H), 6.63 (dd, J = 3.5, 1.8 Hz, 1H), 4.49 (d, J = 14.8 Hz,
1H), 4.12 (d, J = 14.8 Hz, 1H); MS (ESI) m/z 474/476 ([M�H]�).


4.1.60. 7-(3-Chloro-4-fluorophenyl)-5-(2-furyl)-5-(pentafluoro-
ethyl)-1,5-dihydro-4,1-benzoxazepin-2(H)-one (20b)


Prepared from 7-bromo-5-(2-furyl)-5-(pentafluoroethyl)-1,5-
dihydro-4,1-benzoxazepin- 2(H)-one and 3-cyano-5-fluorophenyl
boronic acid according to the coupling procedure described in
example 1. 1H NMR (DMSO-d6): d 10.41 (s, 1H), 7.84–7.94 (m,
4H), 7.76 (td, J = 10.1, 2.1 Hz, 1H), 7.68 (d, J = 1.7 Hz, 1H), 7.36
(d, J= 8.6 Hz, 1H), 6.84 (d, J = 3.4 Hz, 1H), 6.64 (dd, J = 3.4,
1.8 Hz, 1H), 4.45 (d, J = 14.9 Hz, 1H), 4.14 (d, J= 14.8 Hz, 1H);
MS (ESI) m/z 467 ([M+H]+); MS (ESI) m/z 465 ([M�H]�); Anal.
Calcd for C22H12F6N2O3: C, 56.66; H, 2.59; N, 6.01. Found: C,
56.64; H, 2.85; N, 5.61.


4.1.61. 7-Bromo-5-methyl-1,3-dihydro-benzo[e][1,4]diazepin-
2-one (22)


A mixture of 1-(2-amino-5-bromo-phenyl)-ethanone (8.0 g,
37 mmol) and glycine ethyl ester hydrogen chloride (6.7 g,
48 mmol) in pyridine was heated at reflux for 24 h under nitro-
gen. The reaction mixture was cooled, solvent removed, and res-
idue was treated with a saturated aqueous ammonium chloride
solution (200 mL). Ethyl acetate (300 mL) was added and organic
layer was separated, dried (MgSO4), concentrated, and the resi-
due purified on silica gel column (hexane–ethyl acetate, 1:1) to
give 7-bromo-5-methyl-1,3-dihydro-benzo[e][1,4]diazepin-2-one
as a brown solid (1.5 g, 16%). 1H NMR (DMSO-d6): d 10.49 (s,
1H), 7.92 (d, J = 2.0 Hz, 1 H), 7.66 (dd, J = 8.7, 2.1 Hz, 1 H), 7.08
(d, J = 8.7 Hz, 1H), 3.91 (s, 2H), 2.39 (s, 3H). MS (ESI) m/z 253/
255 ([M+H]+).


4.1.62. 7-(3-Chloro-4-fluorophenyl)-5-methyl-1,3-dihydro-H-
1,4-benzodiazepin-2-one (23)


Prepared from 7-bromo-5-methyl-1,3-dihydro-benzo[e][1,4]-
diazepin-2-one and 3-chloro-4-fluorophenyl boronic acid using
the coupling procedure described in example 10a. 1H NMR
(DMSO-d6): d 10.52 (s, 1H), 8.02 (d, J = 2.2 Hz, 1H), 7.99 (d,
J = 2.1 Hz, 1H), 7.83 (dd, J = 8.5, 2.2 Hz, 1H), 7.76 (m, 1H), 7.52 (t,
J = 8.76 Hz, 1H), 7.20 (d, J = 8.5 Hz, 1H), 3.91 (s, 2H), 2.48 (s, 3H);
MS (ESI) m/z 303/305 ([M+H]+); MS (ESI) m/z 301/303 ([M�H]�);
Anal. Calcd for C16H12ClFN2O: C, 63.48; H, 4.00; N, 9.25. Found:
C, 63.16; H, 4.02; N, 8.85.


4.1.63. 7-(3-Chloro-4-fluorophenyl)-4,5,5-trimethyl-1,3,4,5-
tetrahydro-H-1,4-benzodiazepin-2-one (24)


A mixture of 7-(3-chloro-4-fluorophenyl)-5-methyl-1,3-dihy-
dro-H-1,4-benzodiazepin-2-one (0.4 g, 1.32 mmol) and iodometh-

ane (0.13 mL, 2 mmol) in anhydrous acetonitrile (20 mL) was
heated at 50 �C under nitrogen for 24 h. The solvent was removed
and residue triturated in ethyl acetate to give 7-(3-chloro-4-fluoro-
phenyl)-4,5-dimethyl-2-oxo-2,3-dihydro-H-1,4-benzodiazepin-4-
ium as greenish solid (60 mg, 14%). 1H NMR (DMSO-d6): d 11.52 (s,
1H), 8.24 (d, J = 2.0 Hz, 1H), 8.13 (dd, J = 5.2, 2.2 Hz, 1H), 8.06 (dd,
J = 7.0, 2.3 Hz, 1 H), 7.81 (m, 1H), 7.58 (t, J = 9.0 Hz, 1H), 7.39 (d,
J = 8.7 Hz, 1H), 4.48 (bs, 2H), 3.84 (s, 3H), 2.98 (s, 3H). MS (ESI)
m/z 317/319 ([M]+).


A mixture of 7-(3-chloro-4-fluorophenyl)-4,5-dimethyl-2-oxo-
2,3-dihydro-H-1,4-benzodiazepin-4-ium (0.2 g, 0.63 mmol) and
methyl magnesium bromide (1 mL in diethyl ether, 3 M, 3 mmol)
in anhydrous diethyl ether (20 mL) was heated at reflux under
nitrogen for 3 h. The reaction mixture was treated with a satu-
rated aqueous ammonium chloride solution (30 mL). The organic
layer was separated and aqueous layer was extracted with ethyl
acetate (3 � 30 mL). The organic extracts were combined, dried
(MgSO4), concentrated, and residue purified on a silica gel col-
umn (hexane–ethyl acetate 3:1) to give the title compound as
a white solid (11 mg, 5.2%). 1H NMR (DMSO-d6): d 10.06 (s,
1H), 7.92 (dd, J = 7.1, 2.2 Hz, 1H), 7.68 (m, 1H), 7.45–7.53 (m,
3H), 7.26 (d, J = 8.2 Hz, 1H), 3.78 (s, 2H), 2.18 (s, 3H), 1.52 (s,
6H). MS (ESI) m/z 333/335 ([M+H]+).


4.2. Steroid receptor (GAL-4) cross reactivity assays


Plasmids and cells: The ligand binding domains (LBD) of the
GR (aa 485–777), MR (aa 669–984), ERa (aa 303–595), and AR
(aa 644–920) were cloned into the pM GAL4-DBD vector (Clon-
tech). For the AR two-hybrid assay, SRC-2 (aa 620–1121) was
cloned into the pVP16 vector (Clontech). For the GAL4UAS-lucifer-
ase reporter, 5 copies of the 17bp GALUAS sequence along with
the E1b minimal TATA promoter were cloned into the pG5basic
luciferase vector (Promega). Experiments were performed in
COS-7 African green monkey kidney fibroblast-like cells (ATCC
#CRL-1651) grown in phenol red-free Dulbecco’s Modified Mini-
mum Essential Medium (Gibco) supplemented with 10% char-
coal/dextran-treated fetal bovine serum (Hyclone). GAL4 fusion
assays.20 The GAL4-steroid receptor LBD fusion plamid and GA-
L4UAS-luciferase reporter plasmid (50 ng/well each) were trans-
fected for 16 h into COS-7 cells using Fugene6 (0.5 lL/well)
according to the manufacturer’s protocol (Roche). In the AR as-
say the addition of VP16-SRC-2 was necessary for optimal re-
sponse. Cells were treated with compounds for 20 h and
luciferase activity was measured using Cell Culture Lysis Buffer
and Luciferase Reagent (Promega) on a Victor2 luminometer
(Perkin-Elmer).
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		(2-Amino-5-bromophenyl)(2-thienyl)methanone (6b)(6b)

		N-[4-Bromo-2-(1-hydroxy-1-thien-2-ylpropyl)phenyl]-2-chloroacetamide (8c)(8c)

		7-Bromo-5-ethyl-5-thien-2-yl-1,5-dihydro-4,1-benzoxazepin- 2(37-Bromo-5-ethyl-5-thien-2-yl-1,5-dihydro-4,1-benzoxazepin-2(3H)-one (9c)(9c)

		7-(3-Chloro-4-fluoro-phenyl)-5-ethyl-5-thiophen-2-yl-1,5- dihydro- benzo[7-(3-Chloro-4-fluoro-phenyl)-5-ethyl-5-thiophen-2-yl-1,5-dihydro-benzo[e][1,4]oxazepin-2-one (10m)(10m)

		3-(5-ethyl-2-oxo-5-thiophen-2-yl-1,2,3,5-tetrahydro- benzo[3-(5-Ethyl-2-oxo-5-thiophen-2-yl-1,2,3,5-tetrahydro-benzo[e][1,4]oxazepin-7-yl)-5-fluoro-benzonitrile (10n)(10n)

		N-[4-Bromo-2-(1-hydroxy-1-thien-2-ylbutyl)phenyl]-2-chloroacetamide (8d)(8d)

		7-Bromo-5-propyl-5-thien-2-yl-1,5-dihydro-4,1- benzoxazepin-2(7-Bromo-5-propyl-5-thien-2-yl-1,5-dihydro-4,1-benzoxazepin-2(H)-one (9d)(9d)

		7-(3-Chloro-4-fluorophenyl)-5-propyl-5-thien-2-yl-1,5-dihydro-4,1- benzoxazepin-2(7-(3-Chloro-4-fluorophenyl)-5-propyl-5-thien-2-yl-1,5-dihydro-4,1-benzoxazepin-2(H)-one (10o))-one (10o)

		N-[4-Bromo-2-(1-hydroxy-2-methyl-1-thien-2-ylpropyl)phenyl]-2- chloroacetamide (8e)-[4-Bromo-2-(1-hydroxy-2-methyl-1-thien-2-ylpropyl)phenyl]-2-chloroacetamide (8e)

		7-Bromo-5-isopropyl-5-thien-2-yl-1,5-dihydro-4,1- benzoxazepin-2(37-Bromo-5-isopropyl-5-thien-2-yl-1,5-dihydro-4,1-benzoxazepin-2(3H)-one(9e))-one (9e)

		7-3-Chloro-4-fluorophenyl-5-isopropyl-5-thien-2-yl-1,5- dihydro-4,1- benzoxazepin-237-3-Chloro-4-fluorophenyl-5-isopropyl-5-thien-2-yl-1,5-dihydro-4,1-benzoxazepin-23H-one 10p10p

		3-Fluoro-5-5-isopropyl-2-oxo-5-thien-2-yl-1,2,3,5- tetrahydro-4,1- benzoxazepin-7-ylbenzonitrile 10q3-Fluoro-5-5-isopropyl-2-oxo-5-thien-2-yl-1,2,3,5-tetrahydro-4,1-benzoxazepin-7-ylbenzonitrile 10q

		N-[4-Bromo-2-(1-hydroxy-1-thien-3-ylpropyl)phenyl]-2-chloroacetamide (8f)(8f)

		7-Bromo-5-ethyl-5-thien-3-yl-1,5-dihydro-4,1-benzoxazepin- 2(37-Bromo-5-ethyl-5-thien-3-yl-1,5-dihydro-4,1-benzoxazepin-2(3H)-one (9f)(9f)

		7-(3-Chloro-4-fluorophenyl)-5-ethyl-5-thien-3-yl-1,5- dihydro-4,1- benzoxazepin-2(37-(3-Chloro-4-fluorophenyl)-5-ethyl-5-thien-3-yl-1,5-dihydro-4,1-benzoxazepin-2(3H)-one (10r)(10r)

		3-5-Ethyl-2-oxo-5-thien-3-yl-1,2,3,5-tetrahydro-4,1- benzoxazepin-7-yl- 5-fluorobenzonitrile 10s3-5-Ethyl-2-oxo-5-thien-3-yl-1,2,3,5-tetrahydro-4,1-benzoxazepin-7-yl-5-fluorobenzonitrile 10s

		N-{4-Bromo-2-[1-(2-furyl)-1-hydroxypropyl]phenyl}-2-chloroacetamide (8g)(8g)

		7-Bromo-5-ethyl-5-(2-furyl)-1,5-dihydro-4,1-benzoxazepin- 27-Bromo-5-ethyl-5-(2-furyl)-1,5-dihydro-4,1-benzoxazepin-2((H)H-one (9g))-one (9g)

		7-(3-Chloro-4-fluorophenyl)-5-ethyl-5-(2-furyl)-1,5- dihydro-4,1- benzoxazepin-2(7-(3-Chloro-4-fluorophenyl)-5-ethyl-5-(2-furyl)-1,5-dihydro-4,1-benzoxazepin-2(H)-one (10t)(10t)

		3-[5-Ethyl-5-2-furyl-2-oxo-1,2,3,5-tetrahydro-4,1- benzoxazepin-7-yl]-5- fluorobenzonitrile 10u3-[5-Ethyl-5-2-furyl-2-oxo-1,2,3,5-tetrahydro-4,1-benzoxazepin-7-yl]-5-fluorobenzonitrile 10u

		N-(4-Bromo-2-[di(2-furyl)(hydroxy)methyl]phenyl}-2-chloroacetamide (8h)-[4-Bromo-2-[di(2-furyl)(hydroxy)methyl]phenyl]-2-chloroacetamide (8h)

		7-Bromo-5,5-di(2-furyl)-1,5-dihydro-4,1-benzoxazepin- 2(37-Bromo-5,5-di(2-furyl)-1,5-dihydro-4,1-benzoxazepin-2(3H)-one (9h)(9h)

		3-[5,5-Di(2-furyl)-2-oxo-1,2,3,5-tetrahydro-4,1- benzoxazepin-7-yl]-5- fluorobenzonitrile (10v)3-[5,5-Di(2-furyl)-2-oxo-1,2,3,5-tetrahydro-4,1-benzoxazepin-7-yl]-5-fluorobenzonitrile (10v)

		7-(3-Chloro-4-fluorophenyl)-5,5-di(2-furyl)-1,5-dihydro-4, 1-benzoxazepin- 2(7-(3-Chloro-4-fluorophenyl)-5,5-di(2-furyl)-1,5-dihydro-4,1-benzoxazepin-2(H)-one (10w)(10w)

		(2-Amino-5-bromophenyl)(dithien-2-yl)methanol (7c)(7c)

		2-Bromo-N-{4-bromo-2-[hydroxy(dithien-2-yl)methyl]phenyl}acetamide (8i)(8i)

		7-Bromo-5,5-dithien-2-yl-1,5-dihydro-4,1-benzoxazepin- 2(37-Bromo-5,5-dithien-2-yl-1,5-dihydro-4,1-benzoxazepin-2(3H)-one (9i)(9i)

		3-Fluoro-5-2-oxo-5,5-dithien-2-yl-1,2,3,5-tetrahydro-4,1- benzoxazepin-7- ylbenzonitrile 10x3-Fluoro-5-2-oxo-5,5-dithien-2-yl-1,2,3,5-tetrahydro-4,1-benzoxazepin-7-ylbenzonitrile 10x

		7-(3-Chloro-4-fluorophenyl)-5,5-dithien-2-yl-1,5-dihydro- 4,1- benzoxazepin-27-(3-Chloro-4-fluorophenyl)-5,5-dithien-2-yl-1,5-dihydro-4,1-benzoxazepin-2((H)H-one (10y))-one (10y)

		7-(3-Chloro-4-fluorophenyl)-5,5-diphenyl-1,5-dihydro-4,1- benzoxazepin- 2(7-(3-Chloro-4-fluorophenyl)-5,5-diphenyl-1,5-dihydro-4,1-benzoxazepin-2(H)-one (10z)(10z)

		7-3-Chloro-4-fluorophenyl-5,5-bis4-chlorophenyl-1,5-dihydro-4,1- benzoxazepin-27-3-Chloro-4-fluorophenyl-5,5-bis4-chlorophenyl-1,5-dihydro-4,1-benzoxazepin-2H-one 10aa10aa

		3-[5,5-Bis4-chlorophenyl-2-oxo-1,2,3,5-tetrahydro-4,1- benzoxazepin-7- yl]-5-fluorobenzonitrile 10ab3-[5,5-Bis4-chlorophenyl-2-oxo-1,2,3,5-tetrahydro-4,1-benzoxazepin-7-yl]-5-fluorobenzonitrile 10ab

		3-[5,5-Bis4-chlorophenyl-2-oxo-1,2,3,5-tetrahydro-4,1- benzoxazepin-7- yl]-5-fluorobenzonitrile 10ac3-[5,5-Bis4-chlorophenyl-2-oxo-1,2,3,5-tetrahydro-4,1-benzoxazepin-7-yl]-5-fluorobenzonitrile 10ac

		4-5-Ethyl-2-oxo-5-thien-2-yl-1,2,3,5-tetrahydro-4,1- benzoxazepin-7- ylthiophene-2-carbonitrile 10ad4-5-Ethyl-2-oxo-5-thien-2-yl-1,2,3,5-tetrahydro-4,1-benzoxazepin-7-ylthiophene-2-carbonitrile 10ad

		7-(3,5-Difluorophenyl)-5,5-dimethyl-1,5-dihydro-4,1- benzoxazepin- 2(37-(3,5-Difluorophenyl)-5,5-dimethyl-1,5-dihydro-4,1-benzoxazepin-2(3H)-thione (11a)(11a)

		3-Fluoro-5-5-isopropyl-5-thien-2-yl-2-thioxo-1,2,3,5- tetrahydo-4,1- benzoxazepin-7-ylbenzonitrile 11b3-Fluoro-5-5-isopropyl-5-thien-2-yl-2-thioxo-1,2,3,5-tetrahydo-4,1-benzoxazepin-7-ylbenzonitril

		1-(2-Amino-5-bromophenyl)-2,2,3,3,3-pentafluoropropan-1- one (16)1-(2-Amino-5-bromophenyl)-2,2,3,3,3-pentafluoropropan-1-one (16)

		N-{4-Bromo-2-[2,2,3,3,3-pentafluoro-1-2-furyl-1- hydroxypropyl]phenyl}- 2-chloroacetamide 18-{4-Bromo-2-[2,2,3,3,3-pentafluoro-1-2-furyl-1-hydroxypropyl]phenyl}-2-chloroacetamide 18

		7-Bromo-5-(2-furyl)-5-(pentafluoroethyl)-1,5-dihydro-4,1-benzoxazepin- 2(7-Bromo-5-(2-furyl)-5-(pentafluoroethyl)-1,5-dihydro-4,1-benzoxazepin-2(H)-one (19)(19)

		7-3-Chloro-4-fluorophenyl-5-2-furyl-5- pentafluoroethyl-1,5-dihydro- 4,1-benzoxazepin-27-3-Chloro-4-fluorophenyl-5-2-furyl-5-pentafluoro- ethyl-1,5-dihydro-4,1-benzoxazepin-2H-one 20a20a

		7-3-Chloro-4-fluorophenyl-5-2-furyl-5- pentafluoroethyl-1,5-dihydro- 4,1-benzoxazepin-27-3-Chloro-4-fluorophenyl-5-2-furyl-5-pentafluoro- ethyl-1,5-dihydro-4,1-benzoxazepin-2H-one 20b20b

		7-Bromo-5-methyl-1,3-dihydro-benzo[e][1,4]diazepin-2-one (22)7-Bromo-5-methyl-1,3-dihydro-benzo[e][1,4]diazepin-2-one (22)

		7-(3-Chloro-4-fluorophenyl)-5-methyl-1,3-dihydro-H-1,4-benzodiazepin-2-one(23)-1,4-benzodiazepin-2-one (23)

		7-(3-chloro-4-fluorophenyl)-4,5,5-trimethyl-1,3,4,5- tetrahydro-7-(3-Chloro-4-fluorophenyl)-4,5,5-trimethyl-1,3,4,5-tetrahydro-H-1,4-benzodiazepin-2-one (24)(24)



		Steroid receptor (GAL-4) cross reactivity assays
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Imidazoquinoxaline and pyrazoloquinoxaline derivatives, analogues of imiquimod, were synthesized,
and their in vitro cytotoxic and pharmacodynamic activities were evaluated. In vitro cytotoxicity studies
were assessed against melanoma (A375, M4Be, RPMI-7591), colon (LS174T), breast (MCF7), and lym-
phoma (Raji) human cancer cell lines. In vivo studies were carried out in M4Be xenografted athymic mice.
EAPB0103, EAPB0201, EAPB0202, and EAPB0203 showed significant in vitro activities against A375
compared to fotemustine and imiquimod used as references. These compounds were 6–110 and 2–45
times more active than fotemustine and imiquimod, respectively. EAPB0203 bearing phenethyl as sub-
stituent at position 1 and methylamine at position 4 showed the highest activity. EAPB0203 has also a
more potent cytotoxic activity than imiquimod and fotemustine in M4Be and RPMI-7591 and interesting
cytotoxic activity in other tumor cell lines tested. In vivo, EAPB0203 treatment schedules caused a sig-
nificant decrease in tumor size compared to vehicle control and fotemustine treatments.


� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction


Imiquimod, an imidazoquinoline amine, is an immunomodulat-
ing agent approved in 1997 by the U.S Food and Drugs Administra-
tion for treating external genital and peri-anal warts.1–3 In murine
animal models, imiquimod has proven its efficacy in a variety of
transplantable tumors including colon carcinomas, melanomas,
lung sarcomas, mammary, and bladder carcinomas.2 It has shown
activities toward basal cell carcinomas (BCC),3,4 actinic keratos-
es,4,5 and some melanoma metastases,6–9, and its therapeutic spec-
trum was extended to cutaneous B-cell lymphomas.10


Extensive studies over the past years indicated that imiquimod
acts both: (i) indirectly, by activating the innate as well as the
adaptive immune system via binding to cell surface receptors such
as Toll-like receptors (TLR) 7 and 8, thereby inducing the activation
of transcription factors like nuclear factor NF-jB and resulting in
the secretion of pro-inflammatory cytokines predominantly inter-
feron (IFN)-a, tumor necrosis factor (TNF)-a and interleukin (IL)-
12,11,12 and (ii) directly, by inducing direct in vitro and in vivo
pro-apoptotic activities in a rather tumor selective manner,11,13,14

ll rights reserved.


; fax.: +33 4 67548036.
(C. Deleuze-Masquefa).

requiring the activation of the ‘work horses’ of apoptosis, the casp-
ases’ family of proteases.


Responsible of several thousand deaths each year, melanoma is
the most frequent malignant tumor in the white human population
worldwide. Its frequency increases dramatically with age and
chronic sun exposure. INF-a, IL-2, some chemotherapeutic drugs,
and tumor-directed vaccination have been evaluated in clinical tri-
als. All of these approaches, unfortunately, met with rather limited
success. Given the limited effectiveness of a large variety of con-
ventional anti-cancer drugs in the treatment of melanoma such
as various chemo-and/or immunotherapies, novel approaches or
drugs selectively targeting melanoma cells are urgently needed.

N NH2
O


C2H5


C2H5


imiquimod fotemustine


Figure 1. Chemical structures of imiquimod and fotemustine.
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This study was related to the pharmacochemistry of nitrogen
heterocycles. The aim of this paper was to synthesize and to devel-
op three chemical series, analogues of imiquimod (Fig. 1): the imi-
dazo[1,2-a]quinoxalines, the imidazo[1,5-a]quinoxalines, and the
pyrazolo[1,5-a]quinoxalines, in order to evaluate their potential
anti-cancer properties, in vitro against a variety of human cancer
cell lines, and in vivo on melanoma by comparison with fotemus-
tine (Fig. 1), one of the main drug used in clinic to treat human
melanoma.


2. Results


2.1. Chemistry


2.1.1. Library synthesis
For the preparation of the 1H-imidazo[1,5-a]quinoxaline deriv-


atives, the procedure presented in Scheme 1 was used. In general,
treatment of ortho-fluoronitrobenzene with imidazole and an ex-
cess of potassium carbonate formed compound 1 in 95% overall
yield. After halogenation with N-bromosuccinimide, compounds
3a and 3b were obtained through Suzuki cross-coupling reactions

NNH
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4a, 4b


a b


d e
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Scheme 1. Synthesis of 1H-imidazo[1,5-a]quinoxaline derivatives. Reagents and conditio
(d) H2/Pd-C, EtOH; (e) Im2CO, PhCl2, reflux; (f) POCl3, reflux; (g) R0NH2, EtOH.
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Scheme 2. Synthesis of 1H-pyrazolo[1,5-a]quinoxaline derivatives. Reagents and condit
POCl3, reflux, 6 h; (e) EtOH, R0R00NH, 20 h, rt.

with yields of 94% and 54%, respectively. Attempted reduction of
the nitro group by hydrogenation resulted in the formation of 4a
and 4b with yields of 45% and 94%, respectively. The formation
of the tricyclic compounds 5a and 5b was obtained after addition
of carbonyldiimidazole by intramolecular cyclization of 4a and
4b, respectively. The chlorination of 5a and 5b by phosphorus oxy-
chloride and substitution by an adapted amine formed the 7a and
7b compounds with yields of 53% and 86%, respectively.


The synthesis of the 1H-pyrazolo[1,5-a]quinoxaline derivatives
is illustrated in Scheme 2.


Dimer 8 resulted from the bimolecular condensation of the 3-
isobutyl-1H-pyrazole-5-carboxylic acid, in presence of thionyl
chloride in 80% overall yield. Product 8 was coupled with orthoflu-
oroaniline to give the intermediate 9, with a yield of 46%. The tri-
cyclic compound 10 was obtained via an intramolecular cyclization
of 9 in the presence of sodium hydride and dimethylacetamide as
solvent with 80% yield. Treatment of compound 10 with phospho-
rus oxychloride yielded to 50% of compound 11 which was coupled
with methylamine (series a) and dimethylamine (series b) to form
12a and 12b with average yields of 75% and 85%, respectively. The
same strategy was applied to obtain the monosubstituted 1H-imi-
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dazo[1,5-a]quinoxalines 17a and 17b starting from imidazole-4-
carboxylic acid (Scheme 3).
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Scheme 3. New synthesis of the monosubstituted 1H-imidazo[1,5-a]quinoxaline derivat
DMA, reflux, 10 h; (d) POCl3, reflux, 6 h; (e) EtOH, R0R00NH, 20 h, rt.


Table 1
1H-Imidazo[1,5-a]quinoxaline, 1H-imidazo[1,2-a]quinoxaline and 1H-pyrazolo[1,5-a]quino
line


N


N N


N


N


Imidazo[1,2-a]quinoxaline Imidazo[1,5-a]q


R1 R1


R4


Compounds R1 R4 Formula


Imidazo[1,2-a]quinoxalines
EAPB0103 (CH3)2–CH–CH2– CH3–NH– C15H18N4


EAPB0203 C6H5–(CH2)2– CH3–NH– C19H18N4


EAPB0202 C6H5–(CH2)2– NH2– C18H16N4


EAPB0201 C6H5–(CH2)2– Cl– C18H14ClN3


EAPB0104 (CH3)2–CH–CH2– (CH3)2–N– C16H20N4


EAPB0204 C6H5–(CH2)2– (CH3)2–N– C20H20N4


EAPB0206 C6H5–(CH2)2– OCH3 C19H17N3O


EAPB0105 (CH3)2–CH–CH2– N


Cl


C21H21ClN4


EAPB0205 C6H5–(CH2)2– N


Cl


C25H21ClN4


Imidazo[1,5-a]quinoxalines
17a H CH3–NH– C11H10N4


17 b H (CH3)2–N– C12H12N4


7a C6H5– CH3–NH– C17H14N4


7b CH3– CH3–NH– C12H12N4


Pyrazolo[1,5-a]quinoxalines
12a (CH3)2–CH–CH2– CH3–NH– C15H18N4


12b (CH3)2–CH–CH2– (CH3)2–N– C16H20N4


Imiquimod
Fotemustine


a IC50, concentration of the compound (lM) producing 50% cell growth inhibition after
least three times, and the results are presented as average values ± standard deviation.


* pKa and logP values are calculated using the ACDlabs software.

All synthesized compounds with their corresponding pKa and
logP calculated values are presented in Table 1. The 1H-imi-

F
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17a, 17b


b c


e


b : R' = R'' = CH3
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ives. Reagents and conditions: (a) SOCl2 reflux, 18 h; (b) NaHMDS, THF, 5 h; (c) NaH,


xaline: formulas and in vitro cytotoxic activities against A375 human melanoma cell


N


N


N


N


uinoxaline Pyrazolo[1,5-a]quinoxaline


R4
R4


R1


IC50 (lM)a against A375 cell line pKa
* LogP*


31.6 ± 2.0 5.61 ± 0.4 3.91 ± 1.42
1.57 ± 0.56 5.61 ± 0.4 4.91 ± 1.42
2.35 ± 0.15 5.13 ± 0.4 4.97 ± 1.42
24.0 ± 0.5 �1.57 ± 0.4 4.53 ± 1.27
66.3 ± 7.5 5.73 ± 0.4 3.33 ± 1.42
80.1 ± 7.0 5.73 ± 0.4 4.32 ± 1.42
47.8 ± 5.0 0.85 ± 0.4 4.56 ± 1.42


>400 2.25 ± 0.4 4.56 ± 1.42


329 ± 63 2.25 ± 0.4 7.25 ± 1.43


85.3 ± 7.0 6.50 ± 0.4 0.93 ± 1.07
121 ± 17 6.62 ± 0.4 0.95 ± 1.08
>400 6.45 ± 0.4 3.38 ± 1.09
100 ± 9 7.33 ± 0.4 1.19 ± 1.08


78.6 ± 7.8 6.20 ± 0.4 3.38 ± 1.06
101 ± 5 6.32 ± 0.4 3.40 ± 1.06
70.3 ± 4.3
173 ± 24


96 h of drug exposure, as determined by the MTT assay. Each experiment was run at
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dazo[1,2-a]quinoxaline substituted derivatives were obtained as
previously described.15


2.1.2. In vitro biological activity
All compounds were firstly evaluated for their cytotoxic activity


in vitro against the A375 human melanoma cell line by comparison
with imiquimod and fotemustine used as references. Concentra-
tions of the compounds which produced 50% cell growth inhibition
(IC50 values) are summarized in Table 1 for the imidazo- and
pyrazoloquinoxaline compounds, and for fotemustine and imiqui-
mod. Among the compounds tested, EAPB0203 (IC50 = 1.57 lM)
and EAPB0202 (IC50 = 2.35 lM) exhibited the highest cytotoxic
activities. EAPB0203 containing phenethyle as substituent at posi-
tion 1 and methylamine at position 4 was the ‘lead’ compound
with an activity against A375 cell line 110 times higher than fote-
mustine (IC50 = 173 lM) and 45 times higher than imiquimod
(IC50 = 70 lM). The EAPB0202 (R1 = phenethyl and R4 = amine)
had an activity very close to that of EAPB0203 (almost 2 times
more active than EAPB0202) with an IC50 value 70 times lower
than fotemustine and 30 times lower than imiquimod. The
EAPB0103 compound having isobutyle at position 1 and methyl-
amine at position 4 exhibited an interesting activity; this com-
pound is 7 times more active than fotemustine and 3 times more
active than imiquimod. The EAPB0201 (R1 = phenethyl and
R4 = chloro) also presents a good cytotoxic activity, this compound
is 2 and 6 times more active than imiquimod and fotemustine,
respectively. The other compounds, substituted or unsubstituted
at position 1 and bearing dimethylamine or chloromethylaniline
as substituent at position 4, are less potent and have IC50 values be-
tween 20 and 300 lM. The cytotoxic activities of 7a and EAPB0105
have not been evaluated due to the very low solubility of these
compounds in the culture medium. The pyrazolo[1,5-a]quinoxa-
line analogue 12a showed similar activity than imiquimod.


Since EAPB0203 exhibited the highest activity against the A375
melanoma cell line, we further evaluated its cytotoxic activity
against the following human cell lines: M4Be and RPMI-7591 (mel-
anoma), LS174T (colon cancer), MCF7 (breast cancer), and Raji (B
lymphoma). The IC50 values are illustrated in Table 2. The most
interesting results were obtained on M4Be and RMPI-7591.
EAPB0203 exhibited cytotoxic activity 30-130 times higher than
fotemustine, with IC50 values of 2.58 and 4.23 lM, respectively.
In addition EAPB0203 showed a cytotoxic activity (3 times less po-
tent) similar to irinotecan on LS174T cell line.


2.1.3. In vivo activity
The 50% lethal dose (LD50) of EAPB0203 was determined, in


Swiss mice, after intraperitoneal administrations at doses ranging
from 30 to 300 mg/kg. At the highest doses, EAPB0203 appeared
to be non toxic.


Previous studies have shown that EAPB0203 is a potent in vitro
growth inhibitor for human melanoma cell lines with a cytotoxic

Table 2
IC50 values for imiquimod, fotemustine, methotrexate, irinotecan, doxorubicin, and EAPB02
MCF7 (breast cancer), and Raji (B lymphoma) human cell lines


Compounds


A375 M4Be RPMI-7


Fotemustine 173 ± 24 326 ± 34 125 ± 4
Doxorubicin
Irinotecan
Methotrexate
Imiquimod 70.3 ± 4.3 33.5 ± 7.7 53.7 ± 9
EAPB0203 1.57 ± 0.56 2.58 ± 0.40 4.23 ± 0


a IC50, concentration of the compounds (lM) producing 50% cell growth inhibition after
least three times, and the results are presented as average values ± standard deviation.

activity higher than fotemustine used as reference. To further eval-
uate the in vivo induction of melanoma death by EAPB0203 we
proceeded as described in materials and methods. Tumor size is
the most common parameter used to assess effective anti-cancer
treatment in preclinical models. The EAPB0203 treatments were
well tolerated without apparent side-effects or weight losses. As
expected, M4Be xenografts grew progressively using the vehicle
control. In contrast, in mice treated with EAPB0203 or fotemustine,
a highly significant delay in tumor growth was observed (Fig. 2). At
highest doses (20 mg/kg), from day 18 to day 55, the simple con-
trast test showed a high significant difference in tumor growth be-
tween the EAPB0203 and the control groups (P values ranging
from 0.0026 to 0.00004). Lower significant differences were ob-
served between the fotemustine and the control groups (not signif-
icant at days 18 through 24, 34, 37, and 55; and P: 0.014 to 0.0024
at days 27, 31, 41 through 51). Most interesting, EAPB0203 treat-
ment produced a statistically significant decrease in tumor growth
at days 21, 24, 41, and 44 compared to the fotemustine treatment.
Results are presented in Figure 2. At low doses (5 mg/kg), the vari-
ations in tumor growth according to the treatment group have the
same profile than at high doses (data not shown) but lower signif-
icant differences were observed. Between fotemustine and
EAPB0203, significant difference occurred on day 34.


Efficacy of treatment is dose-related. In mice receiving
EAPB0203, the decrease in tumor growth was statistically higher
on days 18 (P = 0.026), 21 (P = 0.0058), 24 (P = 0.0073), 31
(P = 0.0033), and 34 (P = 0.016) at the 20 mg/kg dose than at the
5 mg/kg dose. In animals treated by fotemustine, significant differ-
ences occurred at days 24 (P = 0.017), 27 (P = 0.019), 31
(P = 0.0046), and 34 (P = 0.0052).


In the control group, all mice were sacrificed on day 55. In the
fotemustine group (20 mg/kg), all mice were killed on day 76, since
tumor volumes were superior to 2 cm3, while in the EAPB0203
group (20 mg/kg), one mouse (1/6) was still alive with a tumor vol-
ume less than 2 cm3 (the limit fixed by the protocol).


3. Discussion


Imiquimod is a low-molecular-weight immune response modi-
fier that can induce the synthesis of interferon-a and other cyto-
kines in a variety of cell types. Imiquimod has potent anti-viral
and anti-tumor properties. Several mechanisms by which this
compound exerts its activity have been mentioned. Many stud-
ies11,16,17 show that imiquimod activates immune cells via the
Toll-like receptor 7 (TLR7)-MyD88-dependent signalling pathways.
Based on some reports14,18 of apoptosis in skin cancer, imiquimod
exerts a direct pro-apoptotic effect against human melanoma. It is
able to induce apoptosis in malignant melanoma cells both in vitro
and in vivo in a rather tumor-selective manner. Imiquimod-in-
duced apoptosis in tumor cells could not be antagonized by func-
tional blockage of various membrane-bound death receptors,

03 against A375, M4Be, and RMPI-7591 (melanoma cell lines), LS174T (colon cancer),


IC50 (lM)a


591 MCF7 LS174T Raji
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0.13 ± 0.01


1.16 ± 0.07
0.04 ± 0.005


.8 145 ± 7 34.4 ± 9.7 139 ± 12
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96 h of drug exposure, as determined by the MTT assay. Each experiment was run at







Figure 2. Effects of fotemustine (20 mg/kg once a week for 3 weeks) and EAPB0203 (20 mg/kg twice a week for 3 weeks) on tumor growth (ab2) in xenografted nude mice by
M4Be melanoma cell lines. ", fotemustine and EAPB0203 administrations; , EAPB0203 administrations N, control mice; j, EAPB0203; �, fotemustine. Data are the mean of
one experiment carried out on six mice. Error bars represent SEM. Significant difference between the 3 treatment groups: *, P < 0.05; **, 0.002 < P < 0.009; ***, P 6 0.001.
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including Fas/APO-1 (CD95), TRAIL, and TNF receptors, which sug-
gests that imiquimod-inducing apoptosis is independent from
apoptosis mediated by membrane-bound death receptors. Its tu-
mor-selective pro-apoptotic activity is correlated with transloca-
tion of cytochrome c from the mitochondria to the cytosol by
shifting the mitochondria-associated Bcl-2/Bax ratio, and activat-
ing caspases 9 and 3. Imidazo[1,2-a]quinoxalines are imiquimod
analogues that inhibit cyclic nucleotide phosphodiesterase en-
zymes 4.15 Furthermore, in studies on murine fibroblast L929 cells,
we recently showed that these imidazo[1,2-a]quinoxalines acti-
vate the p38 MAPK pathway, and inhibit the PI3K pathway.19 Fur-
thermore, we recently demonstrated that one of these compounds
(EAPB0203) induced inhibition of cell proliferation, G2/M cell cycle
arrest, and apoptosis in HTLV-I transformed and HTLV-I-negative
malignant T cells as well in fresh adult T-cell leukaemia (ATL) cells,
while normal resting or activated T lymphocytes were resistant.
EAPB0203 initiated the apoptotic process via the intrinsic cell
death pathway converging at the mitochondria.21


In the present study, we report the synthesis and preliminary
pharmacological evaluation of a new series of imiquimod’s ana-
logues, the imidazo/pyrazoloquinoxaline derivatives. Imidazoquin-
oxalines were prepared via two different methods, the first one
previously described15 and the second one is presented in Scheme
1. The first method15 was used to synthesize the imidazo[1,2-
a]quinoxaline compounds which were obtained in seven steps in
good yields. The second method outlined in Scheme 1 was em-
ployed for the synthesis of the imidazo[1,5-a]quinoxaline com-
pounds. Using these two methods, a limited number of analogues
were obtained. Actually, the alkyl or aryl substitution at the R1 po-
sition must be done at the beginning steps of the synthesis leading
to a low variability in the moieties on the imidazole cycle. Like-
wise, the purifications after each step caused further limitations
of the synthetic process. Our framework was to optimize the meth-
ods of synthesis (i) to obtain a common strategy for the three
chemical series, (ii) to reduce the number of purification steps,
and (iii) to increase the structural diversity of these series essential
for the SAR studies. The procedure presented in Scheme 2 was used
to prepare the pyrazolo[1,5-a]quinoxaline derivatives.20 This

method not only reduced the number of purification steps but also
led us to propose a new common and efficient route for the prep-
aration of the unsubstituted imidazo[1,5-a]quinoxalines on the
imidazole core (Table 1) starting from the unsubstituted carboxylic
acid (Scheme 3). This new strategy also permitted the introduction
the R1 substituent at the last steps of the procedure with different
commercial Suzuki cross coupling reagents (syntheses under
study, data not shown).


All compounds were screened in vitro against the human mel-
anoma cell line A375. First, we assessed the influence of the sub-
stituent at the R4 position by the introduction of four types of
amines with increasing steric hindrance EAPB0202, EAPB0203,
EAPB0204, and EAPB0205 (Table 1). At R4 position, the methyl-
amino group (EAPB0203) appears to be essential for the potency.
Indeed, accessibility at the electronic doublet of the nitrogen on
this position of the heterocycle might be critical for activity,
thanks to the low steric bulk of this secondary amine. No signif-
icant differences were observed between the pKa and logP calcu-
lated values (Table 1) of this series of compounds which are all
substituted by an amino group at the R4 position. We next fo-
cused our attention on the substitution on the imidazole core
with the objective to improve in vitro potency against A375 cells.
We also explored the effect of the incorporation of a phenethyle
substituent at the R1 position. EAPB0203, bearing phenethyle on
R1, significantly enhanced the activity (IC50 = 1.57 lM) by creation
of an P interaction necessary for its binding. The improved bioac-
tivity of the EAPB0203 compound may be attributed to the addi-
tional effect and the synergy between the methylamino and
phenethyle groups in addition to the basic pharmacophore that
might be defined by the sequence of the three intracyclic nitro-
gens of the imidazo[1,2-a]quinoxaline series. Overall, the other
analogues appeared to be less potent. In a general way, it is no-
ticed that the imidazo[1,2-a]quinoxaline derivatives have a better
activity than the two other series of compounds, but this still re-
mains to be proven by comparison with a larger variety of imi-
dazo-/pyrazolo[1,5-a]quinoxaline derivatives.


Two drugs are approved in the European Union for treatment of
advanced or metastatic melanoma: dacarbazine and fotemustine.22
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Furthermore, imiquimod was recently approved for treatment of
different cutaneous cancers.


EAPB0203 displayed potent cellular cytotoxic activity with
micromolar IC50 values against different human cancer cell lines
and was compared to fotemustine and imiquimod (Table 2). Upon
such encouraging results, EAPB0203 was selected for detailed in
vivo studies. In human melanoma (M4Be) xenografted athymic
mice, EAPB0203, administered twice a week at 20 mg/kg, has ap-
proached a significant delay in tumor growth and also a decrease
in tumor size compared to that of control and fotemustine groups
(Fig. 2). Interestingly, a stabilization and even an arrest in tumor
growth were observed after each treatment cycle. The efficacy of
treatment is dose-related. The EAPB0203 treatment was well tol-
erated without side-effects.

4. Conclusion


In this paper, we have reported the synthesis of imidazoquinox-
aline and pyrazoloquinoxaline derivatives, and their in vitro cyto-
toxic activity against human melanoma cell lines and the in vivo
anti-proliferative activity of the EAPB0203 derivative on mela-
noma. The synthesis was based on a bimolecular condensation of
a carboxylic acid, followed by a coupling with orthofluoroaniline,
an intramolecular cyclisation and a substitution with appropriate
amines. This strategy will be the starting point for the development
of other compounds. The incorporation of phenethyle as moiety at
the R1 position and methylamine at the R4 position led to the
EAPB0203 compound with enhanced cytotoxic activity against
A375 human melanoma cell line. Its IC50 (1.57 lM) was 110 times
lower than fotemustine (IC50 = 173 lM), and EAPB0203 was 45
times more potent than imiquimod (IC50 = 70 lM). Interestingly,
compared to imiquimod and fotemustine, this compound also
had lower IC50 values (30–130-fold) against the two other mela-
noma cell lines tested. In vivo, EAPB0203 had potent anti-tumor
activity on human melanoma (M4Be) xenografted nude mice.
Our results support a potential therapeutic role of EAPB0203 in
the treatment of malignant melanoma and prompt us to modulate
the chemical structure of this lead molecule to optimize its effect.
Further studies are now in progress to study the mode of action
and should lead to an interesting class of new anti-cancer drugs
with innovating mechanism of action.


5. Experimental


5.1. Chemistry


All solvents and reagents were obtained from commercial
sources and used without further purification unless indicated
otherwise. 1H and 13C NMR spectra were recorded using a Bruker
AC 300 spectrometer. Chemical shifts are reported in parts per mil-
lion (ppm) from the tetramethylsilane resonance in the indicated
solvent. Coupling constants are reported in Hertz (Hz), spectral
splitting partners are designed as follow: singlet (s); doublet (d);
triplet (t); multiplet (m). Column chromatography was performed
on Merck silica gel 60 (200–400 mesh). Elemental analysis was car-
ried out at the Microanalytical Central Department (Montpellier,
France). All melting points are determined using köfler hot plate
melting point apparatus and are not corrected. pKa and logP values
are calculated using the ACDLabs software (Toronto, Canada).


5.1.1. 2-Chloro-1-isobutyl-6-methylphenyl-N-methylimidazo
[1,2-a]quinoxalin-4-amine (EAPB0105)


To a solution of 6-chloro-3-methylaniline (89 mg, 0.63 mmol)
in THF (12 ml), was added a solution of sodium bis(trimethyl-
silyl)amide (4 mL, 4 mmol, 1.0 M in THF), and the reaction mixture

was heated to reflux for 0.5 h. The reaction mixture was cooled to
room temperature and the 4-chloro-1-isobutylimidazo[1,2-a]quin-
oxaline15 (150 mg, 0.5 mmol) in THF (10 mL) was added. The mix-
ture was again heated to reflux for 0.5 h and then cooled to room
temperature and stopped with acetic acid until pH 7. The reaction
mixture was concentrated in vacuum followed by addition of
water and saturated sodium bicarbonate. The solid was collected
by filtration, washed with water and hexane, and dried under high
vacuum to give EAPB0105 (110 mg, 60%); 1H NMR (300 MHz,
CDCl3-d6): d 8.01 (t, 1H), 7.6 (m, 3H), 7.5 (d, 1H), 7.38 (d, 1H),
7.06 (s, 1H), 6.67 (t, 1H), 3.00 (t, 2H), 2.2 (m, 5H), 0.81 (t, 6H).
13C NMR (300 MHz, CDCl3): d 142.61, 140.68, 139.55, 131.44,
130.32, 129.71, 129.19, 128.07, 126.78, 126.27, 125.55, 123.44,
122.79, 114.36, 33.68, 32.75, 21.99, 18.10. Anal. calcd for
C21H21ClN4: C, 69.13; H, 5.80; N, 15.35. Found: C, 69.33; H, 5.42;
N, 15.65.


5.1.2. 2-Chloro-6-methylphenyl-N-methyl-1-phenethylimidazo
[1,2-a]quinoxalin-4-amine (EAPB0205)


EAPB0205 was prepared with the same procedure as the one
for the preparation of EAPB0105; using 4-chloro-1-phenethylimi-
dazo[1,2-a]quinoxaline15 (200 mg, 0.65 mmol) in 10 ml of THF.
EAPB0205 was obtained as a white solid (120 mg, 45%); 1H NMR
(300 MHz, CDCl3-d6): d 7.93 (d, 1H), 7.49 (d, 1H), 7,56 (m, 3H),
7.39 (d, 1H), 7.24 (m, 5H), 6.73 (t, 1H), 3.3 (t, 4H), 2.23 (s, 1H).
13C NMR (300 MHz, CDCl3): d 143.12, 142.57, 140.69, 139.77,
137.67, 131.44, 130.42, 130.12, 129.71, 129.19, 128.81, 126.78,
126.44, 126.27, 125.55, 124.38, 124.3, 114.22, 35.17, 23.83, 18.10.
Anal. calcd for C25H21ClN4: C, 72.72; H, 5.13; N, 13.57. Found: C,
72.41; H, 5.38; N, 13.39.


5.1.3. 1-(2-Nitrophenyl)-1H-imidazole (1)
A mixture of 2-nitrofluorobenzene (14.85 mL, 0.142 mol), imid-


azole (14.9 g, 0.128 mol), and 40 g of K2CO3 in 200 ml of CH3CN
was heated to reflux for 24 h. The solvent was removed under vac-
uum, and the residue was slurred in 200 mL of CH2CL2, washed
twice with 200 mL of water, dried over Mg2SO4, and the solvent
was removed under vacuum. We obtained 95% of 1 as a yellow so-
lid. 1H NMR (300 MHz, CDCl3): d 9.12 (s, 1H), 7.58 (d, 1H), 7.42 (d,
1H), 7.37 (d, 1H), 7.26 (d, 1H), 7.10 (m, 3H, ArH). Anal. calcd for
C9H7N3O: C, 57.14; H, 3.70; N, 22.22. Found: C, 56.99; H, 3.9; N,
22.06.


5.1.4. 2-Bromo-1-(2-nitrophenyl)-1H-imidazole (2)
To a solution of 1 (5 g, 0.27 mmol) in dry acetonitrile (250 mL),


N-bromosuccinimide (5.65 g, 0.032 mmol) was added. The reaction
mixture was stirred to reflux for 3 h. The solvent was removed un-
der vacuum and the residue was slurred in 250 mL of CH2CL2,
washed twice with a solution of 5% NaHCO3, dried over MgSO4,
and purified by column chromatography (CH2Cl2-MeOH, 98:2, v/
v) to give 50% of 2. 1H NMR (300 MHz, CDCl3): d 8.03 (d, 1H),
7.70 (d, 1H), 7.47 (t, 1H), 7.33 (d, 1H), 7.09 (m, 2H). Anal. calcd
for C9H6N3O2Br: C, 40.30; H, 2.24; N, 15.42. Found: C, 40.65; H,
2.01; N, 15.52.


5.1.5. 2-Methyl-1-(2-nitrophenyl)-1H-imidazole (3a)
To a mixture of 2 (2 g, 7.46 mmol) and Pd(PPh3)4 (0.8 g,


0.7 mmol) in 1,4-dioxane (34 mL), 1.4 mL of the trimethylboroxine
was added followed by Na2CO3 (2.37 g, 22.38 mmol) in 5 mL of
water. The reaction mixture was heated to 75 �C with vigorous stir-
ring under nitrogen atmosphere. After 24 h, a second portion of
trimethylboroxine was added. After that, the mixture was poured
into water and extracted with dichloromethane. The combined or-
ganic extracts were washed with water, dried over calcium chlo-
ride, and concentrated to dryness under vacuum. The crude
products were purified by column chromatography (silica gel, elu-
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tion with CH2Cl2–MeOH, 97:7, v/v) to give 3a (yield, 94%). 1H NMR
(300 MHz, CDCl3): d 7.40 (m, 2H), 7.22 (d, 1H), 7.11 (d, 1H), 7.01
(m, 2H), 2.3 (s, 3H). Anal. calcd for C10H9N3O2: C, 59.11; H, 4.43;
N, 20.69. Found: C, 59.32; H, 4.65; N, 20.51.


5.1.6. 1-(2-Nitrophenyl)-2-phenyl-1H-imidazole (3b)
3b was prepared from 2 following the protocol described for 3a


(i.e., from 2 (2 g, 7.46 mmol), Pd(PPh3)4 (0.5 g, 0.4 mmol) in DME
(85 mL), 2 � 1 g (16.4 mmol) of phenylboronic acid and Na2CO3


(2.37 g, 22.38 mmol) in 5 mL of water). The crude products were
purified by column chromatography (silica gel, elution with
CH2Cl2–MeOH, 97:7, v/v) to give 3b (yield, 88%). 1H NMR
(300 MHz, CDCl3): d 8.45 (dd, 2H), 7.60 (t, 1H), 7.57 (m, 2H), 7.40
(m, 5H), 7.02 (d, 1H). Anal. calcd for C15H11N3O2: C, 67.92; H,
4.15; N, 15.85. Found: C, 67.75; H, 4.47; N, 15.70.


5.1.7. 2-(2-Methylimidazol-1-yl)phenylamine (4a)
Compound 3a (0.3 g, 1.48 mmol) was dissolved in 20 mL of eth-


anol with 0.3 g of 10% palladium on carbon and hydrogenated for
2 h. The catalyst was removed by filtration, and the residue con-
centrated under vacuum and purified by column chromatography
on silica gel using CH2Cl2–MeOH (97:3) as eluent to yield 43% of
4a. 1H NMR (300 MHz, DMSO-d6): d 7.36 (m, 2H), 7.03 (d, 1H),
6.90 (m, 2H), 6.79 (d, 1H), 2.1 (s, 3H). Anal. calcd for C10H11N3: C,
69.36; H, 6.36; N, 24.28. Found: C, 69.5; H, 6.11; N, 24.12.


5.1.8. 2-(2-Phenylimidazol-1-yl)phenylamine (4b)
This compound was prepared as described for 4a to obtain 4b


(yield, 93%) (i.e., from 3b (1.31 g, 5 mmol), EtOH (60 mL), and
0.3 g of 10% palladium on carbon). 1H NMR (300 MHz, DMSO-d6):
d 7.36 (m, 2H), 7.25 (m, 5H), 7.12 (t, 1H), 6.8 (m, 2H), 3.67 (s, 2H,
–NH2). Anal. calcd for C15H13N3: C, 76.59; H, 5.53; N, 17.97. Found:
C, 76.72; H, 5.34; N, 18.02.


5.1.9. 1-Methyl-5H-imidazo[1,5-a]quinoxalin-4-one (5a)
Compound 4a (1.38 g, 8 mmol) and carbonyldiimidazole


(1.55 g, 9.57 mmol) were dissolved in 83 mL of 1,2-dichloroben-
zene and heated to reflux under N2 for 2 h. After cooling to room
temperature, the residue was slurred with CH2Cl2, washed with
water, and dried over MgSO4. The product was purified by chro-
matography on silica gel using CH2Cl2–MeOH (97:3, v/v) as elu-
ent to give 62% of 5a. 1H NMR (300 MHz, DMSO-d6): d 8.1 (d,
1H), 7.7 (s, 1H), 7.37 (m, 2H), 7.25 (t, 1H), 2.5 (s, 3H). Anal. calcd
for C11H9N3O: C, 68.38; H, 4.66; N, 16.09. Found: C, 68.49; H,
4.41; N, 16.20.


5.1.10. 1-Phenyl-5H-imidazo[1,5-a]quinoxalin-4-one (5b)
This compound was prepared as described for 5a, that is, from


4b (1.08 g, 4.6 mmol) and carbonyldiimidazole (0.9 g, 5.51 mmol)
in 56 mL of 1,2-dichlorobenzene. After cooling to room tempera-
ture, the solid was filtered and washed with diethylether to give
5b (yield, 42%). 1H NMR (300 MHz, DMSO-d6): d 7.9 (s, 1H), 7.72
(m, 5H), 7.35 (m, 2H), 7.01 (d, 1H), 6.9 (t, 1H). Anal. calcd for
C16H11N3O: C, 73.31; H, 4.21; N, 16.09. Found: C, 73.42; H, 4.32;
N, 16.21.


5.1.11. 4-Chloro-1-methylimidazo[1,5-a]quinoxaline (6a)
A mixture of 5a (0.9 g, 4.5 mmol) and 10 mL of phosphorus oxy-


chloride was heated at reflux under N2 for 5 h. The excess of POCl3


was removed under vacuum, and the residue dissolved in 20 ml
CH2Cl2, washed with 5% Na2CO3, dried over MgSO4, and purified
by chromatography on silica gel using CH2Cl2–MeOH (95:5, v/v).
Concentration of the pure fractions provided 30% of 6a. 1H NMR
(300 MHz, CDCl3): d 8.29 (dd, 1H), 7.82 (dd, 1H), 7.7 (s, 1H), 7.54
(m, 2H), 3.04 (s, 3H). Anal. calcd for C11H8N3Cl: C, 60.69; H, 3.68;
N, 19.31. Found: C, 60.78; H, 3.92; N, 19.06.

5.1.12. 4-Chloro-1-phenylimidazo[1,5-a]quinoxaline (6b)
6b was prepared from 5b following the protocol described for


6a (i.e., from 5b (0.57 g, 2.18 mmol) and POCl3 (5 mL)). A yellow
solid was obtained after column chromatography purification as
specified for 6a (yield, 61%). 1H NMR (300 MHz, CDCl3): d 8.1 (s,
1H), 7.9 (dd, 1H), 7.5 (m, 5H), 7.4 (m, 2H), 7.32 (t, 1H). Anal. calcd
for C16H10N3Cl: C, 68.69; H, 3.58; N, 15.03. Found: C, 68.51; H, 3.39;
N, 15.38.


5.1.13. N-Methyl-1-methylimidazo[1,5-a]quinoxalin-4-amine
(7a)


Methylamine (0.5 mL of a 40% (w/v) aqueous solution, 4 mmol)
was added dropwise to a stirred solution of 6a (0.3 g, 1.33 mmol)
in absolute EtOH (7 mL) at room temperature. After 40 h, another
portion of methylamine (0.5 mL of a 40% (w/v) aqueous solution,
4 mmol) was added and stirring was maintained for additional
3 h. The solvent was removed under reduced pressure and the res-
idue was dissolved in CH2Cl2 (10 mL). The organic fraction was suc-
cessively washed with 5% NaHCO3 (15 mL) and water (15 mL),
dried (Na2SO4), and concentrated under reduced pressure. The
product was purified by column chromatography on silica gel elut-
ing with CH2Cl2–MeOH (98:2, v/v) to yield a solid cream of 7a
(yield, 53%). 1H NMR (300 MHz, CDCl3): d 8.01 (d, 1H), 7.7 (d,
1H), 7.5 (s, 1H), 7.3 (t, 1H), 7.21 (t, 1H), 3.22 (d, 3H), 2.95 (s, 3H).
13C NMR (300 MHz, CDCl3): d 149.30, 142.34, 126.96, 126.33,
124.9, 122.85, 120.85, 119.78, 115.20, 30.84, 27.69. Anal. calcd
for C12H12N4: C, 67.92; H, 5.66; N, 26.41. Found: C, 67.52; H,
5.95; N, 26.36.


5.1.14. N-Methyl-1-phenylimidazo[1,5-a]quinoxalin-4-amine
(7b)


7b was prepared from 6b following the protocol described for
7a, that is, from 6b (0.4 g, 1.4 mmol) and methylamine (0.12 g of
40% (w/v), 4 mmol). A yellow solid was obtained after column
chromatography purification as specified for 7a (yield, 86%). 1H
NMR (300 MHz, CDCl3): d 7.6 (m, 4H), 7.56 (m, 3H), 7.2 (m, 2H),
6.93 (t, 1H), 3.22 (d, 3H). 13C NMR (300 MHz, CDCl3): d 149.31,
144.42, 138.31, 132.53, 129.76, 129.71, 129.00, 128.77, 126.96,
126.55, 124.11, 122.37, 122.31, 120.07, 116.25, 27.73. Anal. calcd
for C17H14N4: C, 74.45; H, 5.11; N, 20.40. Found: C, 74.10; H,
5.22; N, 20.57.


5.1.15. 5,5-Diisobutyldipyrazolo[1,5-a]piperazine-5,10-dione
(8)


The 3-isobutyl-1H-pyrazole-5-carboxylic acid (0.9 g,
5.35 mmol) in suspension in thionyl chloride (7 mL) was heated
to reflux, under agitation for 18 h. The reaction mixture was
cooled, then filtered and washed with toluene, and dried under
high vacuum to obtain a white solid (yield, 80 %). 1H NMR
(300 MHz, DMSO-d6): d 0.9 (d, 12H), 1.9 (m, 1H), 2.5 (d, 2H), 7.4
(s, 2H). Anal. calcd for C16H20N4O2: C, 64.00; H, 6.67; N, 18.67.
Found: C, 64.31; H, 6.33; N, 18.56.


5.1.16. 2-Fluoroaniline-3-isobutyl-1H-pyrazole-5-carboxamide
(9)


To 2-fluoroaniline (0.734 mL, 7.6 mmol) in THF (8 mL), cooled in
a �10 �C bath, 18.3 mL (18.30 mmol, 1.0 M) sodium bis-(trimethyl-
silyl)amide in THF was added. The mixture was stirred for 1 h, and
a suspension of 8 (1.14 g, 3.8 mmol) in THF (15 mL) was added and
let warm to room temperature. The mixture was stirred for 2 h,
and acetic acid was added to pH 7. The reaction mixture was con-
centrated in vacuum followed by the addition of water and satu-
rated NaHCO3. The solid was collected by filtration, washed with
water and cyclohexane, and dried under high vacuum to give 9
as a beige solid (yield, 46%).1H NMR (300 MHz, DMSO-d6): d 7.85
(m, 1H), 7.25 (m, 1H), 7.15 (m, 2H), 6.5 (s, 1H), 2.46 (d, 2H), 1.88
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(m, 1H), 0.85 (d, 6H). 19F NMR: 126. Anal. calcd for C14H16N3OF: C,
64,37; H, 6.13; N, 16.09. Found: C, 64.09; H, 6.01; N, 16.25.


5.1.17. 3-Isobutylpyrazolo[1,5-a]quinoxaline-pyrazine-6-(5H)-
one (10)


A mixture of 9 (0.88 g, 3.37 mmol) and sodium hydrure (0.97 g,
4.04 mmol) in dimethylacetamide (25 mL) was heated to reflux for
6 h. The reaction mixture was then concentrated in vacuum fol-
lowed by the addition of water and saturated ammonium chloride.
The solid was collected by filtration, washed with water, and dried
to give 10 (yield, 80%). 1H NMR (300 MHz, DMSO-d6): d 0.9 (d, 6H),
2 (m, 1H), 3.3 (s, 2H), 6.9 (s,1H), 7.3 (m, 4H), 8.05 (s, 1H). Anal.
calcd for C14H15N3O: C, 69.71; H, 6.22; N, 17.43. Found: C, 69.98;
H, 6.51; N, 17.38.


5.1.18. 6-Chloro-3-isobutylpyrazolo[1,5-a]quinoxaline (11)
To 10 (1.04 g, 4.3 mmol), 12 mL of phosphorus oxychloride was


added and the mixture was heated to reflux for 6 h. The reaction
mixture was concentrated under vacuum, and the residue was
cooled in an ice bath. Water was added to the residue and neutral-
ized with saturated NaHCO3. The solid was collected by filtration
and purified using column chromatography on silica gel to yield
11 as a yellow solid (yield, 50%). 1H NMR (300 MHz, DMSO-d6): d
0.9 (d, 6H), 2 (m, 1H), 3.3 (s, 2H), 6.9 (s,1H), 7.3 (m, 4H), 8.05 (s,
1H). Anal. calcd for C14H14N3OCl: C, 64.74; H, 5.39; N, 16.18.
Found: C, 64.52; H, 5.24; N, 16.33.


5.1.19. 3-Isobutyl-N-methylpyrazolo[1,5-a]quinoxalin-4-amine
(12a)


Methylamine (0.15 mL of a 40% (w/v) aqueous solution,
1.74 mmol) was added dropwise to a stirred solution of 11 (0.15 g,
0.57 mmol) in absolute EtOH (10 mL) at room temperature. After
40 h, another portion of methylamine (0.25 mL of a 40% (w/v) aque-
ous solution, 2.7 mmol) was added and stirring was maintained for
additional 3 h. The solvent was removed under reduced pressure,
and the residue was dissolved in CH2Cl2 (10 mL). The organic fraction
was successively washed with 5% NaHCO3 (15 mL) and water
(15 mL), dried (Na2SO4), and concentrated under reduced pressure.
The product was purified by column chromatography on silica gel
with C6H12–EtOAc (70:30, v/v) as eluent to yield a cream solid (yield,
75%). Mp 145–150�C. 1H NMR (300 MHz, DMSO-d6): d 8.25 (dd,
J1 = 1.37 Hz, J2 = 7.8, 1H), 7.7 (dd, J1 = 1.46, J2 = 8.11,1H), 7.3 (m, 2H),
6.37 (s, 1H), 4.95 (s, 1H), 3.25 (d, 3H), 3.75 (d, 2H), 2.08 (m, 1H),
0.95 (d, 6H).13C NMR (300 MHz, DMSO-d6): d 152.43, 150.30,
139.7, 125.4, 125.16, 124.6, 123.7, 122.21, 112.21, 108.25, 35.10,
29.61, 28.57, 23.14. Anal. calcd for C15H18N4: C, 70.84; H, 7.13; N,
22.03. Found: C, 70.37; H, 7.44; N, 21.99.


5.1.20. 3-Isobutyl-N,N-dimethylpyrazolo[1,5-a]quinoxalin-4-
amine (12b)


12b was prepared from 11 following the protocol described for
12a, that is, from dimethylamine (0.22 mL of a 40% (w/v) aqueous
solution, 1.73 mmol) and 11 (0.15 g, 0.57 mmol) in absolute EtOH
(10 mL). The product was purified by column chromatography on
silica gel with C6H12–EtOAc (70:30, v/v) as eluent to give a white
solid (yield, 83%). Mp 160–165�C. 1H NMR (300 MHz, DMSO-d6):
d 8.25 (dd, J1 = 1.32, J2 = 7.9, 1H), 7.65 (dd, J1 = 1.24, J2 = 9.12, 1H),
7.3 (m, 2H), 6.6 (s, 1H), 3.3 (s, 6H), 2.75 (d, 2H), 2.09 (m, 1H), 1
(d, 6H). 13C NMR (300 MHz, DMSO-d6): d 149.79, 145.9, 140.85,
125.56, 125.42, 124.98, 124.00, 122.63, 114.26, 112.60, 39.48,
35.10, 29.61, 23.01. Anal. calcd: for C16H20N4: C, 71.61; H, 7.51;
N, 20.88. Found: C, 71.37; H, 7.62; N, 21.09.


5.1.21. Diimidazo[1,5-a]piperazine-5,10-dione (13)
13 was prepared from the imidazole-4-carboxylic acid (5 g,


44.6 mmol) and thionyl chloride (75 mL) following the protocol de-

scribed for 8. We obtained 4.7 g of a white solid (yield, 90–95%).1H
NMR (300 MHz, DMSO-d6): d 8.85 (s, 2H); 8.2 (s, 2H). Anal. calcd
for C8H4N4O2: C, 51.33; H, 2.13; N, 29.79. Found: C, 51.23; H, 2.01;
N, 29.56.


5.1.22. (2-Fluoroaniline)-1H-imidazole-4-carboxamide (14)
14 was prepared from 13 following the protocol described for 9,


that is, from 2-fluoroaniline (5.9 g, 53 mmol) in THF (26 ml), so-
dium bis-(trimethylsilyl)amide (133.0 mmol, 1.0 M in THF) and
13 (4.7 g, 24.0 mmol) in THF (30 mL). We obtained 7.50 g of 14
as a light beige solid (yield, 42%). 1H NMR (300 MHz, DMSO-d6):
d 9.45 (s, 2H), 8.13 (s, 1H), 8.1 (s, 1H), 8.03 (s, 1H), 7.8 (s, 1H), 7–
7.25 (m, 2H) 19F NMR: 128. Anal. calcd for C10H8N3F: C, 63.49; H,
4.23; N, 22.22. Found: C, 63.28; H, 4.51; N, 22.09.


5.1.23. Imidazo[1,5-a]quinoxaline-pyrazine-6-(5H)-one (15)
A mixture of 14 (7.50 g, 36 mmol) and sodium hydrure (1.1 g,


43 mmol) in dimethylacetamide (280 mL) was heated to reflux
for 6 h. The reaction mixture was then concentrated under vacuum
followed by the addition of water and saturated ammonium chlo-
ride. The solid was collected by filtration, washed with water, and
dried to give 4 g of 15 (yield, 80%). 1H NMR (300 MHz, DMSO-d6): d
9.4 (s, 1H), 8.2 (d, 1H), 7.8 (d, 1H), 7.31 (d, 1H), 7.1-7.3 (m, 3H).
Anal. calcd for C10H7N3O: C, 64.86; H, 3.78; N, 22.70. Found: C,
65.11; H, 3.87; N, 22.93.


5.1.24. 6-Chloroimidazo[1,5-a]quinoxaline (16)
16 was prepared from 15 following the protocol described for 11,


that is, from 15 (4 g, 21.6 mmol) and phosphorus oxychloride (44
ml). The solid was collected by filtration and purified using column
chromatography on silica gel to yield 16 as a yellow solid (yield,
20%). 1H NMR (300 MHz, DMSO-d6): d 9.4 (s, 1H), 8.2 (d, 1H), 7.8
(d, 1H), 7.31 (d, 1H), 7.1-7.3 (m, 3H). Anal. calcd for C10H6N3Cl: C,
58.97; H, 2.95; N, 20.64. Found: C, 58.77; H, 2.72; N, 20.88.


5.1.25. N-Methylimidazo[1,5-a]quinoxalin-4-amine (17a)
17a was prepared from 16 following the protocol described for


12a, that is, from methylamine 2� (0.25 mL of a 40% (w/v) aqueous
solution, 2.7 mmol), 16 (0.11 g, 0.54 mmol), and EtOH (8 mL). The
product was purified by column chromatography on silica gel with
C6H12–EtOAc (70:30, v/v) as eluent to yield a cream solid (yield,
80–85%). Mp 255–258 �C. 1H NMR (300 MHz, DMSO-d6): d 8.54 (s,
1H), 7.75 (dd, J1 = 1.33, J2 = 8.07, 1H), 7,65 (dd, J1 = 1.3, J2 = 8.11,
1H), 7.59 (s, 1H), 7.35 (s, 1H), 7.25 (s, 1H), 3.24 (d, 3H).13C NMR
(300 MHz, DMSO-d6): d 147.50, 142.34, 135.54, 130.67, 129.16,
125.14, 124.34, 114.14, 111.24, 26.98. Anal. calcd for C11H10N4: C,
66.65; H, 5.08; N, 28.26. Found: C, 66.54; H, 4.98; N, 28.15.


5.1.26. N,N-Dimethylimidazo[1,5-a]quinoxalin-4-amine (17b)
17b was prepared from 16 following the protocol described for


17a, that is, from dimethylamine (0.15 mL of a 40% (w/v) aqueous
solution, 1.19 mmol), 16 (0.11 g, 0.54 mmol), and EtOH (10 mL). The
product was purified by column chromatography on silica gel with
C6H12–EtOAc (70:30, v/v) as eluent to give a white solid (yield, 96%).
Mp 160–165�C. 1H NMR (300 MHz, DMSO-d6): d 8.55 (s, 1H), 7.78 (s,
1H), 7.71 (dd, J1 = 1.25, J2 = 8.07, 1H), 7.6 (dd, J1 = 1.21, J2 = 8.12, 1H),
7.35 (t, 1H), 7.15 (t, 1H), 3.43 (s, 6H). 13C NMR (300 MHz, DMSO-d6):
d 146.93, 143.22, 135.50, 129.56, 129.08, 128.29, 125.48, 124.75,
114.49, 111.16, 37.89. Anal. Calcd for C12H12N4: C, 67.91; H, 5.70; N,
26.40. Found: C, 67.64; H, 5.48; N, 26.53.


5.2. In vitro cytotoxic activity


5.2.1. Materials and reagents
Imiquimod (Molekula, Wessex House, Shaftesbury, Dorset, UK),


doxorubicin hydrochloride (Teva laboratory, Courbevoie, France),
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fotemustine (Servier, Orléans, France), irinotecan (Aventis Pharma
laboratories, Vitry-sur-Seine, France), methotrexate (Teva labora-
tory) were used in this study. 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), isopropyl alcohol, and hydro-
chloric acid were obtained from Merck (Darmstadt, Germany). All
other reagents were of analytical grade and were obtained from
commercial sources.


5.2.2. Cell lines and culture techniques
Melanoma (A375, M4Be and RPMI-7951), breath (MCF7), colon


(LS174T), and B lymphoma (Raji) human cancer cell lines were ob-
tained from American Type Culture Collection (Rockville, Md.,
USA). Cells were cultured in RPMI medium containing RPMI-1640
(Gibco Laboratories, France), with the exception of the M4Be line
that required DMEM medium supplemented with 10% heat-inac-
tived (56 �C) foetal bovine serum (FBS) (Polylabo, Paris, France),
2 mM L-glutamine, 100 IU/ml penicillin G sodium, 100 lg/ml strep-
tomycin sulphate, and 0.25 lg/ml amphotericin B. Cells were main-
tained in a humidified atmosphere of 5% CO2 in air at 37 �C.


5.2.3. Cytotoxicity assay
Previously to the experiments, the number of cells by well, the


doubling time and the MTT concentration have been optimized. In
all the experiments, A375, M4Be, RPMI 7950, LS147T, MCF7, and
Raji cells were seeded at a final concentration of 5000 cells/well
in 96-well microtiter plates and allowed to attach overnight. After
20–24 h incubation, the medium was aspirated carefully from the
plates using a sterile Pasteur pipette, and cells were exposed (i) to
vehicle controls (1% DMSO/culture medium and culture medium
alone), (ii) to doxorubicin, irinotecan, fotemustine, methotrexate,
and imiquimod at concentrations of 10�4 to 10�10 lM, diluted in
the culture medium, and (iii) to the synthesized compounds
(10�4–10�10 lM) dissolved in a mixture 1% DMSO/culture medium
(v/v). After 96 h of incubation, 10 ll of MTT solution in PBS (5 mg/
ml, phosphate-buffer saline pH 7.3) was added to each well, and
the wells were incubated at 37 �C for 4 h. This colorimetric assay
is based on the ability of live and metabolically unimpaired tu-
mor-cell targets to reduce MTT to a blue formazan product. At
the end of the incubation period, the supernatant was carefully
aspirated, then, 100 ll of a mixture of isopropyl alcohol and 1 M
hydrochloric acid (96/4, v/v) was added to each well. After
10 min of incubation and vigorous shaking to solubilize formazan
crystals, the optical density was measured at 570 nm in a micro-
culture plate reader (Dynatech MR 5000, France). For each assay,
at least three experiments were performed in triplicate.


The individual cell line growth curves confirmed that all tumor
lines in control medium remained in the log phase of cell growth
96 h after plating. Cell survival was expressed as percent of vehicle
control. The IC50 values defined as the concentrations of drugs
which produced 50% cell growth inhibition; 50% reduction of
absorbance, were estimated from the sigmoidal dose–response
curves.


5.2.4. Xenografts and in vivo study protocol
This research adhered to the ‘Principles of Laboratory Animal


Care’ (NIH publication #85-23, revised 1985). The animal study
was approved by the local Animal Use Committee. Before to start
pharmacodynamic studies in mouse, the 50% lethal dose (LD50)
of the EAPB0203 compound was evaluated in healthy animal after
intraperitoneal (ip) administration. The LD50 was higher than
300 mg/kg.


M4Be tumor cells at logarithmic growth in vitro were harvested
and washed twice with PBS. Tumor cells (3 � 106) suspended in
150 ll of DMEM medium without FBS were inoculated subcutane-
ously into the flank area of female Swiss Nude mice (7 weeks old,
weighing 20–22 g) through a 23-gauge needle. Mice were pur-

chased from Charles River (L’Arbresle Cedex, France) and were kept
under sterile conditions. They received sterile food and water. Tu-
mor growth was monitored twice a week. Two perpendicular
diameters (a and b) were measured with a Vernier caliper, and tu-
mor volumes (V) were calculated using the following formula:
V = 0.5ab2 . At a tumor size of �0.7 cm3, athymic mice were ran-
domized into three groups (6 mice per group): (i) the vehicle con-
trol group (weekly ip administration of DMSO/intralipid (50:50, v/
v)), (ii) the EAPB0203 group (two protocols: protocol 1, weekly ip
administration of 5 mg/kg for 3 weeks and protocol 2, administra-
tion of 20 mg/kg twice a week (monday and thursday) for 3 weeks,
this cycle was repeated after 15 days), and (iii) the fotemustine
group (two protocols: protocol 1, weekly ip administration of
5 mg/kg for 3 weeks and protocol 2, weekly ip administration of
20 mg/kg for 3 weeks, this cycle was repeated after 15 days).
EAPB0203 being poorly soluble in water was dissolved in a mix-
ture intralipid/DMSO (50:50, v/v). Fotemustine was dissolved in
isotonic glucose. The dosing regimen of fotemustine is near to
the fotemustine dose of 100 mg/m2 used clinically. Animals were
euthanized with CO2 when the tumor size reached 2 cm3.


Tumor response was assessed by comparing the tumor volume
in each mouse group (control, fotemustine, and EAPB0203).


5.2.5. Statistical analysis
In vivo results are presented as mean ± standard error of the


mean (SEM). A one way ANOVA for repeated measurements was
performed to compare (i) the efficacy of treatment according to
the administered dose (5 and 20 mg/kg), both for fotemustine
and EAPB0203; (ii) the variations of tumor volume between the
three treatment groups (control, fotemustine, and EAPB0203) both
at low and high administered doses. A simple contrast test was
used to compare 2-by-2 each group; in this case, the level of signif-
icance was corrected for multiple comparisons and fixed at 0.02.
This analysis was performed using the PK-fit software. Probability
values of less than 0.05 were considered statistically significant.
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The development and application of a high throughput aqueous solubility assay is reported. Measure-
ments for up to 637 compounds can be made in a fully automated experiment. Results from this assay
were used to quantify risk of unacceptable solubility as a function of lipophilicity for neutral frag-
ment-like compounds. Assessment of risk of unacceptable solubility was combined with experimental
solubility measurement to select compounds for inclusion in a fragment-screening library.
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1. Introduction


Aqueous solubility is a key physicochemical property in drug
discovery.1,2 Solubility is usually expressed as logS, where S is
the saturated compound concentration in mol L�1 in equilibrium
with solid under defined conditions such as physiological pH at
room temperature. Typical values of logS for discovery compounds
lie in the range�7 to �3. High solubility in intestinal fluid provides
the concentration gradient that drives absorption of orally admin-
istered drugs while solubility in plasma is even more critical for
intravenously administered agents. In lead discovery, poor solubil-
ity in assay buffer can make it difficult to establish structure–activ-
ity relationships (SAR). Lead discovery frequently exploits high
throughput screening (HTS) to identify large numbers of poten-
tially interesting compounds that need prioritization for more de-
tailed evaluation. This translates into a need for physicochemical
property assays with greater throughput or more reliable property
prediction. Solubility is a difficult property to predict accurately
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because the structure of the solid state is generally unknown and
the development of models remains an active area of research.3,4


Over the last decade a number of high throughput solubility
assays have been described.5 Lipinski pioneered the use of a turbid-
imetic method, which provided a fast way to rank the solubility of
compounds.1 Since then, Bevan6 and Pan7 have extended this light
scattering approach for solubility determination. In these methods,
the compound, which is pre-dissolved in dimethyl sulfoxide
(DMSO), is titrated to a blank aqueous buffer. The point of precip-
itation is detected by turbidimetric, nephelometric or spectro-
scopic means and the solubility of the compound determined.
However, contact time between the compound and the buffer solu-
tion tends to be in the order of minutes and the DMSO composition
can vary up to 5%. Under these conditions, an enhanced solubility
can be generated, which may be different from the thermodynamic
solubility of the most stable crystalline form of the compound.
Moreover, these techniques are generally not sensitive enough
for measuring solubility below logS of �4.7 (ca. 20 lM).8 Alterna-
tive approaches have been developed to overcome some of these
issues.8–11 In these studies, compounds, either pre-dissolved in
solvent, for example, DMSO, or in the form of solid, are brought
in contact with buffer of known pH. Equilibration time between
the solid and liquid phases is between 1 and 24 h. Following
the phase separation by filtration or centrifugation, the solubility
can be determined by UV–visible plate reader, HPLC-based UV or
MS detector. It is noted that none of these approaches is fully
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automated or offers sufficient capability to enable the rapid profil-
ing of actives from HTS.


Fragment-based drug discovery (FBDD) represents a paradigm
shift in the search for new medicines in an increasingly competi-
tive marketplace.12–14 Currently the main focus of FBDD is lead dis-
covery, for which the starting point is screening a library of low
molecular weight compounds. The main advantages of fragment-
based methods over conventional screening are that they provide
access to a larger and more diverse chemical space and enable this
to be searched at a more controllable resolution.14 Fragments typ-
ically bind more weakly to their targets and must be tested at high
concentration, placing demands on both assay methodology and
properties of the screening library compounds, in particular aque-
ous solubility. Assays must be more robust and capable of quanti-
fying weak interactions without interference so affinity methods15


are frequently used to screen fragments. In order to exploit this
emerging technology, a generic-screening library14 (GFSL05) of
20k fragments has been assembled as a tactical component of
FBDD strategy. The library has been designed to be generic with re-
spect to both the target and the technology used to detect binding.
Molecular size and complexity16 were restricted using substruc-
tural filters encoded in the expressive SMARTS17 notation and fin-
gerprint methods18 were used to provide appropriate coverage of
chemical space.


Building on the work of Pan et al.,7 Chen et al.8 and Avdeef,9 we
describe the development of a fully automated high throughput
solubility assay. A UV plate reader is used for analyte quantification
and an algorithm has been developed for automated processing of
spectral data. A throughput of 637 compounds per experiment can
be achieved using this approach with duplicate measurements for
each compound and the assay can be run unattended. The high
throughout solubility assay was validated against an HPLC-based
solubility assay using a set of 200 compounds. The assay was used
to prioritize compounds for inclusion in a fragment-screening li-
brary by reducing risk of selecting poorly soluble fragments.

Figure 1. Correlation between the solubility of the test set obtained from the solid
solubility assay (x-axis) and from the high throughput solubility assay (y-axis;
average of four experiments). The black line is the 1:1 line. Symbol represents
in-house compounds. Symbol } represents commercial compounds: 1—disulfiram,
2—diethylstilbestrol, 3—griseofulvin, 5—haloperidol, 6—mebendazole, 7—glyburide,
8—nifedipine, 9—albendazole, 10—bumetanide analogue, 11—loperamide, 12—ast-
emizole, 13—nimodipine, 14—loratadine. Symbol in circle represents the negative
outlier as discussed in the text.

2. Results and discussion


2.1. Validation of the high throughput solubility assay


In developing the high throughput solubility assay, it was
essential to evaluate the precision and accuracy of the UV plate
reader. The noise level of the optical system was first established.
This can be defined as the average of the standard deviation of
the absorbance at 250 nm in the blank wells of a 96-well UV plate
containing 1% DMSO in 0.05 M sodium phosphate buffer (pH 7.4).
The standard deviation data was recorded over a period of 6
months while the assay was being developed. The average of these
standard deviation values was found to be 0.009 a.u. Note that the
figure quoted here only represents the lower limit of the detector.
The practical lower solubility limit of the assay is strongly depen-
dent on the molar absorption coefficient of the compound and ana-
lytical wavelength used. Compounds with large molar absorption
coefficients are more easily detected than those having low molar
absorption coefficients. In the subsequent discussion, we will seek
to establish this from a set of in-house research compounds se-
lected from a range of projects. To establish the upper limit of
the assay and the experimental error associated with this, the sol-
ubility19 of diclofenac (logS = �1.52) has been repeatedly mea-
sured in the high throughput solubility assay. A mean logS of
�4.01 ± 0.04 (±2SD) has been determined from 368 measurements,
which is in excellent agreement with the theoretical maximum
logS (�4.00) of the assay.


Next, a set of 200 compounds including structurally diverse in-
house research compounds and commercial compounds were

studied in the high throughput solubility assay. Figure 1 shows
the results as determined using the high throughput solubility as-
say, which are consistent with those determined by the HPLC-
based solubility assay using solid materials. We do not anticipate
an exact 1:1 agreement between results from the two assays be-
cause of different physical forms of solid material that could be
generated in the two assays. It has been reported20 that solubilities
of different polymorphs are typically within threefold of each other
which is consistent with our results (see Fig. 1). Moreover, the
average standard deviation from four independent assays was
found to be 0.1 log units (within a factor of 1.2), suggesting that as-
say results are reproducible. As shown in Figure 1, there are some
outliers, which exhibit a positive deviation greater than a factor of
three from the data generated by the solid solubility assay. These
may reflect precipitation of an amorphous form of solid in the as-
say, which may not equilibrate to the more stable crystalline form
in 24 h. However, there is one compound (see Fig. 1, symbol in cir-
cle), for which solubility is significantly lower when measured
using from DMSO solution. Additional experiments have been per-
formed on this compound to confirm compound retention at the
filtration step is insignificant. Powder X-ray diffraction experi-
ments were performed on the precipitates generated from both
the high throughput solubility assay and the solid solubility assay
for this compound. As shown in Figure 2, the former is highly crys-
talline, while the latter is amorphous material with some crystal-
line character. It is likely that the highly crystalline form of the
compound exhibits a much lower solubility than the amorphous
form, which is consistent with our data. Based on the results ob-
tained from this test set of 200 compounds, the lowest solubility
limit is approximately 2 lM (logS � �5.7, see Figure 1).


2.2. Use of the high throughput solubility assay in fragment
selection


Fragments require good aqueous solubility but they also need to
bind to their targets. While polarity and the presence of ionisable







Figure 2. Powder X-ray diffraction patterns on the precipitates of the negative
outlier (symbols in circle in Fig. 2, see text). (a) Generated from the high throughput
solubility assay. (b) Generated from the solid solubility assay.
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groups with pKa values in the appropriate range both favor aque-
ous solubility, hydrophobic forces are implicated to some extent
in most biomolecular recognition and a degree of hydrophobic
character is necessary for binding to typical targets. The high
throughput solubility assay was used both to quantify the risk of
poor solubility as a function of lipophilicity and to screen com-
pounds prior to inclusion in the library. It is noted that the assay
has been designed for screening and trades off dynamic range for
throughput and we require that measured solubility be at or above
the upper quantification limit for a compound to be included in the
fragment-screening library.


A total of 3568 solubility measurements for 3234 compounds
were used as a training set to explore the relationship between sol-
ubility and lipophilicity as defined by predicted 1-octanol/water
partition coefficient (ClogP). All of these compounds were classi-
fied as neutral according to the in-house ionization and tautomer
model.21 Most (2173) of the measured solubilities exceeded the
upper quantification limit of the assay while 43 measured values
were below the lower limit. Measured values outside the limits
of quantification cannot be used in conventional regression analy-
sis while the alternative approach of categorizing compounds as
soluble or insoluble discards information about variation in re-
sponse to ClogP across its range. The data set was partitioned by
ClogP into 10 bins, each with 356 or 357 solubility measurements
and solubility was set to the appropriate assay limit when out of
range. The median, 10, 20, 30 and 40 percentiles for logS were plot-
ted against mean ClogP for each bin (Fig. 3). This shows the rela-
tionship between solubility and lipophilicity in a way that
discards little information and represents a general approach to

analysing results from assays with limited dynamic range. We note
that plotting a single percentile, such as the median, for each bin
would hide intra-bin variation in logS and provide no information
about the strength of the trend that such a plot might illustrate.
Where possible, bins should be defined to include equal numbers
of measurements.


Figure 3 allows the risk of poor fragment solubility to be as-
sessed as a function of ClogP. We used this analysis to set a thresh-
old of 2.19 below which the risk of poor solubility would be
acceptably small for neutral fragments. Once the analysis pre-
sented in Figure 3 was complete, the assay was used primarily to
screen candidates for inclusion in the fragment library with ClogP
values that exceeded this threshold. It must be stressed that this
approach is about managing the risk of poor fragment solubility
and that we have exploited the high capacity of the assay to set
a conservative threshold of 2.19. A lower assay capacity would
have forced setting of a higher threshold for ClogP and acceptance
of a greater risk of poor solubility for fragments with ClogP values
below that threshold. An alternative approach could be to make
the probability of selecting a fragment for assay depend on ClogP.
The solubility measurements used to derive the risk model were
for low molecular weight compounds and Figure 3 has general rel-
evance to fragment library design.


Solubility was measured for a further 2047 potential library
selections and compounds were included in the library when their
measured values were at or above the upper quantification limit
for the assay. Most of these compounds had ClogP values in the
range 2.19–3.80, for which analysis of the training set suggested
a high risk of poor solubility. These measurements can be used
to validate the model and Table 1 shows good agreement between
the 10% and 20% quantiles observed for logS in training and valida-
tion sets. The mean numbers of non-hydrogen atoms are 16.2
(SD = 4.9) in the training set and 17.0 (SD = 2.9) in the validation
set and we would not expect the solubility model to be transfer-
able to compounds of significantly different molecular size.


3. Conclusion


A high throughput solubility assay using 10 mM compound in
DMSO solution has been described. An algorithm has been devel-
oped to enable automated spectral data processing and the assay
is capable of measuring the solubility of 637 compounds in a single
unattended experiment. Sample quantification is accomplished by







Table 1
Comparison of 10% and 20% quantiles of logS for validation and training sets


Bina Nb Min ClogPc Max ClogPc logS 10% quantile
training set


logS 10% quantile
validation set


logS 20% quantile
training set


logS 20% quantile
validation set


1 45 �3.56 0.06 �4.07 �4.06 �4.06 �4.06
2 33 0.06 0.66 �4.07 �4.40 �4.06 �4.15
3 40 0.66 1.10 �4.15 �4.24 �4.06 �4.06
4 34 1.11 1.47 �4.08 �4.28 �4.06 �4.12
5 36 1.47 1.84 �4.35 �4.42 �4.07 �4.15
6 86 1.84 2.19 �4.42 �4.73 �4.10 �4.27
7 474 2.19 2.58 �4.96 �4.72 �4.30 �4.35
8 636 2.58 3.08 �5.16 �5.18 �4.73 �4.65
9 565 3.09 3.80 �5.47 �5.32 �5.10 �5.00


10 94 3.80 7.70 �5.74 �5.71 �5.59 �5.42


a Bin index for training set.
b Number of validation set compounds in bin.
c Bin ranges for training set.
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means of a UV plate reader and the dynamic range of the assay is
2–100 lM. The assay has been validated against a traditional HPLC-
based solubility assay using solid materials. Using a test set of 200
compounds, it has been shown that the agreement between these
two assays is generally within threefold. A simple model has been
developed to quantify risk of unacceptable solubility as a function
of ClogP for neutral fragments. Additional measurements for frag-
ments with a high risk of poor solubility were used primarily to se-
lect library compounds but also to validate this model for fragment
solubility.


4. Experimental


4.1. Chemicals used for solubility assay validation


A set of 200 compounds, including structurally diverse in-house
research compounds and commercial compounds, with a wide
range of solubility was used to validate the high throughput solu-
bility assay. Sodium dihydrogen phosphate (AR grade), sodium
hydroxide (AR grade), methanol (HPLC grade) and DMSO (HPLC
grade) were purchased from Fisher Scientific (Loughborough,
UK). Water was purified by a Millipore Milli-Q system.


4.2. Solubility assays


In the high throughput solubility assay, all compounds used were
in the form of 10 mM DMSO solution in barcoded 96-well micro-
plates. Twelve microliters of the compound solution was added to
1.2 mL of 0.05 M sodium phosphate buffer (pH 7.4) to make up 1%
DMSO solutions. These solutions were then stirred using 28 mm stir-
ring bars and a strong magnetic stirrer (model VP710E, V&P Scien-
tific, San Diego, USA) for 24 h at 23 ± 2 �C to enable equilibration
between the solid and liquid phases. Phase separation was accom-
plished by filtering the resultant solution through a glass fiber filter
plate (Whatman unifilter, product No. 7700–7203). To minimize
undesirable compound precipitation after filtration, 100 lL of the fil-
trate was immediately diluted by 200 lL of methanol as co-solvent.
The concentration of the compound in the supernatant solution is
determined by spectrophotometry with the compound at known
concentration and same co-solvent composition as a reference. A Sa-
fire plate reader fitted with a DAS module (Tecan, Reading, UK) and
Corning Costar UV plates (product No. 3653) were used for this pur-
pose. The experiment was performed using a Tecan Genesis 200
Workstation equipped with a TeMo 96-headed pipette module and
a Te-VacS filtration unit (Tecan, Reading, UK). All micro-plates were
handled using a Kendro Cytomat 24 carousel fitted with a barcode
scanner (Thermo Electron, Langenselbold, Germany). Figure 4 shows
the experimental setup of the high throughout solubility assay. The
experiment was fully automated using the Tecan FACTS software

(flexible assay composer and task scheduler). Duplicate experiments
were made for all compounds in each assay. The average of the dupli-
cate reported if the agreement was within a factor of 2. With this set-
up, the assay is able to process up to seven 96-well DMSO plates in
duplicate, which allows a throughput of up to 637 solubilities per
experiment in 38 h.


An algorithm has been developed for processing the spectral data
generated by the high throughput solubility assay, which enabled
automated processing of data without need for user intervention.
The success of this approach depends strongly on the quality of the
spectral data. In this study, acquisition of spectra was performed in
triplicate to allow mean and standard deviation to be calculated
for absorbance at each wavelength. If the standard deviation at any
wavelength was found to be greater than the noise level of the opti-
cal system (see Section 2), the result for that well is rejected. The
average spectral data was then background subtracted from an aver-
age of three blank wells (in the same UV plate with the same matrix
compositions). Internal referencing treatment by using a 5-nm band
from the visible wavelengths was then applied to the UV data. The
solubility of the compound (Csmp) was calculated from the absor-
bance at the analytical wavelength using the following equation.


Csmp ¼ Cstd
AsmpðkanalÞ=Dsmp


AstdðkanalÞ=Dstd


� �
ð1Þ


Cstd is the concentration of the standard (usually 10 mM), and
A(kanal) is the absorbance at the analytical wavelength. Dsmp and
Dstd are the dilution factors for sample and standard. The following
rules were used to aid the selection of analytical wavelength:


1. A change of sign (from positive to negative) in the first deriva-
tive of the UV spectrum (dA/dk).


2. Astd is greater than three times the noise level of the optical
system.


3. Asmp is greater than the noise level of the optical system.


It is possible that a change of sign from positive to negative in
the first derivative spectrum (rule (1)) is not available for a given
UV spectrum because a well defined peak is not exist in the exper-
imental wavelength region. However, rules (2) and (3) must be sat-
isfied before a result can be accepted.


When rule (2) is not satisfied, it is normally a consequence of
the extinction coefficient of the compound at the analytical wave-
length being too small to be useful for quantification purpose. This
spectral behavior is uncommon (typically 60.5% of compounds)
and would be flagged as absorbance below the limited of quantifi-
cation (LOQ). If Asmp is less than the noise level (rule (3)), the result
would be quoted as under-range.


Significant mismatch between reference and sample spectra
may reflect the presence of impurities, compound decomposition
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Figure 4. Experimental setup for high throughout solubility assay.
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during the experiment or bubble formation in the analyte solution.
The goodness-of-fit (GOF) calculation was used to quantify the cor-
relation between the sample and the standard spectra (Eq. 2).

GOF ¼


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1


nw� 1


Xk2


k¼k1


ðAsmpðkÞ=AsmpðkanalÞ � AstdðkÞ=AstdðkanalÞÞ2


ððrsmpðkÞ þ rsmp;blkðkÞÞ=AsmpðkanalÞÞ2 þ ððrstdðkÞ þ rstd;blkðkÞÞ=AstdðkanalÞÞ2


vuut ð2Þ

where nw represents the number of wavelength channels used.
The symbols rsmp,blk(k) and rstd,blk(k) represent the standard devi-
ation of the blank spectra in the sample and standard plates. The
wavelength channels at the start and the end of the absorption
spectrum are represented by k1 and k2, respectively. Ideally each
compound should have a GOF value less than or equal to one,
which implies the deviation between the sample and standard
spectra is less than or equal to unit variance. Analyses of data
obtained from measurements of solutions with slight impurities
(ca. 5%) generally show higher GOF values. A GOF greater than 5
indicates a significant mismatch between sample and standard
spectra.


For comparison purposes, the set of 200 validation compounds
were studied in an HPLC-based solubility assay, where the starting
materials were in the form of solid. In this method, a known mass
of compound (ca. 1 mg) was added to 0.1 M sodium phosphate buf-
fer (pH 7.4) to make up a concentration of 1 mg/mL, and then stir-
red for 24 h at room temperature using parylene coated discs
(5.3 mm) and a magnetic stirrer (model VP710E, V&P Scientific,
San Diego, USA). The resulting mixture was centrifuged (Jouan
Centrifuge, model Kr 4i) twice to remove any un-dissolved mate-
rial. The supernatant was analyzed with an HPLC (Waters 2790)
coupled with a UV diode array detector (Waters 996) and the sol-
ubility was determined by comparing the peak area of a standard
solution of known concentration.

4.3. Powder X-ray diffraction


Powder X-ray diffraction (PXRD) studies were run on a Rigaku
Miniflex diffractometer using Cu-Ka radiation at 1.5406 ÅA


0


wave-
length. The system has a variable incident slit and monochromator

with a scintillation counter detector. Samples were analyzed by
presenting a flat bed of powder to the beam using a silicon wafer
holder. The sample was rotated at �40 rpm to reduce crystal orien-

tation effects. The 2h range scanned was 2–40� with a sampling
width of 0.01� and a scan speed of 0.3� min�1. The PXRD patterns
were recorded at ambient temperature.


4.4. Computational details


Predicted 1-octanol/water partition coefficients were calculated
with the ClogP program (version 4.0, BioByte, Clarement, USA) and
data analysis was performed with the JMP program (version 6.0.0,
SAS Inc., Cary, USA).
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Antagonism of the gonadotropin releasing hormone (GnRH) receptor has shown positive clinical results
in numerous reproductive tissue disorders such as endometriosis, prostate cancer and others. Traditional
therapy has been limited to peptide agonists and antagonists. Recently, small molecule GnRH antagonists
have emerged as potentially new treatments. This article describes the discovery of 2-phenyl-4-piperaz-
inylbenzimidazoles as small molecule GnRH antagonists with nanomolar potency in in vitro binding and
functional assays, excellent bioavailability (rat %F > 70) and demonstrated oral activity in a rat model
having shown significant serum leuteinizing hormone (LH) suppression.


� 2008 Elsevier Ltd. All rights reserved.

1. Introduction


Gonadotropin releasing hormone (GnRH), or leuteinizing hor-
mone releasing hormone (LHRH), is a 10 amino acid peptide syn-
thesized and released in a pulsatile fashion from the
hypothalamus.1 The hormone stimulates a G-protein coupled
receptor (GPCR)—the GnRH receptor (GnRHR)—positively coupled
to phospholipase C on cell surfaces of the anterior pituitary gland.
Following stimulation of the GnRH receptor the gonadotropins, fol-
licle stimulating hormone (FSH) and leuteinizing hormone (LH) are
released into the general circulation where they act on the male
and female gonads to trigger gametogenesis as well as synthesis
and release of sex steroids.2 Early structural modifications to GnRH
led to agonists with enhanced activity over the native hormone. In
clinical settings these ‘superagonists’ have been used to treat var-
ious cancers of the reproductive organs as well as primary hirsut-
ism, endometriosis, and other hormone dependant conditions
through the suppression of sex steroids.3 The concept of hormone
suppression with an agonist/superagonist is unique. Constant
exposure of the GnRH receptor to a GnRH agonist leads to receptor
desensitization and eventual down-regulation causing an overall
antagonistic effect. During this process, however, there is a 2 week

ll rights reserved.

delay for the onset of the antagonist effect and during this time pa-
tients experience exacerbation of symptoms (flare effect).


In recent years more extensive modifications to GnRH have gi-
ven rise to peptide antagonists such as abarelix and cetrorelix.4 Di-
rect blockade of the GnRHR leads to immediate and full
antagonism of the receptor with no flare effect. As expected, both
peptide superagonists and antagonists have poor pharmacokinetic
and bioavailability properties when taken orally. Hence, these
agents are only effective following parenteral administration. In
addition, many patients receive extended release forms of these
drugs that tend to lower hormones to castration levels. An orally
active small molecule GnRH antagonist could offer additional ben-
efits such as regimen compliance, the ability to titrate drug and
hormone levels as well as the flexibility to withdraw the drug rel-
atively quickly when adverse symptoms are seen.5


Recently, numerous small molecule GnRH antagonists repre-
senting various pharmacophores bonded to several template
classes have been reported in the literature. Indoles,6 quino-
lones,7 furans,8 uracils,9 benzimidazoles,10 and thienopyridines11


are some of the GnRH receptor antagonists disclosed (Fig. 1).
Stoichiometric association and nanomolar affinity between a
broad, structurally diverse class of small molecules and a single
receptor is unusual and a model has been proposed to explain
this promiscuity.12 Considering the breadth of chemical spatial
diversity and the acceptable ADME descriptors associated with
these series it would be expected to see good to excellent oral
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Figure 1. Representative small molecule GnRH antagonists recently reported in the literature.
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bioavailability from compounds in each class. In most cases,
however, oral bioavailability is poor to modest (F < 25%). In addi-
tion, small molecule association with the GnRH receptor can be
species selective. As a result, many compounds may require pre-
clinical evaluation in expensive monkey models. Reported here
are the lead discovery and in vitro structural optimization of a
series of 2-phenyl-4-piperazinylbenzimidazole antagonists of
the GnRH receptor. Optimization efforts resulted in the discovery
of a compound with excellent oral bioavailability and rat plasma
LH suppression properties.


Efforts to identify chemical leads were initiated through screen-
ing of a platform-based biogenic amine library rich in GPCR ligands
(�2200 compounds) using a previously reported hGnRH binding
assay13 for receptor affinity followed by a functional assay14 to en-
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hGnRH binding IC50 = 1.54 μM
hIP turnover inhibition IC50 = 9.2 μM


rGnRH binding IC50 = 15.0 μM
rLH release inhibition IC50 = 83.0 μM


h5-HT1A Ki = 19 nM
h5-HT1B Ki = 60 nM
h5-HT1D Ki = 0.55 nM
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F3C


Figure 2. 4-piperazinylbenzimidazoles 1a and 1b, with GnRH antagonist

sure that compounds had antagonist properties. This led to the
identification of two structurally related 4-piperazinylbenzimidaz-
oles, 1a and 1b (Fig. 2), that had modest binding and antagonist
properties on the human GnRH receptor as well as potent binding
properties to several central 5HT-1 receptor subtypes. In addition,
further screening indicated both compounds had affinity for the rat
GnRH receptor and both were antagonists as measured by LH re-
lease inhibition from primary rat pituitary cells. The compounds,
however, were weaker (25- to 50-fold) in this species. The possibil-
ity of in vivo evaluation in a lower species such as the rat was
attractive. The leads were suitable for analogue purposes, hence
an optimization effort was initiated to increase binding and func-
tional potency at the human and rat receptors as well as selectivity
over the 5HT-1 receptor subtypes.
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Preparation of compounds with modified ethoxy linkers con-
necting the piperazine with the pendant 2-trifluoromethylbenzim-
idazole or the 2-thiobenzimidazolone is shown in Schemes 1 and 2.
Treatment of 2,6-difluoronitrobenzene 32 with sodium azide then
piperazine gave the azido-piperazinyl nitrobenzene intermediate
34 which was protected and fully reduced to the phenylenedi-
amine 36. Treatment of this compound with hot trifluoroacetic
acid (TFA)15 gave the key deprotected intermediate benzimidazole
37. Reductive amination or N-alkylation with electrophiles, pre-
pared from literature procedures shown in the Scheme 1 inset,16–20


gave intermediates with the various linkers. Nitro groups on all
of these intermediates were reduced under the standard condi-
tions of hydrogenation or tin(II) chloride dihydrate (SnCl2�2H2O)
to provide the corresponding phenylenediamines, which were fur-
ther reacted with thiocarbonyldiimidazole (thioCDI) and/or hot
TFA to provide the desired products 3, 4, 5a, 5b, 6a, and 6b. In addi-
tion, the glycolamide 2 was prepared by converting the fluoro of 2-
azido-6-fluoronitrobenzene 33 to a phenol21 then alkylating the
phenol with tert-butyl bromoacetate to provide 57 (Scheme 2).
TFA deprotection of the acid followed by coupling with the piper-
azine 37 led to amide 59. The nitro and azide groups were reduced
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Scheme 1. Preparation of analogues with a modified linker. Reagents and conditions: (i)
H2, 10% Pd/C, MeOH, 100%; (v) TFA, 70 �C, 89%; (vi) DMF–DMA, 150 �C (Ref. 16); (vii) SO
CH2Cl2, 82%; (ix) 1.0 M BH3/THF, THF, 62%; (x) SOCl2, TEA, CH2Cl2, 57%; (xi) 1-bromo-3-ch
H2, 10% Pd/C, MeOH; (xiv) ThioCDI, THF, 70 �C, 23% for three steps to 5b; (xv) TFA, 70 �
40 = 85%; (xvii) 40, H2, 10% Pd/C, MeOH, 100%; (xviii) 41 or 42, SnCl2�2H2O, NMP, yield of 4
44 or 45, TFA, 70 �C, yield of 4 = 42%, 6a = 24%.

by catalytic hydrogenation and conversion to the desired product 2
was achieved by reacting the phenylenediamine 60 with thioCDI.


Preparation of compound 7, with the ethoxy linker shifted one
carbon on the pendant thiobenzimidazolone, is shown in Scheme
3. The fluorine of 3,4-dinitrofluorobenzene 61 was displaced with
the sodium salt of glycolaldehyde diethyl acetal, and the nitro
groups were reduced to provide the phenylene diamine 63. Treat-
ment of this intermediate with thioCDI followed by hydrolysis gave
the thiobenzimidazolone glycolaldehyde 65, which was reductively
aminated with piperazine derivative 37 to provide 7. In addition,
the piperazine on the piperazinylbenzimidazole template was also
shifted one carbon. The preparation of this compound is shown in
Scheme 4. As in Scheme 3, the fluoro of 3,4-dinitrofluorobenzene
was displaced with monoprotected piperazine, and the product
was fully reduced to the phenylenediamine to provide intermediate
67. This underwent deprotection and trifluorobenzimidazole for-
mation upon treatment with hot TFA to give 68 which was reacted
with aldehyde 70, prepared in similar fashion to aldehyde 65 (see
Scheme 3) starting from 2-azido-6-fluoronitrobenzene, to provide
the nitroazide 71. Full reduction followed by thioCDI treatment as
above provided the desired product 9.
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N-Methyl derivatives 8a and 8b were synthesized as shown in
Scheme 5. Hence, the azide of intermediate 35, prepared as shown
in Scheme 1, was selectively reduced and trifluoroacetylated to
give 74, which was methylated under Mitsunobu conditions to
provide 75. Reduction of the nitro group on 75 followed by TFA re-
moval of the Boc protecting group gave 77. Reductive amination of
this piperazine derivative with aldehyde 70 (see Scheme 4) fol-

lowed by reduction and treatment with hot TFA or thioCDI gave
the desired products 8a and 8b, respectively.


Synthesis of molecules with additional modifications to the
template benzimidazole is shown in Scheme 6. The fluorine of
intermediate 33 was displaced with the sodium salt of 2-(1-piper-
azinyl)ethanol, and the resulting free amine was protected with a
Boc group. Full reduction of the azide and nitro groups provided
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the phenylenediamine 82. Treatment of the intermediate with thi-
oCDI followed by TFA or with hot TFA alone gave the thiobenzim-
idazolone and trifluoromethylbenzimidazole derivatives 85 and
83, respectively. Reacting this compound with 33 gave the azidoni-
tro intermediates 86 and 87. Catalytic hydrogenation of 86 and tin
mediated reduction of 87 gave the phenylenediamines 88 and 89,
respectively. One or both of these intermediates were treated with
several reagents including CDI, thioCDI, oxalyldiimidazole, glycol
aldehyde, hot formic, acetic and perfluoropropionic acids, benzal-

dehyde and substituted benzoic acids to give the desired products
10–23.


Finally, compounds with the 2-(4-tert-butylphenyl)-1H-ben-
zimidazol-4-ylpiperazine core were prepared via reductive amina-
tion of appropriate aldehyde22 precursors and intermediate 91
(Scheme 7). Final products 25, 26, 30, and 31 were prepared as
shown as well as the intermediate nitrofluoro compound 92, which
was carried on through a series of straight-forward steps to pro-
vide the quinoxalinedione 29. Also shown in Scheme 7 is the prep-
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aration of 24, 27 and 28 from 91 and the benzylchloride derivative
50.


Human and rat binding assays were used as the primary drivers
of structure–activity relationship studies and were performed on
recombinant cells expressing either rat or human GnRH receptors
as described in the literature.13 Displacement of radioiodinated
(D-Trp6)-GnRH, a GnRH agonist, to these cells using test article
was used to determine percent inhibition and IC50’s. Human func-
tional data were measured through the inhibition of tritiated inos-
itols from cells overexpressing the human receptor treated with
the GnRH agonist, (D-Trp6)-GnRH, or agonist combined with vari-
ous concentrations of test article.14 Finally, rat functional activity
was estimated by measuring LH release from primary rat pituitary
cells following treatment with the GnRH agonist, (D-Trp6)-GnRH,
and test article at various concentrations (see Section 2 for details).


Initial optimization efforts focused on maximizing GnRH antag-
onism and selectivity through modification of the ethoxy unit link-
ing the piperazine ring with its pendant benzimidazole or
thiobenzimidazolone (Table 1). At this juncture the 2-trifluorom-
ethylbenzimidazole and 2-thiobenzimidazolone groups pendant
to the ethoxy linker were considered bioequivalent, therefore,
comparison of biological properties between structurally similar
compounds with either the pendant trifluoromethylbenzimidazole
or the thiobenzimidazolone was considered valid. Conversion to
the glycolamide 2 led to a sharp drop in activity, most likely indi-
cating the requirement for a basic nitrogen in position 4 of the
piperidine ring. Elongating to the propyloxy derivative 3 led to a
modest loss in GnRH activity (human GnRH binding
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NMP, yield for 25 = 100%, 26 = 84%, 30 = 57%, 31 = 61%, 92 = 68%; (iv) NaN3, DMSO, 92%; (
NMP, 36%; (viii) SnCl2 � 2H2O, NMP, 70 �C, 20%; (ix) ThioCDI, THF, 60 �C, yield for 24 = 20%

IC50 = 3300 nM) but had no effect on 5-HT1a activity (Ki = 2.8 nM)
when compared to the lead compound 1b. Conversion of the eth-
oxy group to n-propyl resulted in a less active compound (Table
1, compound 4) as did the shorter alkyl modifications of 5a, 5b,
and 6a. When the thiobenzimidazolone heterocycle was coupled
with the piperazinylbenzimidazole via the methylene linker, how-
ever, a derivative of equal or slightly greater potency than the ori-
ginal lead 1b resulted (compound 6b). This represents an increase
of nearly 20-fold in potency over the similar trifluoromethylbenz-
imidazole analogue 6a and a clear separation of activities com-
pared to the nearly equipotent leads 1a and 1b. In addition,
human functional activity remained about equal to the lead com-
pound, while rat binding activity weakened slightly (Table 1). Fi-
nally, transposition of the ethoxy group by one carbon unit in the
aromatic region also resulted in a compound of less activity (7,
hGnRH IC50 = 4.5 lM).


Additional structure–activity relationship (SAR) optimization
focused on modification of the trifluoromethylbenzimidazole of
1a, 1b directly bonded to the piperazine (Table 2). Initial efforts
were directed at N-alkylation of the imidazole (8a and 8b), trans-
position of the linker-heterocycle location (9), and variation of
the bicyclic structure to other heterocycles (10a–13). All com-
pounds displayed relatively low activity as human GnRH binding
agents. Further tests on these molecules (rat binding, functional
activity) were not performed and structural focus remained on
the N-unsubstituted benzimidazole.


Additional optimizations on the proximal (template) benzimid-
azole centered on substitutions at the 2-position occupied by the

R
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R


25 R = Ph
26 R = Naph
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ix or x or xi


tert-butylPhCHO, IPA, air, 80 �C, 95%; (ii) TFA, CH2Cl2, 50%; (iii) RCHO, NaBH(OAc)3,
v) H2, 10% Pd/C, MeOH, 100%; (vi) oxalyldiimidazole, THF, 70 �C, 24%; (vii) 50, DIPEA,
; (x) CDI, THF, 70 �C, yield for 27 = 28%; (xi) oxalyldiimidazole, THF, yield for 28 = 6%.







Table 1
In vitro activity of ethoxy linker analogues of lead compounds 1a and 1b


N
HN


F3C


N
N


X
(a or b)


N
H


H
N


N


H
N


SCF3
or


a b


Compound X a or b hGnRH binding
IC50 ± SDa (lM)


hGnRH IP inhibition
IC50 ± SDb (lM)


rGnRH binding
IC50 ± SDa (lM)


5-HT1a binding Ki


IC50 ± SD (nM)


1a –(CH2)2O– a 1.5 ± 0.21 9.2 ± 3.0 15 ± 2.6 19 ± 3.2
1b –(CH2)2O– b 0.79 ± 0.15 4.5 ± 1.0 21 ± 3.3 2.8 ± 0.3
2 –COCH2O– b 24% @ 10 lM — — —
3 –(CH2)3O– b 3.3 ± 0.40 — — 2.3
4 –(CH2)3– a 42% @ 10 lM — — —
5a –(CH2)2– a 26% @ 10 lM — — —
5b –(CH2)2– b 51% @ 10 lM — — —
6a –CH2– a 9.5 ± 1.9 21 ± 4.5 64 ± 10 —
6b –CH2– b 0.58 ± 0.10 3.4 ± 0.42 51 ± 3.8 —


7 –(CH2)2O–
N
H


H
N


S 4.5 ± 3.6 — — —


a Binding to overexpressed human or rat GnRH receptors in competiton with 125I-(D-Trp6)-GnRH (Ref. 13).
b Compound driven IP reduction in whole cells following stimulation with (D-Trp6)-GnRH (Ref. 14).
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trifluoromethyl group in both lead compounds. A significant range
of SAR were observed following substitution of the trifluoromethyl
group with hydrogen, lower alkyl, extended perfluoro lower alkyl,
and substituted phenyl groups (Table 3). Significant loss of activity
was observed with small, homologous replacement units such as
hydrogen (14), methyl (15), and perfluoroethyl (16). An investiga-
tion into phenyl ring replacement groups, however, revealed SAR
patterns of interest. Simply replacing the trifluoromethyl group
with phenyl resulted in a compound (17) with less activity
(IC50 = 11 lM) than the leads 1a and 1b. However, the possibility
of the phenyl group serving as additional template space was
attractive. As shown in Table 3 substitution with lower alkyl
groups in the 4-position on the phenyl ring led to compounds of
increasing activity with an increase in steric size. Activity peaked
with the 4-tert-butylphenyl compound (compare hGnRH binding
IC50: 19 = 1.3 lM, 22 = 0.050 lM), while the 3-methylphenyl was
about equipotent to the unsubstituted phenyl in the human bind-
ing assay. Substitution of the 2-position of the phenyl in the 2-phe-
nylbenzimidazoles led to inactive compounds (data not shown);
however, the 2,4-dimethylphenyl derivative 23 had binding activ-
ity nearly equivalent to the 4-methylphenylbenzimidazole 19.
Additional significant trends seen in Table 3 include rat binding
as well as human functional data. In nearly all examples where
hGnRH binding potency increased so too did rat binding and func-
tional human activity. Hence, the rat binding and human func-
tional activity of the lead compound 1b (rGnRH binding
IC50 = 21 lM, hIP IC50 = 4.5 lM) were improved with the 4-tert-
butylphenyl derivative 22 (rGnRH binding IC50 = 0.71 lM, hIP
IC50 = 1.2 lM).


At this juncture a combination of optimized SAR pharmaco-
phores from the studies mentioned above was investigated. This
practice frequently leads to molecules with greatly enhanced de-
sired activity. Hence, the favorable structural properties of com-
pounds 6b (Table 1) and 22 (Table 3) were blended into a single
molecule (Scheme 8). The resulting molecule 24 possessed GnRH
antagonism properties superior to all others previously tested. Hu-
man GnRH binding and functional IC50’s improved to 6.2 nM and
14 nM, respectively. Rat activity also improved as the binding
IC50 was measured at 110 nM, and LH release from rat primary
pituitary cells increased to 480 nM. Also notable was the lack of
binding activity of 24 at CNS GPCR’s. Binding activity at the

5-HT1a and alpha1 adrenergic receptors dropped to undetectable
levels indicating strong selectivity for GnRH over the catechol-
amine receptors (Scheme 8) and marked improvement over the
activity of the lead compounds.


Although these improvements were noteworthy, we thought
that a greater potency and functional activity at the rat receptor
would be required for successful in vivo evaluation as serum LH
supressors. Hence, the thiobenzimidazolone portion of the mole-
cule was targeted for modification in an effort to address this is-
sue. The results are summarized in Table 4. Replacement of the
thiobenzimidazolone with the simple aromatic phenyl and naph-
thyl groups (25 and 26, respectively) resulted in compounds
with a substantial loss of hGnRH receptor binding. Human activ-
ity remained high with benzimidazolone 27 but rat binding and
functional activity diminished sixfold compared to 24. Some of
the rat activity returned with 5-substituted quinoxalinedione
28 but a dramatic increase in rat activity and human functional
activity was observed with the one carbon transposed, 6-substi-
tuted quinoxalinedione 29. Although the human and rat GnRH
antagonist properties of 29 were suitable for in vivo studies
the quinoxalinedione rendered the molecule highly insoluble
and a poor candidate for pharmacokinetic evaluation. The phenyl
group of 25 was clearly deleterious to GnRH activity and sug-
gested that the phenyl portion of the quinoxalinedione does
not add to the GnRH inhibitory activity of 29. Replacement of
the quinoxalinedione with a monocyclic heterocycle in this posi-
tion may retain activity similar to this bicyclic structure. Hence,
we evaluated the uracils 30 and 31 in the human and rat GnRH
assays. Both compounds showed excellent binding properties at
human and rat receptors. In addition they were potent antago-
nists in both functional assays. Hence, the uracils were attractive
candidates for in vivo evaluation based on their potent, non-
selective in vitro GnRH antagonist profile.


Prior to in vivo pharmacokinetic analysis uracils 30 and 31 were
evaluated for their absorption–distribution–metabolism–excretion
(ADME) properties. Table 5 summarizes the ADME molecular
descriptors generally thought to effect bioavailability and exposure
levels. All values are within recommended ranges as suggested
by established models.23,24 In addition, in vitro pharmaceutical
profiling properties of solubility, PAMPA membrane diffusion and
rat liver microsome half-life are also shown.25 Both compounds







Table 2
In vitro activity results of analogues of the trifluoromethylbenzimidazole template
region of 1a, b


N
N


O
(a or b)


R N
H


H
N


N


H
N


SCF3
or


a b


Compound R a or b hGnRH binding IC50
a (lM)


1a


N
H


N
CF3


a 1.5 ± 0.21


1b


N
H


N
CF3


b 0.79 ± 0.15


8a


N


N
CF3


a 5% @ 10 lM


8b


N


N
CF3


b 8% @ 10 lM


9
N
H


N
CF3 b 11% @ 10 lM


10a


N
H


H
N


O a 8% @ 10 lM


10b


N
H


H
N


O b 6% @ 10 lM


11


N
H


H
N


S
a 42% @ 10 lM


12


N
H


H
N O


O


b 9% @ 10 lM


13


N


N
b 1% @ 10 lM


a Binding to overexpressed human GnRH receptors in competiton with 125I-(D-
Trp6)-GnRH (Ref. 13).
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displayed moderate solubility and permeability properties. The
unsubstituted uracil 30 was stable in the rat liver microsome assay
while the N-ethyluracil 31 was unstable in the same assay with a
half-life of 5 min. Generally speaking, compounds with a half-life
less than 15 min in the rat in vitro liver microsome assay are con-
sidered unstable and will not likely survive the first-pass effect in
the liver following oral absorption. These latter data suggested a
relatively higher in vivo dose may overcome any first-pass elimina-
tion effects brought on by high liver clearance. In addition, because
the structures differ only by an N-ethyl group the microsomal
instability of 31 may be due to N-dealkylation of the uracil which
could provide an in vivo source of compound 30 via biotransforma-

tion. This would ensure an additional GnRH active component in
vivo. The data obtained from ADME molecular descriptors and in
vitro pharmaceutical property analysis supported in vivo pharma-
cokinetic evaluation of 30 and 31. Hence, rats were exposed to both
uracils via intravenous (iv) and oral (po) administration and their
pharmacokinetic parameters were established. The data are sum-
marized in Table 6. Uracil 30 had low bioavailability (%F � 5), while
the N-ethyl compound, 31, was highly bioavailable (%F = 74). These
data suggested in vivo, oral exposure for this series is absorption
dependant and supported the in vivo efficacy analysis of com-
pound 31.


Intact animals have pulsatile patterns of serum LH making
accurate measurements of the gonadotropin difficult. Orchidec-
tomized rats, however, display elevated, stable levels of serum
LH due to the removal of the testosterone mediated feedback loop
that controls the central release of GnRH. Exposure of these ani-
mals to a GnRH antagonist can lower serum LH to normal levels.
Hence, castrated rats were treated orally with compound 31 and
their serum LH levels were monitored post-administration. As
shown in Figure 3, the N-ethyluracil derivative successfully low-
ered LH levels starting at 1 h post-administration and the effect
continued for at least 6 h. At the 24 h time point LH levels had re-
turned to levels equivalent to the control group (data not shown).
The in vivo experiment clearly indicated that antagonism of the
GnRH receptor is occurring in vivo with compound 31. It was also
subjected to limited off-target pharmacological analysis since ear-
lier generation leads were active at 5-HT and alpha1 adrenergic
receptors. Compound 31 was inactive in all assays tested with
the exception of the 5-HT2a subtype (Ki = 230 nM). Functional eval-
uation of 31 in 5-HT2a assay indicated compound 31 is a full antag-
onist and not expected to elicit detrimental side effects or toxicity
via this mechanism.


The goal of our program was to discover small molecule, orally
active antagonists of the GnRH receptor from two lead com-
pounds obtained from a GPCR directed library that focused on
GnRH receptor antagonist activity. Both compounds had micro-
molar binding potencies to the human and rat GnRH receptors
and they were shown to be antagonists in both species. Enhance-
ment of rat activity along with human activity was critically
important for in vivo evaluation. Compounds that are inactive
in rat are usually evaluated in monkeys making pre-clinical
discovery and development expensive and time consuming. A
compartmentalized structure activity optimization process led
to individual improvements to binding and efficacy properties.
Combining these improvements together into a single molecule
led to a nanomolar inhibitor of human GnRH and a modest
antagonist of rat GnRH (compound 24). Further refinements led
to enhanced rat activity in compound 31, which also had high
bioavailability when orally administered to rats at 20 mg/kg
(%F = 74). Suppression of serum LH levels leads to the suppression
of sex hormones, which in turn has therapeutic value for dis-
eases/conditions aggravated by these hormones. Proof of concept
can be achieved when serum LH levels are suppressed to a statis-
tically significant level. Uracil 31 dropped rat serum LH levels for
several hours following administration of a single oral dose
(30 mg/kg). LH levels returned to normal after 24 h. This data
confirms the discovery of uracil 31 as an orally active antagonist
of the GnRH receptor. Further studies on this and other com-
pounds will be reported in due course.


2. Experimental details


2.1. General methods


All experiments were conducted in well-ventillated fume
hoods. Anhydrous solvents were purchased from Aldrich Chemical
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Scheme 8. A combination of the features of 6b and 22 led to analogue 24 with multiple optimized features.


Table 3
In vitro SAR following substitution of the trifluoromethyl group of the proximal benzimidazole region of 1a, b: GnRH binding and functional data


N
HN


R


N
N


N
H


H
N


N


H
N


SCF3
or


a b


O
(a or b)


Compound R a or b hGnRH binding IC50 ± SDa (lM) hGnRH IP inhibition IC50 ± SDb (lM) rGnRH binding IC50 ± SDa (lM)


1a CF3 a 1.5 ± 0.21 9.2 ± 3.0 15 ± 2.6
1b CF3 b 0.79 ± 0.15 4.5 ± 1.0 21 ± 3.3
14 H b 5% @ 10 lM — —
15 CH3 b 10% @ 10 lM — —
16 C2F5 b 6.3 ± 1.1 — >100
17 Ph b 11 — —
18 3-Methylphenyl b 47% @ 10 lM — —
19 4-Methylphenyl b 1.3 ± 0.12 2.8 ± 0.21 —
20a 4-Ethylphenyl a 0.22 ± 0.05 2.3 ± 0.32 5.2 ± 0.40
20b 4-Ethylphenyl b 0.12 ± 0.01 0.64 ± 0.055 3.9 ± 0.25
21 4-i-Propylphenyl a 0.12 ± 0.002 0.45 ± 0.014 0.99 ± 0.044
22 4-tert-Butylphenyl a 0.050 ± 0.0021 1.2 ± 0.070 0.71 ± 0.048
23 2,4-Dimethylphenyl b 1.2 ± 0.055 — —


a Binding to overexpressed human or rat GnRH receptors in competiton with 125I-(D-Trp6)-GnRH (Ref. 13).
b Compound driven IP reduction in whole cells following stimulation with (D-Trp6)-GnRH (Ref. 14).
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Co. (Milwaukee, WI) and used directly. Bulk solvents and chemicals
were purchased from EMD and used directly. 1H and 13C NMR were
recorded on Varian INOVA 400 MHz, Bruker AVANCE II 400 MHz
and Bruker AVANCE II 300 MHz instruments in the indicated sol-
vent at 20 �C. Chemical shifts (d) are expressed in ppm downfield
from tetramethylsilane (TMS). High resolution mass spectrometry
was recorded on an Agilent 6210 TOF instrument. Positive and neg-
ative electrospray mass spectrometries were recorded on Waters
ZQ or ZMD instruments. Elemental analysis was performed by Rob-
ertson Microlit (Madison, NJ) and agree with theoretical values
within ±0.4%.


The following HPLC and LC/MS methods were used for the syn-
theses outlined in the examples:


Method A: Column: Xterra MS C18, 5l, 50 � 2.1 mm. Mobile
phase: 90/10–5/95 water (0.1% formic acid)/acetonitrile (0.1%

formic acid), 2 min, hold 1.5 min. Flow rate: 0.8 mL/min. Detec-
tion: 210–400 nm.
Method B: Column Xterra reverse phase 18, 3.5 l, 150 � 4.6 mm.
Mobile phase: 85/15–5/95 ammonium formate buffer (pH 3.5)/
acetonitrile and methanol (1:1) for 10 min, hold 4 min, 1.2 mL/
min. Detection: 210–370 nm.
Method C: Column Xterra reverse phase C18, 3.5 l,
150 � 2.1 mm. Mobile phase: 78/22–5/95 phosphate buffer
(pH 2.1) acetonitrile and methanol (1:1) for 10 min, hold
4 min, 1.2 mL/min. Detection: 210–370 nm.
Method D: Column: Xterra reverse phase 18, 3.5 l,
150 � 4.6 mm. Mobile phase: 85/15–5/95 phosphate buffer
(pH 2.1)/acetonitrile and methanol (1:1) for 10 min, hold
4 min, 1.2 mL/min. Detection: 210–370 nm.
Method E: Column: YMC CombiPrep ProC18 50 � 20 mm I.D.
S-5 lm, 12 nm. Mobile phase: 10/90 acetonitrile/water to







Table 4
In vitro results for the analogues of compound 24


N
HN N


N


Compound Structure hGnRH binding IC50 ± SDa (nM) hIP IC50 ± SDb (nM) rGnRH binding IC50 ± SDa (nM) rLH release IC50 ± SDc (nM)


24


H
N


N
H


S 6.2 ± 0.040 22 ± 3.5 110 240


25 6% @ 10 lM — — —


26 7% @ 10 lM — — —


27


H
N


N
H


O 8.7 ± 0.037 63 ± 10 680 1500


28


H
N


N
H


O


O


5.7 ± 2.4 24 72 ± 12 480


29


H
N


N
H


O


O


4.9 ± 0.20 9.4 40 ± 17 25 ± 9.0


30


HN


HN
O


O
5.5 ± 2.3 11 ± 3.0 32 ± 12 41 ± 11


31


N


HN
O


O 1.7 ± 0.65 4.0 ± 0.64 17.5 ± 8.9 59


a Binding to overexpressed human or rat GnRH receptors in competiton with 125I-(D-Trp6)-GnRH (Ref. 13).
b Compound driven IP reduction in whole cells following stimulation with (D-Trp6)-GnRH (Ref. 14).
c Compound driven reduction in LH release from primary rat pituitary cells stimulated with (D-Trp6)-GnRH (see Section 2).
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100% acetonitrile over 10 min, ramp back to 10/90 acetonitrile/
water over 2 min. Detection: 210, 254 nm.
Method F: Column: YMC CombiPrep ProC18 50 � 20 mm I.D. S-
5 lm, 12 nm. Mobile phase: 10/90 acetonitrile/water (0.1%
TFA in both solvents) to 100% acetonitrile (0.1% TFA) over
10 min, ramp back to 10/90 acetonitrile/water (0.1% TFA in both
solvents) over 2 min. Detection: 210, 254 nm.
Method G: (LC/MS slow gradient) Column: Waters Xterra MS
C18, 5 lm, 50 � 2 mm. Mobile phase: 90/10 to 5/95 water
(0.1% formic acid)/acetonitrile (0.1% formic acid),10 min, hold
2 min. Flow rate: 0.8 mL/min. Detection 210–400 nm.
Method H: (LC/MS very fast gradient) Column: Phenomenex C18
monolith, 3 � 100 mm. Mobile phase: 95/5–5/95 water (0.1%
formic acid)/acetonitrile (0.1% formic acid), 1.5 min, hold
0.5 min. Flow rate: 1.5 mL/min. Detection 210–400 nm.
Method I: (LC/MS long gradient) Column: Phenomenex C18
monolith, 3 � 100 mm. Mobile phase: 95/5 to 5/95 water
(0.1% formic acid)/acetonitrile (0.1% formic acid), 4.5 min, hold
0.4 min. Flow rate: 1.5 mL/min. Detection 210–400 nm.

2.1.1. 1-Azido-3-fluoro-2-nitrobenzene (33)
A solution of 2,6-difluoronitrobenzene (4.8 g, 30 mmol) in


DMSO (35 mL) was treated with sodium azide (2.2 g, 33 mmol)
and stirred for 4 h. The mixture was diluted with ethyl acetate
(150 mL) and washed with water (2 � 150 mL), dried (MgSO4),
and evaporated to provide the title product as a semi-crystalline
solid (5.4 g, 100%). 1H NMR (300 MHz, CDCl3) d 7.51 (td, 1H,
J = 8.2 Hz, J = 6.0 Hz), 7.10 (d, 1H, J = 8.2 Hz), 7.03 (dd, 1H,
J = 8.2 Hz, J = 8.2 Hz).


2.1.2. 3-Azido-2-nitrophenol (56)
A solution of 1-Azido-3-fluoro-2-nitrobenzene (33, 1.0 g,


5.5 mmol) and 2-(methylsulfonyl)ethanol (1.0 g, 8.2 mmol) in
anhydrous dimethylformamide (10 mL) was cooled to 5 �C and
treated with sodium hydride (60% in mineral oil, 0.63 g,
16.5 mmol). The reaction mixture was stirred and allowed to warm
to room temperature over 1 h. The mixture was treated with 1 N
HCl (100 mL) and extracted with ethyl acetate (3� 50 mL). The
combined organic extracts were washed with water (3� 100 mL)







Table 5
ADME associated molecular descriptors and in vitro pharmaceutical profiling values
for 30 and 31a


Compound 30 31


Molecular descriptors
Molecular weight 458 486
clogP 3.88 4.26
H-bond donors 3 2
H-bond acceptors 5 5
Rotatable bonds 4 5
Total polar surface area (A2) 90 81


In vitro pharma. profiling
Solubility @ pH 7.4 (lg/mL) 25 13
PAMPA (10�6 cm/s) 0.60 2.4
Rat liver microsome t1/2 (min) 30 5


a For a description of the assays see Ref. 25.


Table 6
Pharmacokinetic parameters for compounds 30 and 31


Compound 30 31


Method (vehicle) PO (PEG 400) IV (DMSO) PO (PEG 400) IV (DMSO)


Dose (mg/kg) 10 1.0 20 1.0
Plasma t1/2 (h) 5.8 3.5 3.1 1.1
Tmax (h) 1.8 — 0.67 —
Cmax (ng/mL) 19 — 480 —
AUC0–1 (ng-h/mL) 200 355 2717 190
Bioavailability (%F) 5 — 74 —
Clp (mL/min/kg) — 47 — 95
Vss (L/kg) — 3.1 — 4.8
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and brine (100 mL). The organic layer was dried (MgSO4) and evap-
orated under reduced pressure. The crude product was purified by
silica chromatography (Isco instrument, 80 g normal phase col-
umn, eluted with a gradient of 15–50% ethyl acetate in hexanes)
to leave the product as a yellow solid (0.56 g, 57%). 1H NMR
(300 MHz, CDCl3) d 10.50 (br s, 1H), 7.48 (dd, 1H, J = 7.8 Hz,
J = 7.8 Hz), 6.93 (d, 1H, J = 7.8 Hz), 6.86 (d, 1H, J = 7.8 Hz).


2.1.3. tert-Butyl 2-(3-azido-2-nitrophenoxy)acetate (57)
A mixture of tert-butylbromoacetate (0.49 g, 2.5 mmol,


0.37 mL) and well-ground potassium carbonate (1.1 g, 8.3 mmol)
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Figure 3. Serum LH levels in orchidectomized rats following oral administration of
31 (levels at t = 0 adjusted to 100). Vehicle and test article groups consisted of nine
animals each. Vehicle = PEG 400.

in acetone (10 mL) was purged with nitrogen, treated with 3-azi-
do-2-nitrophenol (56, 150 mg, 0.83 mmol) and stirred rapidly at
60 �C for an hour. The solvent was evaporated, and the residue
was dissolved in water (25 mL) and methylene chloride (25 mL).
The aqueous layer was separated, extracted with methylene chlo-
ride (25 mL) and the combined organic extracts were dried
(MgSO4), and evaporated. The crude material was purified by silica
gel chromatography (Isco instrument, 40 g normal phase column,
eluted with a gradient of 15–35% ethyl acetate in hexanes) to leave
the pure product 57 as a light yellow solid (213 mg, 87%). 1H NMR
(300 MHz, CDCl3) d = 7.39 (dd, 1H, J = 8.3 Hz, J = 8.3 Hz), 6.90 (d,
1H, J = 8.3 Hz), 6.67 (d, 1H, J = 8.3 Hz), 4.59 (s, 2H), 1.46 (s, 2H).


2.1.4. 2-(3-Azido-2-nitrophenoxy)acetic acid (58)
A solution of tert-butyl 2-(3-azido-2-nitrophenoxy)acetate (57,


0.18 g, 0.61 mmol) in trifluoroacetic acid (0.5 mL) and methylene
chloride (0.5 mL) was stirred for 30 min then evaporated under re-
duced pressure to leave the acid product as a solid (149 mg, 100%).
1H NMR (300 MHz, CDCl3) d 7.44 (dd, 1H, J = 8.5 Hz, J = 8.4 Hz), 7.00
(d, 1H, J = 8.4 Hz), 6.87 (d, 1H, J = 8.5 Hz), 4.74 (s, 2H). LC/MS
(Method A), tR = 1.17 min (purity = 100%), [M�H]� = 237.


2.1.5. 1-(3-Azido-2-nitrophenyl)piperazine (34)
To a solution of 1-azido-3-fluoro-2-nitrobenzene (33, 0.20 g,


1.1 mmol) in dimethylsulfoxide (2 mL) was added piperazine
(0.19 g, 2.2 mmol). The mixture was stirred for 2 h, diluted with
ethyl acetate (30 mL), washed with water (2� 30 mL), dried
(MgSO4), and evaporated under reduced pressure to leave the
product as a yellow solid (0.26 g, 95%). 1H NMR (300 MHz, CDCl3)
d 7.41 (dd, 1H, J = 8.2 Hz, J = 8.0 Hz), 6.98 (d, 1H, J = 8.2 Hz), 6.96
(d, 1H, J = 8.0 Hz), 2.95 (br s, 8H). LC/MS (Method A), tR = 0.75 min
(purity = 100%), [M+H]+ = 249.


2.1.6. tert-Butyl 4-(3-azido-2-nitrophenyl)piperazine-1-
carboxylate (35)


To a solution of 1-(3-azido-2-nitrophenyl)piperazine (34,
0.23 g, 0.93 mmol) in methylene chloride (5 mL) was added di-
tert-butyl dicarbonate (0.26 g, 1.2 mmol). The solution stirred an
hour then was treated with aminomethyl polystyrene resin
(2.4 mmol/g, 0.39 g, 0.93 mmol). After an additional hour of stir-
ring the mixture was filtered, the residue was washed with meth-
ylene chloride (3� 10 mL) and the combined organic washes were
evaporated under reduced pressure to afford the product as a yel-
low gum (0.32 g, 100%). 1H NMR (300 MHz, CDCl3) d = 7.45 (dd, 1H,
J = 8.2 Hz, J = 8.2 Hz), 7.02 (d, 1H, J = 8.2 Hz), 6.98 (d, 1H, J = 8.2 Hz),
3.50 (m, 4H), 2.93 (m, 4H), 1.48 (s, 9H). LC/MS (Method A),
tR = 1.93 min (purity = 90.9%), [M+H]+ = 349.


2.1.7. tert-Butyl 4-(2,3-diaminophenyl)piperazine-1-
carboxylate (36)


tert-Butyl 4-(3-azido-2-nitrophenyl)piperazine-1-carboxylate
(35, 0.30 g, 0.86 mmol) was hydrogenated over 10% Pd/C (40 mg)
at one atmosphere hydrogen pressure in methanol (10 mL) for
4 h. The catalyst was filtered, washed (methanol, 2� 10 mL), and
the filtrate was evaporated under reduced pressure to afford the
product 36 as a dark brown gum (0.25 g, 100%). 1H NMR
(300 MHz, CDCl3) d = 6.69 (dd, 1H, J = 7.7 Hz, J = 7.8 Hz), 6.59 (d,
1H, J = 7.8 Hz), 6.55 (d, 1H, J = 7.7 Hz), 3.79 (br s, 2H), 3.60 (m,
4H), 3.40 (br s, 2H), 2.82 (br s, 4H), 1.49 (s, 9H). LC/MS (Method
A), tR = 1.06 min (purity = 93.8%), [M+H]+ = 293.


2.1.8. 4-(Piperazin-1-yl)-2-(trifluoromethyl)-1H-
benzo[d]imidazole (37)


A solution of tert-butyl 4-(2,3-diaminophenyl)piperazine-1-
carboxylate (36, 0.23 g, 0.79 mmol) in trifluoroacetic acid
(5 mL) was heated to 70 �C for 2 h then evaporated to dryness
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under reduced pressure. The residue was dissolved in ethyl ace-
tate (25 mL) and washed with saturated aqueous sodium bicar-
bonate solution (2� 25 mL). The organic layer was dried and
evaporated to leave the product as a brown gum (0.19 g, 89%).
1H NMR (300 MHz, DMSO-d6) d = 7.26 (dd, 1H, J = 8.0 Hz,
J = 7.7 Hz), 7.19 (d, 1H, J = 8.0 Hz), 6.72 (d, 1H, J = 7.7 Hz), 3.62
(br s, 4H), 3.26 (m, 4H). LC/MS (Method A), tR = 0.32 min (pur-
ity = 84.5%), [M+H]+ = 271.


2.1.9. 2-(3-Azido-2-nitrophenoxy)-1-(4-(2-(trifluoromethyl)-
1H-benzo[d]imidazol-4-yl)piperazin-1-yl)ethanone (59)


A sample of 2-(3-azido-2-nitrophenoxy)acetic acid (58, 75 mg,
0.32 mmol) was dissolved in anhydrous dimethylformamide
(2 mL) and treated with 4-(piperazin-1-yl)-2-(trifluoromethyl)-
1H-benzo[d]imidazole (37, 94 mg, 0.35 mmol) and diisopropyl-
ethylamine (45 mg, 0.35 mmol, 63 lL). The mixture was purged
with a nitrogen atmosphere and cooled in an ice bath. HATU
(0.13 g, 0.35 mmol) was added and the mixture stirred for 2 h.
The reaction mixture was treated with water (0.5 mL), and the
product was purified directly without workup by reversed phase
HPLC (Method E) to leave the product as a foamy solid (88 mg,
56%). 1H NMR (300 MHz, CD3OD) d = 7.44 (dd, 1H, J = 8.5,
J = 8.3), 7.25 (dd, 1H, J = 8.2 Hz, J = 7.7 Hz), 7.18 (d, 1H,
J = 7.7 Hz), 6.99 (d, 1H, J = 8.5 Hz), 6.94 (d, 1H, J = 8.3 Hz), 6.72
(d, 1H, J = 7.6 Hz), 4.83 (s, 2H), 3.79 (m, 2H), 3.72 (m, 2H), 3.38
(m, 2H), 3.32 (m, 2H). LC/MS (Method B), tR = 1.33 min (pur-
ity = 99.9%), [M+H]+ = 491.


2.1.10. 2-(2-Thioxo-2,3-dihydro-1H-benzo[d]imidazol-4-yloxy)-
1-(4-(2-(trifluoromethyl)-1H-benzo[d]imidazol-4-yl)piperazin-
1-yl)ethanone (60 and 2)


2-(3-Azido-2-nitrophenoxy)-1-(4-(2-(trifluoromethyl)-1H-ben-
zo[d]imidazol-4-yl)piperazin-1-yl)ethanone (59, 80 mg, 0.16 mmol)
was hydrogenated over 10% palladium on carbon (25 mg) in meth-
anol (2 mL) for 5 h. The catalyst was filtered over diatomaceous
earth, washed with methanol (2� 5 mL), and the combined
filtrates were evaporated under reduced pressure to leave the
phenylenediamine 60, which was used without further purification
or characterization. The residue was dissolved in anhydrous
tetrahydrofuran (3 mL) and treated with 1,10-thiocarbonyldiimi-
dazole (43 mg, 0.24 mmol). The reaction mixture stirred for 18 h
and then it was diluted with water (25 mL) and extracted with
ethyl acetate (3� 25 mL). The combined organic extracts were
dried (MgSO4) and evaporated. The crude product was purified
by silica gel chromatography (Isco instrument, 12 g normal phase
column, eluted with a gradient of 50–100% ethyl acetate in
hexanes) to leave the pure product 2 as a gum (14 mg, 18%). 1H
NMR (300 MHz, CD3COCD3) d = 7.25–7.10 (m, 3H), 7.03 (dd, 1H,
J = 8.1 Hz, J = 8.0 Hz), 6.84 (d, 1H, J = 8.1 Hz), 6.81 (d, 1H,
J = 8.3 Hz), 6.67 (br s, 1H), 5.01 (s, 1H), 3.60 (m, 4H), 2.77 (dd,
2H, J = 7.5 Hz, J = 8.3 Hz), 2.55 (dd, 2H, J = 6.0 Hz, J = 7.0 Hz). HPLC
(Method D), tR (purity) = 8.67 min (79.6%). HR ESMS
[M+H]+ = 477.1313, calcd for C21H19F3N6O2S: 477.1315.


2.1.11. 4-(2-(4-(2-(Trifluoromethyl)-1H-benzo[d]imidazol-4-
yl)piperazin-1-yl)ethyl)-1H-benzo[d]imidazole-2(3H)-thione
(47, 38, 39 and 5b)


A solution of 2,3-dinitrotoluene (46, 7.3 g, 40 mmol) in
dimethylformamide (20 mL) was treated with dimethylformam-
ide dimethylacetal (9.9 g, 83 mmol, 11 mL). The mixture was
stirred at 150 �C for 2.5 h. The solvents were removed by vacuum
distillation, and the crude product was crystallized from acetoni-
trile. The solid was filtered and air-dried to leave 47 as a dark pur-
ple solid. A 0.20 g sample of this solid and 4-(piperazin-1-yl)-2-
(trifluoromethyl)-1H-benzo[d]imidazole (37, 0.10 g, 0.37 mmol)
was dissolved in a mixture of tetrahydrofuran (2 mL), acetic acid

(0.2 mL) and water (0.2 mL) and stirred for 90 min. Sodium
cyanoborohydride (47 mg, 0.74 mmol) was added and stirring
continued an additional 90 min. The reaction mixture was diluted
with ethyl acetate (20 mL) and washed with saturated aqueous
sodium bicarbonate solution (15 mL), water (15 mL), and brine
(15 mL). The organic layer was dried (MgSO4), and evaporated
under reduced pressure to leave the crude product which was
purified by reversed phase HPLC (Method 2). The product
fractions were combined, diluted with ethyl acetate (50 mL),
washed with saturated aqueous sodium bicarbonate solution
(50 mL), dried (MgSO4) and evaporated to leave the product 38
as a yellow gum (75 mg, 44%). A 64 mg sample of 38 (0.14 mmol)
was hydrogenated over 10% Pd/C (10 mg) in methanol (2 mL) at 1
atmosphere hydrogen pressure for 2 h. The catalyst was
filtered, washed with methanol (2� 5 mL), and the combined
filtrates were evaporated under reduced pressure to leave the
phenylenediamine product 39 as a brown gum (50 mg, 88%). A
22 mg sample of 39 (54 lmol) was dissolved in tetrahydrofuran
(0.50 mL) in an 8-mL scintillation vial and treated with 1,10-thi-
ocarbonyldiimidazole (19 mg, 0.11 mmol). The reaction mixture
was purged with nitrogen, capped and heated to 70 �C for 3 h.
Water (0.1 mL) was added and the product was purified by
reversed phase HPLC (Method 2), and the product fractions
were lyophilized. The product 5b was obtained as a yellow
powder (14 mg, 58%). 1H NMR (500 MHz, DMSO-d6) d = 13.78
(br s, 1H), 12.80 (br s, 1H), 12.47 (br s, 1H), 7.24 (dd, 1H,
J = 8.0 Hz, J = 8.2 Hz), 7.09 (d, 1H, J = 7.4 Hz), 7.05 (dd, 1H,
J = 7.4 Hz, J = 7.7 Hz), 7.01 (dd, 1H, J = 7.7 Hz, J = 1.1 Hz), 6.98
(dd, 1H, J = 7.7 Hz, J = 1.1 Hz), 6.64 (d, 1H, J = 6.9 Hz), 3.55 (br s,
4H), 2.99 (t, 2H, J = 7.4 Hz), 2.73 (br s, 4H), 2.63 (t, 3H,
J = 7.4 Hz). Anal. Calcd for C21H22F3N6S: C, 56.49; H, 4.74; N,
18.82. Found: C, 56.35; H, 5.02; N, 18.70. ESMS [M�H]� = 445,
[M+H]+ = 447.


2.1.12. 2-(Trifluoromethyl)-4-(4-(2-(2-(trifluoromethyl)-1H-
benzo[d]imidazol-4-yl)ethyl)piperazin-1-yl)-1H-benzo[d]-
imidazole (5a)


A sample of the phenylenediamine (39, 22 mg, 54 lmol)
was dissolved in trifluoroacetic acid (1 mL) and heated to
70 �C for 3 h. The solvent was evaporated and the residue
was purified by reversed phase HPLC (Method 2). The product
fractions were lyophilized to leave 5a as a free base (16 mg,
61%). 1H NMR (500 MHz, DMSO-d6) d = 13.80 (br s, 2H), 7.47
(br s, 1H), 7.30 (dd, 1H, J = 7.4 Hz, J = 7.7 Hz), 7.25 (dd, 1H,
J = 6.0 Hz, J = 6.9 Hz), 7.24 (d, 1H, J = 8.0 Hz), 7.11 (br s, 1H),
6.65 (br s, 1H), 3.50 (br s, 4H), 3.20 (t, 2H, J = 7.4 Hz), 2.77
(m, 6H). Anal. Calcd for C22H20F6N6: C, 54.77; H, 4.18; N,
17.42. Found: C, 54.60; H, 4.30; N, 17.05. ESMS [M�H]� = 481,
[M+H]+ = 483.


2.1.13. 2-(3-Chloropropoxy)-6-nitroaniline (55)
A solution of 2-amino-3-nitrophenol (54, 2.0 g,12.98 mmol) in


dimethylformamide (26 mL) was treated with potassium carbon-
ate (1.97 g, 14.27 mmol) followed by 1-bromo-3-chloropropane
(1.92 mL, 19.46 mmol), and the reaction mixture was heated to
90 �C in an oil bath and stirred overnight. The reaction mixture
was cooled to room temperature, diluted with ethyl acetate
(300 mL), washed with water (3� 75 mL), 1 N sodium hydroxide
(75 mL), brine (100 mL), dried (MgSO4), and concentrated to dry-
ness. The crude product was purified by flash chromatography on
silica gel eluted with 20% ethyl acetate in hexanes to yield 1.38 g
of 2-(3-chloropropoxy)-6-nitroaniline, 55, as an orange solid
(46%). 1H NMR (DMSO) d = 7.59 (d, 1H, J = 8.8 Hz), 7.11 (m, 3H),
6.59 (t, 1H, J = 8.4 Hz), 4.15 (t, 2H, J = 5.7 Hz), 3.92 (t, 2H,
J = 6.5 Hz), 2.24 (t, 2H, J = 6.1 Hz). LC/MS (Method A), tR = 1.60 min,
[M+H]+ = 231/233 [Cl pattern].
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2.1.14. 2-Nitro-6-(3-(4-(2-(trifluoromethyl)-1H-benzo[d]-
imidazol-4-yl)piperazin-1-yl)propoxy)aniline (40)


A solution of 4-(piperazin-1-yl)-2-(trifluoromethyl)-1H-
benzo[d]imidazole (37, 0.10 g, 0.26 mmol) in DMSO (3 mL) was
added triethylamine (0.08 mL, 0.57 mmol) followed by 2-(3-chlo-
ropropoxy)-6-nitroaniline (55, 0.09 g, 0.39 mmol), and the reaction
was heated to 90 �C in an oil bath and stirred for 20 h. The reaction
mixture was cooled to room temperature, diluted with ethyl ace-
tate (100 mL) washed with water (3� 50 mL) and brine (50 mL),
and dried (MgSO4). The solvents were concentrated to dryness
and the crude product was purified by flash chromatography on
silica gel with 5% methanol in methylene chloride as eluant to yield
50 mg of 40 as an orange-yellow solid. (41% yield). 1H NMR (CDCl3)
d = 7.72 (d, 1H, J = 8.9 Hz), 7.27 (m, 2H), 7.08 (br s, 1H), 6.91 (d, 1H,
J = 7.6 Hz), 6.70 (br s, 1H), 6.60 (m, 3H), 4.11 (dd, 2H, J = 11.9 Hz,
J = 6.0 Hz), 3.58 (br s, 4H), 2.71 (br s, 4H), 2.62 (t, 2H, J = 7.1 Hz),
2.08 (m, 2H). LC/MS (Method A), tR = 0.94 min [M+H]+ = 465,
[M�H]� = 463.


2.1.15. 3-(3-(4-(2-(Trifluoromethyl)-1H-benzo[d]imidazol-4-
yl)piperazin-1-yl)propoxy)benzene-1,2-diamine (43)


2-Nitro-6-(3-(4-(2-(trifluoromethyl)-1H-benzo[d]imidazol-4-
yl)piperazin-1-yl)propoxy)aniline (40, 50 mg, 0.108 mmol) was
hydrogenated at 1 atmosphere H2 pressure in methanol (2 mL)
over 10% Pd/C (11 mg) for 18 h. The reaction mixture was filtered
and washed with methanol (2� 5 mL) and the filtrate was concen-
trated to dryness in vacuo to leave the product 43 as an off-white
solid (49 mg, 100%). 1H NMR (DMSO) d = 14.0 (br s, 1H), 7.31 (t, 1H,
J = 7.8 Hz), 7.19 (d, 1H, J = 8.1 Hz), 6.74 (d, 1H, J = 7.8 Hz), 6.40 (m,
1H), 6.26 (m, 2H), 3.99 (m, 2H), 3.58 (br s, 4H), 2.71 (br s, 4H), 2.62
(m, 2H), 2.08 (m, 2H). LC/MS (Method A), tR = 0.48 min,
[M+H]+ = 435, [M�H]� = 433.


2.1.16. 4-(3-(4-(2-(Trifluoromethyl)-1H-benzo[d]imidazol-4-
yl)piperazin-1-yl)propoxy)-1H-benzo[d]imidazole-2(3H)-thione
(3)


A solution of 3-(3-(4-(2-(trifluoromethyl)-1H-benzo[d]imida-
zol-4-yl)piperazin-1-yl)propoxy)benzene-1,2-diamine (43, 50 mg,
0.115 mmol) in THF (5 mL) was treated with thiocarbonyldiimi-
dazole (31 mg, 0.17 mmol), and the mixture was stirred and
heated to 70 �C for 18 h. The crude product was purified by direct
injection reversed phase HPLC (Method E) to yield 3 as a light
yellow solid (22 mg, 40% yield). 1H NMR (DMSO) d = 14.0 (s, 1H),
12.61 (d, 2H, J = 21 Hz), 7.32 (t, 1H, J = 7.9 Hz), 7.21 (m, 1H), 7.08
(t, 1H, J = 8.1 Hz), 6.78 (m, 3H), 4.45 (d, 2H, J = 10.7 Hz), 4.20 (t,
2H, J = 5.3 Hz), 3.77–3.54 (m, 4H), 3.37 (q, 2H, J = 10.4 Hz), 3.19
(m, 2H), 2.21 (m, 2H). HPLC (Method C), tR = 12.9 min (pur-
ity = 93.6%). HR ESMS [M+H]+ = 477.1689, calcd for C22H23F3N6OS:
471.1686.


2.1.17. 3-(2-Amino-3-nitrophenyl)propan-1-ol (52)
A solution of 2-allyl-6-nitroaniline (51, 1.94 g, 10.9 mmol) in


THF (10 mL) under a nitrogen atmosphere was cooled in ice, stirred
and treated with a solution of borane in THF (1.0 M, 10.9 mL,
10.9 mmol). After 2.5 h the reaction mixture was treated with so-
dium perborate tetrahydrate (1.67 g, 10.9 mmol) and water
(20 mL). The mixture was allowed to warm to room temperature
and stirred for 18 h. The tetrahydrofuran was evaporated, the
aqueous residue was treated with ethyl acetate (50 mL) and brine
(30 mL). The aqueous layer was further extracted with ethyl ace-
tate (50 mL) and the combined layers were dried (Na2SO4) and
evaporated. The residue was purified by silica gel chromatography
using a gradient of ethyl acetate in hexanes (40–60–75–100%) to
leave 52 (1.3 g, 62%). 1H NMR (300 MHz, CDCl3) d = 8.04 (dd, 1H,
J = 8.7 Hz, J = 1.3 Hz), 7.28 (dd, 1H, J = 8.7 Hz, J = 1.3 Hz), 6.64 (dd,
1H, J = 8.7 Hz, J = 8.7 Hz), 6.55 (br s, 1H), 3.74 (t, 2H, J = 5.8 Hz),

2.72 (t, 2H, J = 7.6 Hz), 1.90 (m, 2H). LC/MS (Method A),
tR = 0.91 min (purity = 100%); ESMS [M+H]+ = 197.


2.1.18. 2-(3-Chloropropyl)-6-nitroaniline (53)
A solution of 3-(2-amino-3-nitrophenyl)propan-1-ol (52, 0.58 g,


3.0 mmol) and triethylamine (0.38 g, 3.8 mmol, 0.54 mL) in meth-
ylene chloride (40 mL) was stirred and cooled in an ice bath. Thio-
nyl chloride (0.45 g, 3.8 mmol, 0.27 mL) was added dropwise to the
reaction mixture. After the addition was completed the mixture
was allowed to warm to room temperature and stirred for 18 h.
Ice (50 g) and 1 N HCl were added to the reaction mixture. After
the ice melted the organic layer was separated and washed with
saturated aqueous sodium bicarbonate solution (50 mL) and brine
(50 mL). The organic layer was dried (Na2SO4) and evaporated in
vacuo. The residue was filtered through a pad of silica gel eluted
with 50% ethyl acetate in hexanes to leave the product as a yel-
low-orange powder (0.37 g, 57%). 1H NMR (300 MHz, CDCl3)
d = 8.06 (dd, 1H, J = 8.7 Hz, J = 1.3 Hz), 7.30 (d, 1H, J = 8.6 Hz), 6.67
(dd, 1H, J = 8.7 Hz, J = 8.6 Hz), 6.35 (br s, 2H), 3.63 (t, 2H,
J = 6.0 Hz), 2.78 (t, 2H, J = 7.3 Hz), 2.11 (m, 2H). LC/MS (Method
A), tR = 1.64 min (purity = 90.0%), ESMS [M+H]+ = 215, 217 (Cl
pattern).


2.1.19. 2-Nitro-6-(3-(4-(2-(trifluoromethyl)-1H-benzo[d
]imidazol-4-yl)piperazin-1-yl)propyl)aniline (41)


A solution of 2-(3-chloropropyl)-6-nitroaniline (53, 0.29 g,
1.3 mmol), 4-(piperazin-1-yl)-2-(trifluoromethyl)-1H-benzo[d]-
imidazole (37, 0.30 g, 1.1 mmol), and diisopropylethylamine
(0.14 g, 1.1 mmol, 0.20 mL) in anhydrous dimethylformamide
(20 mL) was stirred at 80 �C for 18 h. The mixture was cooled to
room temperature, diluted with ethyl acetate (50 mL) and washed
with water (3� 50 mL) and brine (50 mL). The organic layer was
dried (Na2SO4) and evaporated. The residue was purified by silica
gel chromatography eluted with a gradient of methanol in methy-
lene chloride (2–5–10%) to leave the product as an orange powder
(0.11 g, 22%). 1H NMR (300 MHz, CDCl3) d = 9.70 (br s, 1H), 8.04
(dd, 1H, J = 8.7 Hz, J = 1.4 Hz), 7.42 (br s, 1H), 7.30 (dd, 1H,
J = 9.4 Hz, J = 1.3 Hz), 7.09 (d, 1H, J = 8.1 Hz), 6.72 (d, 1H,
J = 7.8 Hz), 6.62 (dd, 1H, J = 8.7 Hz, J = 8.1 Hz), 3.64 (br s, 4H), 2.77
(m, 4H), 2.72 (t, 2H, J = 6.5 Hz), 2.42 (t, 2H, J = 6.0 Hz), 1.90 (m,
2H). ESMS [M+H]+ = 449.


2.1.20. 2-(Trifluoromethyl)-4-(3-(4-(2-(trifluoromethyl)-1H-
benzo[d]imidazol-4-yl)piperazin-1-yl)propyl)-1H-benzo[d]-
imidazole (44 and 4)


A solution of 2-nitro-6-(3-(4-(2-(trifluoromethyl)-1H-
benzo[d]imidazol-4-yl)piperazin-1-yl)propyl)aniline (41, 0.34 g,
0.76 mmol) in N-methylpyrrolidinone (10 mL) was treated with ti-
n(II) chloride dihydrate (0.86 g, 4.6 mmol) and heated to 65 �C for
3.5 h. Another portion of tin(II) chloride dihydrate (0.43 g) was
added and heating continued for 2 h. The mixture was cooled to
room temperature and stirred 18 h then diluted with methylene
chloride (50 mL) and extracted with 1 N HCl (3� 50 mL). The com-
bined acidic layers were neutralized with 25% sodium hydroxide
solution and extracted with ethyl acetate (3� 50 mL). The com-
bined organic layers were washed with water (5� 50 mL) and
brine (50 mL) and dried (Na2SO4) and evaporated to leave 44 as a
brown powder (0.20 g, 63%). A portion of this powder (45 mg,
0.11 mmol) was dissolved in trifluoroacetic acid (4 mL), capped
tightly and heated to 70 �C for 2 h. The solvent was evaporated
and the residue was purified by reversed phase HPLC (Method 2).
The product fractions were lyophilized to leave the product 4 as
a bistrifluoroacetate salt (28 mg, 42%). 1H NMR (300 MHz, DMSO-
d6) d = 14.01 (br s, 1H), 9.58 (br s, 1H), 7.53 (d, 1H, J = 6.1 Hz),
7.38 (br s, 1H), 7.30 (dd, 1H, J = 8.0 Hz, J = 8.0 Hz), 7.25 (br s, 1H),
7.19 (d, 1H, J = 8.0 Hz), 6.73 (d, 1H, J = 7.7 Hz), 4.40 (d, 2H,
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J = 12.6 Hz), 3.69 (d, 2H, J = 11.5 Hz), 3.29 (br s, 4H), 3.12 (t, 2H,
J = 12.6 Hz), 3.05 (br s, 4H). Mass. Spec. (ESI) m/z [M+H]+ = 497.
Anal. Calcd for C27H24F12N6O4: C, 44.76; H, 3.34; N, 11.60. Found:
C, 44.86; H, 3.71; N, 11.12.


2.1.21. 2-Amino-3-nitrobenzoic acid (48)
To a suspension of 3-nitrophthallic anhydride (5.0 g, 26 mmol) in


benzene (anhydrous, 70 mL) was added trimethylsilyl azide, and the
resulting suspension was heated in an 80 �C bath for 2.5 h. The
solution was cooled to rt and concentrated under reduced pressure
to one-fourth its original volume. The concentrated solution was
heated in a 100 �C bath overnight. The yellow solution was cooled
and concentrated to afford a yellow solid. To the crude material
was added EtOH (20 mL), and the solution was concentrated to
dryness to provide 8-nitro isatoic anhydride (5.4 g, 99%). 1H NMR
300 MHz (300 MHz, DMSO-d6): d = 11.2 (br s, 1H), 8.51 (dd, 1H,
J = 8.5, 1.5 Hz), 8.35 (dd, 1H, J = 7.7, 1.5 Hz), 7.42 (t, 1H, J = 8.0 Hz).
A suspension of 8-nitro isatoic anhydride (3.0 g, 14.4 mmol) in concd
HCl (100 mL) was heated in a 95 �C bath for 3 h. The solution was
cooled to rt. The precipitate which formed was collected to provide
the product 48 as a yellow powder (1.50 g, 57%). LC/MS (Method
A), tR = 1.05 min (purity = 95%), MS (ESI-NEG) [M�H]� = 181.


2.1.22. (2-Amino-3-nitrophenyl)methanol (49)
To a suspension of 2-amino-3-nitro benzoic acid (48, 2.12 g,


10 mmol) in benzene (75 mL) was added thionyl chloride
(1.8 mL, 25 mmol) dropwise. The suspension was heated to reflux
overnight. The mixture was cooled to room temperature and con-
centrated under reduced pressure to afford a golden solid. The
crude material was dissolved in THF (40 mL) and cooled in an ice
bath. Sodium borohydride (0.83 g, 22 mmol) was added in por-
tions, and the reaction was allowed to come to room temperature
with stirring. The mixture was again cooled in ice, and H2O (15 mL)
was slowly added to the reaction. Once gas evolution had subsided,
the solution was concentrated under reduced pressure. The residue
was dissolved in EtOAc (200 mL) and washed with saturated aque-
ous NaHCO3 (2� 50 mL) and brine (50 mL). The organic layer was
dried (Na2SO4), filtered, and concentrated under reduced pressure.
The reside was adsorbed onto silica gel and purified by column
chromatography, eluting with a gradient of 25% EtOAc/hexane to
50% EtOAc/hexane to afford the alcohol 49 (0.89 g, 46%) as an or-
ange solid. 1H NMR 300 MHz (300 MHz, DMSO-d6): d = 7.92 (dd,
1H, J = 8.7, 1.4 Hz), 7.49 (d, 1H, J = 6.8 Hz), 7.12 (br s, 2H), 6.66
(dd, 1H, J = 8.7, J = 7.1 Hz), 5.45 (t, 1H, J = 5.4 Hz), 4.52 (d, 2H,
J = 5.4 Hz). MS (ESI-POS): [M+H]+ = 169.


2.1.23. 2-Chloromethyl-6-nitroaniline (50)
To a solution of (2-amino-3-nitrophenyl)methanol (49, 5.83 g,


35 mmol) in CH2Cl2 (250 mL) cooled in an ice bath was added tri-
ethyl amine (6.3 mL, 45 mmol), followed by dropwise addition of
thionyl chloride (3.16 mL, 43 mmol). The solution was stirred at
room temperature overnight. The ice bath was replaced, and ice
was added to quench the reaction. The reaction mixture was
washed with 0.1 N HCl (30 mL), H2O (2� 30 mL), and brine
(30 mL). The organic layer was dried (Na2SO4), filtered, and concen-
trated under reduced pressure. The crude material was adsorbed
onto silica gel and purified by column chromatography, eluting
with a gradient of 20% EtOAc/hexane to 30% EtOAc/hexane to afford
the chloromethyl compound 50 (5.3 g, 82%) as a yellow powder. 1H
NMR (300 MHz, DMSO-d6): d = 7.89 (dd, 1H, J = 8 Hz, J = 2 Hz), 7.44
(d, 1H, J = 7 Hz), 7.12 (br s, 2H), 6.69–6.66 (m, 1H), 4.61 (s, 2H).


2.1.24. 2-Nitro-6-((4-(2-(trifluoromethyl)-1H-
benzo[d]imidazol-4-yl)piperazin-1-yl)methyl)aniline (42)


A solution of 2-chloromethyl-6-nitroaniline (50, 79 mg,
0.42 mmol), 4-(piperazin-1-yl)-2-(trifluoromethyl)-1H-benzo[d]-

imidazole (37, 0.11 g, 0.42 mmol), and diisopropylethylamine
(81 mg, 0.63 mmol, 0.11 mL) in anhydrous dimethylformamide
(10 mL) was stirred at 80 �C for 18 h. The mixture was cooled
to room temperature, diluted with water (50 mL) and ethyl ace-
tate (50 mL). The layers were separated, and the aqueous layer
was extracted with ethyl acetate (50 mL). The combined organic
layers were washed with water (4� 50 mL) and brine (50 mL),
dried (Na2SO4) and evaporated under reduced pressure. The
product was purified by flash chromatography on silica gel
eluted with a gradient of 2–3% methanol in methylene chloride
to leave 42 as a foamy, orange solid (0.15 g, 85%). 1H NMR
(300 MHz, CDCl3) d = 11.22 (br s, 1H), 8.09 (dd, 1H, J = 8.7 Hz,
J = 1.0 Hz), 7.69 (br s, 2H), 7.25 (dd, 1H, J = 8.0 Hz, J = 8.0 Hz),
7.18 (d, 1H, J = 6.8 Hz), 7.09 (d, 1H, J = 8.1 Hz), 6.70 (d, 1H,
J = 7.8 Hz), 6.58 (dd, 1H, J = 8. Hz, J = 8.6 Hz), 3.56 (s, 2H), 3.52
(br s, 4H), 2.54 (br s, 4H). LC/MS (Method A), tR = 1.04 min. ESMS
[M+H]+ = 421.


2.1.25. 3-((4-(2-(Trifluoromethyl)-1H-benzo[d]imidazol-4-
yl)piperazin-1-yl)methyl)benzene-1,2-diamine (45)


To a solution of 2-nitro-6-((4-(2-(trifluoromethyl)-1H-
benzo[d]imidazol-4-yl)piperazin-1-yl)methyl)aniline (42, 0.15 g,
0.36 mmol) in N-methlpyrrolidinone (10 mL) was added tin(II)
chloride dihydrate (0.41 g, 2.1 mmol) and the mixture was
heated to 70 �C for 1.5 h. Another portion of tin(II) chloride
dehydrate was added (0.41 g, 2.1 mmol), and heating continued
another 1.5 h. The mixture was cooled to room temperature, di-
luted with 1 N HCl (50 mL) and methylene chloride (50 mL). The
layers were separated, the organic layer was extracted with 1 N
HCl (50 mL), and the combined aqueous layers were neutralized
to pH 7 with 25% aqueous sodium hydroxide, extracted with
ethyl acetate (3� 25 mL) and the combined organic layers were
dried (Na2SO4) and evaporated to a yellow oil (70 mg, 50%). 1H
NMR (300 MHz, MeOH-d4) d = 7.26 (dd, 1H, J = 7.9 Hz,
J = 7.9 Hz), 7.17 (d, 1H, J = 8.0 Hz), 6.74 (d, 1H, J = 8.8 Hz), 6.70
(dd, 1H, J = 7.4 Hz, J = 3.0 Hz), 6.56 (d, 1H, J = 6.4 Hz), 6.55 (d,
1H, J = 3.0 Hz), 3.58 (s, 2H), 3.40 (br s, 4H), 2.67 (m, 4H). LC/
MS (Method A), tR = 0.71 min (purity = 94.0%); ESMS
[M+H]+ = 391.


2.1.26. 4-((4-(2-(Trifluoromethyl)-1H-benzo[d]imidazol-4-
yl)piperazin-1-yl)methyl)-1H-benzo[d]imidazole-2(3H)-thione
(6b)


A solution of 3-((4-(2-(trifluoromethyl)-1H-benzo[d]imidazol-
4-yl)piperazin-1-yl)methyl)benzene-1,2-diamine (45, 50 mg,
0.13 mmol) and 1,10-thiocarbonyldiimidazole (30 mg, 0.22 mmol)
in anhydrous THF (10 mL) under a nitrogen atmosphere was stir-
red and heated to 70 �C for 2 h. The mixture was cooled to room
temperature, water (0.2 mL) was added, and the mixture was
evaporated. The crude product was purified by reversed phase
HPLC (Method 2) and the product fractions were lyophilized to
leave 6b as a bistrifluoroacetate salt (18 mg, 32%). 1H NMR
(300 MHz, DMSO-d6) d = 14.00 (br s, 1H), 12.88 (br s, 1H),
12.80 (br s, 1H), 9.80 (br s, 1H), 7.18–7.35 (m, 5H), 6.75 (d,
1H, J = 7.3 Hz), 4.56 (s, 2H), 4.30–4.45 (m, 2H), 3.32–3.40 (m,
4H), 3.08–3.20 (m, 2H). Mass. Spec. (ESI) m/z [M+H]+ = 433. Anal.
Calcd for C24H21F9N6O4S: C, 43.64; H, 3.20; N, 12.72. Found: C,
43.75; H, 3.18; N, 13.00.


2.1.27. 2-(Trifluoromethyl)-4-(4-((2-(trifluoromethyl)-1H-
benzo[d]imidazol-4-yl)methyl)piperazin-1-yl)-1H-
benzo[d]imidazole (6a)


A solution of 3-((4-(2-(trifluoromethyl)-1H-benzo[d]imidazol-
4-yl)piperazin-1-yl)methyl)benzene-1,2-diamine (45, 80 mg,
0.20 mmol) in trifluoroacetic acid (4 mL) was capped tightly and
heated to 70 �C for 2 h. The solvent was evaporated and the residue







J. C. Pelletier et al. / Bioorg. Med. Chem. 16 (2008) 6617–6640 6631

was purified by reversed phase HPLC (Method 2), and the product
fractions were lyophilized to leave the product 6a as a powder
(33 mg, 24% based on the bistrifluoroacetate salt). 1H NMR
(300 MHz, DMSO-d6) d = 14.38 (br s, 1H), 13.99 (br s, 1H), 10.00
(br s, 1H), 7.79 (br s, 1H), 7.60 (d, 1H, J = 7.3 Hz), 7.53 (br s, 1H),
7.27 (dd, 1H, J = 7.9 Hz, J = 7.9 Hz), 7.17 (d, 1H, J = 6.1 Hz), 6.70
(br s, 1H), 4.81 (s, 2H), 4.38 (br s, 2H), 3.45 (br s, 2H), 3.15 (br s,
4H). Mass. Spec. (ESI) m/z [M�H]� = 467. Anal. Calcd for
C25H20F12N6O4: C, 43.11; H, 2.89; N, 12.07. Found: C, 43.28; H,
3.38; N, 12.27.


2.1.28. 4-(2,2-Diethoxyethoxy)-1,2-dinitrobenzene (62)
To a solution of 2,2-diethoxyethanol (0.25 g, 1.9 mmol) in THF


(5 mL) under nitrogen atmosphere was added a 60% dispersion of
sodium hydride in mineral oil (76 mg, 1.9 mmol). The mixture stir-
red for 20 min and was then added dropwise via syringe to an ice
cooled solution of 4-fluoro-1,2-dinitrobenzene (61, 0.35 g,
1.9 mmol) in THF (5 mL) under a nitrogen atmosphere. The reac-
tion mixture stirred an hour and was diluted with water (50 mL)
and ethyl acetate (50 mL). The organic layer was separated, dried
(MgSO4) and evaporated. The crude product was purified by chro-
matography on silica gel eluted with 25% ethyl acetate in hexanes.
The purified product 62 was isolated as an oil (0.22 g, 39%). 1H
NMR (300 MHz, CDCl3) d = 8.02 (d, 1H, J = 9.0 Hz), 7.29 (d, 1H,
J = 2.5 Hz), 7.18 (dd, 1H, J = 9.0 Hz, J = 2.5 Hz), 4.85 (t, 1H,
J = 5.0 Hz), 4.16 (d, 2H, J = 5.0 Hz), 3.79 (dq, 2H, J = 9.0 Hz,
J = 7.1 Hz), 3.63 (dq, 2H, J = 9.0 Hz, J = 7.1 Hz), 1.27 (t, 6H,
J = 7.1 Hz).


2.1.29. 4-(2,2-Diethoxyethoxy)benzene-1,2-diamine (63)
4-(2,2-Diethoxyethoxy)-1,2-dinitrobenzene (62, 0.20 g,


0.67 mmol) was hydrogenated over 10% Pd/C (40 mg) at one atmo-
sphere hydrogen pressure in methanol (3 mL) for 18 h. The mixture
was filtered, washed (methanol, 2� 2 mL) and the filtrate was
evaporated under reduced pressure to provide the product 63 as
a dark gum (0.15 g, 93%). 1H NMR (300 MHz, CDCl3) d = 6.61 (d,
1H, J = 8.3 Hz), 6.35 (d, 1H, J = 2.6 Hz), 6.27 (dd, 1H, J = 8.3 Hz,
J = 2.6 Hz), 4.80 (t, 1H, J = 5.2 Hz), 3.92 (d, 2H, J = 5.2 Hz), 3.75
(dq, 2H, J = 9.0 Hz, J = 7.0 Hz), 3.62 (dq, 2H, J = 9.0 Hz, J = 7.0 Hz),
1.24 (t, 6H, J = 7.0 Hz). LC/MS (Method A), tR = 0.21 min (pur-
ity = 99%), [M+H]+ = 241.


2.1.30. 5-(2,2-Diethoxyethoxy)-1H-benzo[d]imidazole-2(3H)-
thione (64)


A solution of 4-(2,2-diethoxyethoxy)benzene-1,2-diamine (63,
0.13 g, 0.54 mmol) and 1,10-dithiocarbonyldiimidazole (0.19 g,
1.1 mmol) in THF (2 mL) was stirred and heated to 70 �C for
2 h. After cooling to room temperature the mixture was diluted
with ethyl acetate (20 mL) and washed with 1 N HCl (10 mL)
and water (10 mL). The organic layer was dried (MgSO4) and
evaporated under reduced pressure to leave the product 64 as a
yellow solid (0.15 g, 98%). 1H NMR (300 MHz, DMSO-d6)
d = 12.47 (s, 1H), 12.40 (s, 1H), 7.02 (d, 1H, J = 8.6 Hz), 6.75 (dd,
1H, J = 9.7 Hz, J = 2.2 Hz), 6.70 (d, 1H, J = 2.2 Hz), 4.79 (t, 1H,
J = 5.1 Hz), 3.93 (d, 2H, J = 5.1 Hz), 3.66 (dq, 2H, J = 9.4 Hz,
J = 7.2 Hz), 3.57 (dq, 2H, J = 9.4 Hz, J = 7.2 Hz), 1.14 (t, 6H,
J = 7.2 Hz). LC/MS (Method A), tR = 1.14 min (purity = 93.3%),
[M+H]+ = 283.


2.1.31. 2-(2-Thioxo-2,3-dihydro-1H-benzo[d]imidazol-5-
yloxy)acetaldehyde (65)


A solution of 5-(2,2-diethoxyethoxy)-1H-benzo[d]imidazole-
2(3H)-thione (64, 0.13 g, 0.46 mmol) in 1 N HCl (1 mL) and
terahydrofuran (2 mL) was stirred at 70 �C for 2 h. The reaction
mixture was cooled to room temperature, diluted with ethyl
acetate (20 mL), washed with water (10 mL), dried (MgSO4) and

evaporated under reduced pressure to leave the product as an
amorphous solid. Used as is with no characterization.


2.1.32. 5-(2-(4-(2-(Trifluoromethyl)-1H-benzo[d]imidazol-4-
yl)piperazin-1-yl)ethoxy)-1H-benzo[d]imidazole-2(3H)-thione
(7)


A solution of 4-(piperazin-1-yl)-2-(trifluoromethyl)-1H-
benzo[d]imidazole (37, 46 mg, 0.17 mmol) and 2-(2-thioxo-2,3-
dihydro-1H-benzo[d]imidazol-5-yloxy)acetaldehyde (65, 29 mg,
0.14 mmol) in N-methylpyrrolidinone (1.3 mL) was stirred and trea-
ted with sodium triacetoxyborohydride (40 mg, 0.19 mmol) for an
hour. The reaction mixture was diluted with water (0.3 mL) and
purified by reversed phase HPLC (Method F) to leave the product 7
as an amorphous solid bistrifluoroacetate salt (20 mg, 21%). 1H
NMR (300 MHz, DMSO-d6) d = 14.00 (br s, 1H), 12.55 (br s, 1H),
12.44 (br s, 1H), 9.90 (br s, 1H), 7.31 (dd, 1H, J = 8.0 Hz, J = 7.8 Hz),
7.20 (d, 1H, J = 8.0 Hz), 7.09 (d, 1H, J = 8.4 Hz), 6.85 (d, 1H, obscured),
6.83 (s, 1H), 6.77 (d, 1H, J = 7.8 Hz), 4.40 (m, 2H), 3.65 (m, 10H). LC/
MS (Method A), tR = 0.74 min (purity = 100%), [M+H]+ = 463. Anal.
Calcd for C25H23F9N6O5S: C, 43.48; H, 3.36; N, 12.17. Found: C,
43.91; H, 3.81; N, 12.51.


2.1.33. tert-Butyl 4-(3,4-dinitrophenyl)piperazine-1-
carboxylate (66)


A mixture of 4-fluoro-1,2-dinitrobenzene (61, 0.50 g, 2.7 mmol),
tert-butyl piperazine-1-carboxylate (0.65 g, 3.5 mmol), and N-
methylmorpholine on polystyrene (3.4 mmol/g, 1.6 g, 5.4 mmol)
in N-methylpyrrolidinone (10 mL) was shaken for 2 h. Isocyanate
on polystyrene resin (1.2 mmol/g, 1.2 g, 1.4 mmol) and additional
solvent (10 mL) were added and the mixture was shaken at 60 �C
for 2 h. After cooling to room temperature the mixture was filtered,
the residue washed (ethyl acetate, 3� 20 mL) and the combined or-
ganic layers were washed with water (5� 100 mL), dried (MgSO4)
and evaporated to leave the product as a yellow solid (0.95 g,
100%). 1H NMR (300 MHz, CDCl3) d = 8.01 (d, 1H, J = 9.2 Hz),
6.92–6.85 (m, 2H), 3.63 (m, 4H), 3.48 (m, 4H), 1.50 (s, 9H). LC/MS
(Method A), tR = 1.73 min (purity = 88%), [M+H]+ = 353.


2.1.34. tert-Butyl 4-(3,4-diaminophenyl)piperazine-1-
carboxylate (67)


tert-Butyl 4-(3,4-dinitrophenyl)piperazine-1-carboxylate (66,
0.92 g, 2.6 mmol) was hydrogenated over 10% Pd/C (0.10 g) at 1
atmosphere hydrogen pressure in methanol (20 mL) for 18 h. The
catalyst was filtered, washed (methanol, 2� 10 mL), and the filtrate
was evaporated to leave the product as a dark oil (0.74 g, 97%). 1H
NMR (300 MHz, CDCl3) d = 6.65 (d, 1H, J = 8.3 Hz), 6.37 (d, 1H,
J = 2.3 Hz), 6.32 (dd, 1H, J = 8.3 Hz, J = 2.3 Hz), 3.56 (m, 4H), 3.40
(br s, 4H), 2.96 (m, 4H), 1.49 (s, 9H). LC/MS (Method A),
tR = 0.77 min (purity = 91%), [M+H]+ = 293.


2.1.35. 5-(Piperazin-1-yl)-2-(trifluoromethyl)-1H-
benzo[d]imidazole (68)


A solution of tert-butyl 4-(3,4-diaminophenyl)piperazine-1-car-
boxylate (67, 0.70 g, 2.4 mmol) in TFA (15 mL) was stirred and
heated to 70 �C for 2 h. The solvent was evaporated and the residue
was dissolved in ethyl acetate (50 mL), washed with saturated
aqueous sodium bicarbonate solution (50 mL), dried (MgSO4) and
evaporated to leave the product as a tan amorphous solid (0.43 g,
66%). 1H NMR (300 MHz, CDCl3) d = 8.50 (br s, 2H), 7.62 (d, 1H,
J = 8.9 Hz), 7.17 (dd, 1H, J = 8.9 Hz, J = 1.6 Hz), 7.09 (d, 1H,
J = 1.6 Hz), 3.30 (m, 4H), 3.21 (m, 4H). LC/MS (Method A),
tR = 0.33 min (purity = 88%), [M+H]+ = 271.


2.1.36. 1-Azido-3-(2,2-diethoxyethoxy)-2-nitrobenzene (69)
A solution of 2,2-diethoxyethanol (0.12 g, 0.90 mmol) in THF


(1 mL) under nitrogen atmosphere was treated with sodium
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hydride (36 mg, 0.90 mmol, 60% dispersion in mineral oil) and
stirred 20 min. The mixture was added dropwise via syringe to a
stirring, ice cooled solution of 1-azido-3-fluoro-2-nitrobenzene
(33, 0.11 g, 0.60 mmol) in tetrahydrofuran (1 mL) under a nitrogen
atmosphere. After 2 h the reaction mixture was diluted with
water (15 mL) and ethyl acetate (15 mL), the layers were sepa-
rated, and the aqueous layer was extracted with ethyl acetate
(15 mL). The combined organic layers were dried (MgSO4) and
evaporated to leave the product as a yellow foamy solid (0.16 g,
90%) which was used for subsequent reactions without further
purification. 1H NMR (300 MHz, CDCl3) d = 7.40 (dd, 1H, J = 8.2,
J = 8.4 Hz), 6.47 (d, 1H, J = 8.2), 6.33 (d, 1H, J = 8.4 Hz), 4.75 (t, 1H,
J = 4.8 Hz), 4.10 (d, 2H, J = 5.2 Hz), 3.75 (m, 2H), 3.59 (m, 2H),
1.22 (t, 6H, J = 6.4 Hz). HPLC (Method 1), tR = 1.74 min
(purity = 84%).


2.1.37. 2-(3-Azido-2-nitrophenoxy)acetaldehyde (70)
A solution of 1-azido-3-(2,2-diethoxyethoxy)-2-nitrobenzene


(69, 0.16 g, 0.54 mmol) was stirred in 1 N HCl (1 mL) and tetra-
hydrofuran (1 mL) at 70 �C for 3 h. The reaction mixture was
cooled to room temperature, diluted with ethyl acetate
(20 mL), washed with water (2� 15 mL), dried (MgSO4), and
evaporated. The crude product was chromatographed on silica
gel eluted with 50% ethyl acetate in hexanes to afford the prod-
uct as a light yellow amorphous solid (74 mg, 62%). 1H NMR
(300 MHz, CDCl3) d = 9.81 (s, 1H), 7.45 (dd, 1H, J = 8.6 Hz,
J = 8.1 Hz), 6.97 (d, 1H, J = 8.1 Hz), 6.68 (d, 1H, J = 8.6 Hz), 4.66
(s, 2H).


2.1.38. 5-(4-(2-(3-Azido-2-nitrophenoxy)ethyl)piperazin-1-yl)-
2-(trifluoromethyl)-1H-benzo[d]imidazole (71)


A solution of 2-(3-azido-2-nitrophenoxy)acetaldehyde (70,
60 mg, 0.27 mmol) and 5-(piperazin-1-yl)-2-(trifluoromethyl)-
1H-benzo[d]imidazole (37, 73 mg, 0.27 mmol) in DMF (2 mL) was
stirred and treated with sodium triacetoxyborohydride (63 mg,
0.30 mmol). The reaction mixture was stirred for 2 h, diluted with
ethyl acetate (20 mL), washed with water (3� 20 mL), dried
(MgSO4), and evaporated to leave the product as a thick gum
(57 mg, 44%). 1H NMR (300 MHz, CDCl3) d = 10.60 (br s, 1H), 7.71
(d, 1H, J = 8.9 Hz), 7.40 (dd, 1H, J = 8.3 Hz, J = 8.5 Hz), 7.08 (d, 1H,
J = 8.3 Hz), 6.88 (s, 1H), 6.87 (d, 1H, J = 8.2 Hz), 9.80 (d, 1H,
J = 8.5 Hz), 4.25 (t, 2H, J = 5.4 Hz), 3.20 (m, 4H), 2.88 (t, 2H,
J = 5.4 Hz), 2.67 (m, 4H). LC/MS (Method A), tR = 1.05 min (pur-
ity = 91%), [M�H]� = 475.


2.1.39. 4-(2-(4-(2-(Trifluoromethyl)-1H-benzo[d]imidazol-5-
yl)piperazin-1-yl)ethoxy)-1H-benzo[d]imidazole-2(3H)-thione
(72 and 9)


5-(4-(2-(3-Azido-2-nitrophenoxy)ethyl)piperazin-1-yl)-2-(tri-
fluoromethyl)-1H-benzo[d]imidazole (71, 50 mg, 0.11 mmol)
was hydrogenated over 10% Pd/C (10 mg, 1 atmosphere hydrogen
pressure) in methanol (1.5 mL) for 18 h. The catalyst was filtered,
washed (methanol, 2� 2 mL), and the filtrate was evaporated un-
der reduced pressure to leave phenylenediamine 72. The residue
was dissolved in anhydrous tetrahydrofuran (1 mL), treated with
1,10-thiocarbonyldiimidazole and shaken at 70 �C under a nitro-
gen atmosphere for 1.5 h. The mixture was diluted with water
(250 lL) and purified by reversed phase HPLC (Method F) to leave
the product as a bistrifluoroacetate salt (27 mg, 36%). 1H NMR
(300 MHz, CD3OD) d = 7.63 (d, 1H, J = 8.9 Hz), 7.27 (dd, 1H,
J = 9.0 Hz, J = 2.1 Hz), 7.22 (d, 1H, J = 2.1 Hz), 7.17 (dd, 1H,
J = 8.1 Hz, J = 8.1 Hz), 6.92 (d, 1H, J = 8.1 Hz), 6.88 (d, 1H,
J = 8.1 Hz), 4.60 (t, 2H, J = 4.1 Hz), 3.79 (t, 2H, J = 4.1 Hz), 3.70
(br m, 8H). ESMS [M�H]� = 461, [M+H]+ = 463. Anal. Calcd for
C25H23F9N6O5S: C, 43.48; H, 3.36; N, 12.17. Found: C, 43.10; H,
3.60; N, 11.96.

2.1.40. tert-Butyl 4-(3-amino-2-nitrophenyl)piperazine-1-
carboxylate (73)


A solution of tert-butyl 4-(3-azido-2-nitro-phenyl)-piperazine-
1-carboxylate (35, 300 mg, 0.861 mmol) in methanol (15 mL) at
0 �C under nitrogen atmosphere was treated with tin(II) chloride
(171 mg, 0.904 mmol) and the resulting yellow mixture was stirred
for 1 h then allowed to warm to room temperature. After 2 h at 20 �C
the dark orange mixture was concentrated in vacuo. The resulting
dark red powder was partitioned between water (30 mL) and ethyl
acetate (30 mL). Aqueous sodium hydroxide 15% (2 mL) was added
and the aqueous layer was extracted with ethyl acetate (2�
30 mL). Brine (20 mL) was added and the aqueous layer was further
extracted with ethyl acetate (2� 15 mL). The combined organic lay-
ers were dried (MgSO4) and concentrated in vacuo. The product was
purified by chromatography on silica gel eluted with 0.5% MeOH in
CH2Cl2 to afford 73 as a red powder (226 mg, 82% yield). 1H NMR
(300 MHz, DMSO-d6) d = 7.10 (t, 1H, J = 7.88 Hz) 6.56 (dd, 1H,
J = 7.88, J = 0.83 Hz), 6.39 (dd, 1H, J = 7.88 Hz, J = 0.83 Hz), 5.91 (br
s, 2H), 3.79 (m, 4H), 3.34 (m, 4H), 1.41 (s, 9H). MS (ESI) m/z
[M+H]+ = 323. Anal. Calcd for C15H22N4O4: C, 55.89; H, 6.88; N,
17.38. Found: C, 55.47; H, 6.66; N, 16.99.


2.1.41. tert-Butyl 4-{2-nitro-3-[(trifluoroacetyl)amino]phenyl}-
piperazine-1-carboxylate (74)


To a solution of 4-(3-nitro-2-nitro-phenyl)-piperazine-1-carbox-
ylic acid tert-butyl ester (73, 200 mg, 0.620 mmol) in methylene
chloride (10 mL) at 0 �C under a nitrogen atmosphere was added
di-isopropylethylamine (137 lL, 0.744 mmol) followed by trifluoro-
acetic anhydride (92 lL, 0.651 mmol). The resulting red solution was
stirred at 0 �C for 1 h. The reaction was terminated with the addition
of saturated aqueous sodium bicarbonate solution (10 mL). The or-
ganic layer was separated and the aqueous layer was diluted with
brine (10 mL) and extracted with methylene chloride (2� 10 mL).
The combined organic extracts were dried (MgSO4) and concen-
trated in vacuo. The product was purified by chromatography on sil-
ica gel eluted with 0.5% MeOH in CH2Cl2 to afford 74 as a red powder
(220 mg, 99% yield). 1H NMR (300 MHz, DMSO-d6) d = 11.57 (br s,
1H), 7.28 (dd, 1H, J = 7.5 Hz, J = 0.8 Hz), 7.10 (t, 1H, J = 7.9 Hz), 6.56
(dd, 1H, J = 7.6 Hz, J = 0.8 Hz), 3.37 (m, 4H), 2.91 (m, 4H), 1.41 (s,
9H). MS (ESI) m/z [M+H]+ = 417. Anal. Calcd for C17H21F3N4O5: C,
48.81; H, 5.06; N, 13.39. Found: C, 48.61; H, 4.82; N, 12.95.


2.1.42. tert-Butyl 4-{3-[methyl(trifluoroacetyl)amino]-2-
nitrophenyl}piperazine-1-carboxylate (75)


To a solution of 4-[2-nitro-3-(2,2,2,-trifluoro-acetylamino)-phe-
nyl]-piperazine-1-carboxylic acid tert-butyl ester (74, 220 mg,
0.526 mmol) in tetrahydrofuran (10 mL) at 0 �C under a nitrogen
atmosphere was added triphenylphosphine (268 mg, 1.03 mmol),
methanol (48 lL, 1.18 mmol), and diisopropylazodicarboxylate
(207 lL, 1.03 mmol). The resulting yellow solution was allowed
to warm to room temperature and stirred 15 h. Concentration in
vacuo followed by chromatography on silica gel eluted with 0.5%
MeOH in CH2Cl2 afforded 75 as an orange gum (201 mg, 89% yield).
1H NMR (300 MHz, DMSO-d6) d = 7.63 (t, 1H, J = 7.4 Hz), 7.59 (dd,
1H, J = 7.4, J = 0.7 Hz), 7.43 (dd, 1H, J = 7.2, J = 0.7 Hz), 3.33 (m,
4H), 3.22 (s, 3H), 2.91 (m, 4H), 1.41 (s, 9H). ESMS m/z
[M+H]+ = 433. Anal. Calcd for C18H23F3N4O5: C, 50.00; H, 5.36; N,
12.96. Found: C, 49.88; H, 5.40; N, 12.46.


2.1.43. tert-Butyl 4-[1-methyl-2-(trifluoromethyl)-1H-
benzimidazol-4-yl]piperazine-1-carboxylate (76)


tert-Butyl 4-{3-[methyl(trifluoroacetyl)amino]-2-nitrophenyl}-
piperazine-1-carboxylate (75, 2.92 g, 6.75 mmol) was hydroge-
nated over 5% Pd/C (300 mg) at 20 �C and one atmosphere hydro-
gen pressure in methanol (75 mL). The catalyst was filtered
through Celite, and the filtrate was concentrated in vacuo. The
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product was purified by chromatography on silica gel eluted with
40–70% ethyl acetate in hexanes to afford 76 as a white powder
(1.78 g, 68% yield). 1H NMR (300 MHz, DMSO-d6) d = 7.30 (t, 1H,
J = 8.7 Hz), 7.23 (d, 1H, J = 8.7 Hz), 6.29 (d, 1H, J = 8.7 Hz), 3.93 (s,
3H), 3.52 (m, 4H), 3.46 (m, 4H), 1.48 (s, 9H). MS (ESI) m/z
[M+H]+ = 385. Anal. Calcd for C18H23F3N4O2: C, 56.24; H, 6.03; N,
14.58. Found: C, 55.87; H, 5.74; N, 14.34.


2.1.44. 1-Methyl-4-piperazin-1-yl-2-(trifluoromethyl)-1H-
benzimidazole (77)


A solution of tert-butyl 4-[1-methyl-2-(trifluoromethyl)-1H-
benzimidazol-4-yl]piperazine-1-carboxylate (76, 1.75 g,
4.55 mmol) in methylene chloride (25 mL) and TFA (10 mL) was
stirred 1 h. Methylene chloride (30 mL) was added, and the mix-
ture was washed with 30% aq NaOH (100 mL). The aqueous layer
was extracted with methylene chloride (30 mL), and the combined
organic layers were dried (MgSO4) and filtered through a silica pad
eluted with 10% methanol in methylene chloride. The filtrate was
concentrated in vacuo to a brown gum (920 mg, 71% yield). 1H
NMR (DMSO-d6): d = 7.28 (t, 1H, J = 6.9 Hz), 7.18 (d, 1H,
J = 6.9 Hz), 6.65 (d, 1H, J = 6.9 Hz), 3.91 (br s, 1H), 3.43 (m, 4H),
3.36 (s, 3H), 2.91 (m, 4H). HPLC (Method A) tR = 0.23 min (pur-
ity = 95.6%), m/z [M+H]+ = 285.


2.1.45. 3-(2-{4-[1-Methyl-2-(trifluoromethyl)-1H-benzimi-
dazol-4-yl]piperazin-1-yl}ethoxy)benzene-1,2-diamine
(78 and 79)


To a solution of 1-methyl-4-piperazin-1-yl-2-(trifluoromethyl)-
1H-benzimidazole (77, 500 mg, 1.76 mmol) and 2-(3-azido-2-nitro-
phenoxy)-acetaldehyde (70, 469 mg, 2.11 mmol), in N-methyl-2-
pyrrolidone (10 mL), at room temperature under nitrogen were
added sodium triacetoxyborohydride (746 mg, 3.52 mmol) and ace-
tic acid (10 lL). The resulting mixture was stirred for 90 min,
quenched with water (1 mL) and partitioned between ethyl acetate
(50 mL) and saturated aq sodium bicarbonate solution (50 mL). The
organic layer was dried (MgSO4)and concentrated in vacuo. The
product was purified by chromatography on silica gel eluted with
0.5% methanol in methylene chloride to afford 78 as an orange
gum (390 mg, 45% yield) which was used immediately without char-
acterization. 4-{4-[2-(Azido-2-nitro-phenoxy)-ethyl]piperazin-1-
yl}-1-methyl-2-trifluoromethyl-1H-benzimidazole (78, 390 mg,
0.795 mmol) was hydrogenated over 5% Pd/C in methanol (8 mL)
at room temperature and one atmosphere of hydrogen pressure.
The catalyst was filtered, washed (methanol), and the filtrate was
evaporated in vacuo to leave 79 as a light brown powder (310 mg,
90% yield). 1H NMR (300 MHz, DMSO-d6) d = 7.30 (t, 1H, J = 7.4 Hz),
7.21 (d, 1H, J = 7.4 Hz), 6.67 (d, 1H, J = 7.4 Hz), 6.35 (d, 1H,
J = 7.7 Hz), 6.22 (td, 2H, J = 7.7 Hz, J = 1.4 Hz), 4.43 (br s, 2H), 4.11
(br s, 2H), 4.03 (t, 2H, J = 5.7 Hz), 3.92 (s, 3H), 3.54 (m, 4H), 2.74 (t,
2H, J = 5.7 Hz), 2.72 (m, 4H). HPLC (Method A), tR = 0.22 min, m/z
[M+H]+ = 435.


2.1.46. 4-(2-{4-[1-Methyl-2-(trifluoromethyl)-1H-benzimi-
dazol-4-yl]piperazin-1-yl}ethoxy)-1,3-dihydro-2H-benzimi-
dazole-2-thione (8b)


To a solution of 3-(2-{4-[1-methyl-2-(trifluoromethyl)-1H-ben-
zimidazol-4-yl]piperazin-1-yl}ethoxy)benzene-1,2-diamine (79,
50 mg, 0.12 mmol) in tetrahydrofuran (5 mL) at room temperature
under nitrogen was added 1,10-thiocarbonyldiimidazole (61 mg,
0.345 mmol). The resulting mixture was capped and heated to
70 �C for 2.5 h. The solvent was evaporated, and the product was
purified by reverse phase HPLC (Method F) to afford a yellow pow-
der (38 mg, 56% yield) as the bistrifluoroacetate. 1H NMR
(300 MHz, DMSO-d6) d = 12.68 (s, 1H), 12.64 (s, 1H), 9.60 (br s,
1H), 7.34 (m, 2H), 7.08 (t, 1H, J = 8.2 Hz), 6.82 (m, 3H), 4.50 (m,
2H), 4.44 (d, 2H, J = 12.37 Hz), 3.96 (s, 3H), 3.83 (d, 2H,

J = 12.37 Hz), 3.71 (m, 2H), 3.48 (t, 2H, J = 11.54 Hz), 3.23 (t, 2H,
J = 11.54 Hz). MS (ESI) m/z [M+H]+ = 476. Anal. Calcd for
C26H25F9N6O5S: C, 44.32; H, 3.58; N, 11.93. Found: C, 44.60; H,
4.03; N, 11.80.


2.1.47. 1-Methyl-2-(trifluoromethyl)-4-[4-(2-{[2-(trifluoro-
methyl)-1H-benzimidazol-4-yl]oxy}ethyl)piperazin-1-yl]-1H-
benzimidazole (8a)


A solution of 3-(2-{4-[1-methyl-2-(trifluoromethyl)-1H-ben-
zimidazol-4-yl]piperazin-1-yl}ethoxy)benzene-1,2-diamine (79,
51 mg, 0.117 mmol) in TFA (2 mL) was capped and heated to
70�C for 2.5 h. The solvent was evaporated, and the product was
purified by reverse phase HPLC (Method F) to afford 8a as a brown
powder (19.6 mg, 27% yield) as the bistrifluoroacetate. 1H NMR
(300 MHz, DMSO-d6) d = 3.21 (t, 2H, J = 11.54 Hz), 3.49 (t, 2H,
J = 11.54 Hz), 3.75 (m, 2H), 3.84 (d, 2H, J = 12.37 Hz), 3.95 (s, 3H),
4.44 (d, 2H, J = 12.37 Hz), 4.68 (m, 2H), 6.79 (d, 1H, J = 7.69 Hz),
6.99 (br s, 1H), 7.32 (m, 4H), 9.99 (br s, 1H), 14.05 (br s, 1H). MS
(ESI) m/z [M+H]+ = 512. Anal. Calcd for C27H24F12N6O5: C, 43.79;
H, 3.27; N, 11.35. Found: C, 43.88; H, 3.50; N, 11.51.


2.1.48. 1-(2-(3-Azido-2-nitrophenoxy)ethyl)piperazine (80)
A solution of 2-(piperazin-1-yl)ethanol (5.7 g, 43 mmol) in tet-


rahydrofuran (40 mL) under a nitrogen atmosphere was cooled in
an ice bath and treated with sodium hydride (60% mineral oil dis-
persion, 1.7 g, 43 mmol) in portions over 5 min. After 1 h the mix-
ture was cooled to �78 �C and a solution of 1-azido-3-fluoro-2-
nitrobenzene (33, 6.0 g, 33 mmol) in tetrahydrofuran (40 mL) was
added dropwise over 15 min. The mixture warmed to 20 �C over
2 h, 1 N HCl (50 mL) was added cautiously followed by ethyl ace-
tate (200 mL) and water (200 mL). The aqueous layer was sepa-
rated, washed with ethyl acetate (100 mL), neutralized with solid
sodium carbonate and the product was extracted with chloroform
(3� 100 mL). The combined chloroform layers were dried (MgSO4)
and evaporated under reduced pressure to leave the product as a
gum (1.4 g, 15%). The original ethyl acetate layers were combined
and extracted with 1 N HCl (2� 100 mL). The combined acidic lay-
ers were neutralized with solid sodium carbonate and extracted
with chloroform (3� 100 mL). The combined chloroform layers
were dried (MgSO4) and evaporated to leave additional product
(5.7 g, 59%) for a total yield of 7.1 g (74%). 1H NMR (300 MHz,
CDCl3) d = 7.40 (dd, 1H, J = 8.4 Hz, J = 8.3 Hz), 6.85 (d, 1H,
J = 8.3 Hz), 6.80 (d, 1H, J = 8.4 Hz), 4.20 (t, 2H, J = 5.7 Hz), 2.88 (m,
4H), 2.78 (t, 2H, J = 5.7 Hz), 2.51 (m, 4H).


2.1.49. tert-Butyl 4-(2-(3-azido-2-nitrophen-
oxy)ethyl)piperazine-1-carboxylate (81)


To a solution of 1-(2-(3-azido-2-nitrophenoxy)ethyl)piperazine
(80, 7.1 g, 24 mmol) in methylene chloride (100 mL) was added di-
tert-butyldicarbonate (7.4 g, 34 mmol), and the mixture stirred for
30 min. Aminomethylpolystyrene resin was added (3.2 mmol/g,
7.5 g, 24 mmol) and the mixture stirred an additional hour. The resin
was filtered, washed with methylene chloride (3� 100 mL), and the
combined filtrates were evaporated under reduced pressure to leave
the product 81 as a brown gum (9.4 g, 100%). 1H NMR (300 MHz,
CDCl3) d = 7.41 (dd, 1H, J = 8.4 Hz, J = 8.3 Hz), 6.87 (d, 1H,
J = 8.3 Hz), 6.81 (d, 1H, J = 8.4 Hz), 4.20 (t, 2H, J = 5.6 Hz), 3.41 (m,
4H), 2.78 (t, 2H, J = 5.6 Hz), 2.47 (m, 4H), 1.47 (s, 9H). LC/MS (Method
A), tR = 1.11 min (purity = 90.0%), [M+H]+ �56 (tert-butyl) = 337.


2.1.50. tert-Butyl 4-(2-(2,3-diaminophenoxy)ethyl)piperazine-
1-carboxylate (82)


A solution of tert-butyl 4-(2-(3-azido-2-nitrophen-
oxy)ethyl)piperazine-1-carboxylate (81, 4.46 g, 11.4 mmol) in
methanol (120 mL) was hydrogenated at one atmosphere hydro-
gen pressure over 5% palladium on carbon (0.63 g) for 4 h. The cat-
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alyst was filtered through diatomaceous earth, washed with meth-
anol (2� 20 mL), and the combined filtrates were evaporated un-
der reduced pressure to leave the product as a dark brown foamy
solid (3.55 g, 93%). 1H NMR (300 MHz, CDCl3) d = 6.64 (dd, 1H,
J = 8.1 Hz, J = 8.1 Hz), 6.41 (d, 1H, J = 8.1 Hz), 6.40 (d, 1H,
J = 8.1 Hz), 4.12 (t, 2H, J = 5.8 Hz), 3.53 (br s, 2H), 3.49 (br s, 2H),
3.45 (m, 4H), 2.81 (t, 2H, J = 5.8 Hz), 2.52 (m, 4H), 1.46 (s, 9H).
LC/MS (Method A), tR = 0.57 min (purity = 99%), [M+H]+ = 337.


2.1.51. 4-(2-(4-(3-Azido-2-nitrophenyl)piperazin-1-yl)ethoxy)-
2-(trifluoromethyl)-1H-benzo[d]imidazole (83 and 86)


A solution of tert-butyl 4-(2-(2,3-diaminophenoxy)ethyl)piper-
azine-1-carboxylate (82, 260 mg, 0.77 mmol) in TFA (3 mL) was
stirred for 30 min at room temperature then 2 h at 75 �C. The
TFA was evaporated and the residue was dissolved in water
(10 mL), and lyophilized to leave product 83 as a dark brown
gum. The residue was dissolved in dimethylsulfoxide (4 mL), trea-
ted with diisopropylethylamine (0.60 g, 4.6 mmol, 0.83 mL) and 1-
azido-3-fluoro-2-nitrobenzene (37, 0.21 g, 1.2 mmol) and stirred at
60 �C for 20 h. The reaction mixture was cooled to 20 �C, diluted
with ethyl acetate (50 mL) and washed with 1 M sodium carbonate
(50 mL), water (2� 50 mL), and brine (50 mL). The organic layer
was dried (MgSO4) and evaporated under reduced pressure. The
residue was chromatographed on silica gel (Isco instrument, 40 g
column; 50% ethyl acetate in hexanes to 100% ethyl acetate) to
leave the product 86 as a yellow, foamy solid (232 mg, 63%, two
steps). 1H NMR (300 MHz, CD3OD) d = 7.49 (dd, 1H, J = 8.3 Hz,
J = 8.2 Hz), 7.26 (d, 1H, J = 7.2 Hz), 7.25 (dd, 1H, J = 8.2 Hz,
J = 7.2 Hz), 7.14 (d, 1H, J = 8.2 Hz), 7.14 (d, 1H, J = 8.2 Hz), 6.87 (d,
1H, J = 8.3 Hz), 4.34 (t, 2H, J = 5.5 Hz), 3.00 (m, 4H), 2.94 (t, 2H,
J = 5.5 Hz), 2.70 (m, 4H). LC/MS (Method A), tR = 1.40 min (pur-
ity = 87.2%), [M+H]+ = 476.


2.1.52. 3-(4-(2-(2-(Trifluoromethyl)-1H-benzo[d]imidazol-4-
yloxy)ethyl)piperazin-1-yl)benzene-1,2-diamine (88)


A solution of 4-(2-(4-(3-azido-2-nitrophenyl)piperazin-1-
yl)ethoxy)-2-(trifluoromethyl)-1H-benzo[d]imidazole (86, 0.21 g,
0.44 mmol) in methanol (4 mL) was hydrogenated at 1 atmosphere
hydrogen pressure over 5% palladium on carbon (40 mg) for 6 h.
The mixture was filtered, the catalyst was washed with methanol
(2� 5 mL), and the combined filtrates were evaporated under re-
duced pressure to leave the product 88 as a tan foamy solid
(94 mg, 51%). 1H NMR (300 MHz, CD3OD) d = 7.20–7.30 (m, 2H),
6.88 (d, 1H, J = 7.0 Hz), 6.46–6.57 (m, 3H), 4.38 (t, 2H, J = 5.5 Hz),
2.98 (t, 2H, J = 5.5 Hz), 2.88 (m, 4H), 2.82 (m, 4H). LC/MS (Method
A), tR = 1.07 min (purity = 95.3%), [M+H]+ = 421.


2.1.53. 4-(4-(2-(2-(Trifluoromethyl)-1H-benzo[d]imidazol-4-
yloxy)ethyl)piperazin-1-yl)-1H-benzo[d]imidazol-2(3H)-one
(10a)


A solution of 3-(4-(2-(2-(trifluoromethyl)-1H-benzo[d]imida-
zol-4-yloxy)ethyl)piperazin-1-yl)benzene-1,2-diamine (88, 40 mg,
0.095 mmol) in tetrahydrofuran (1 mL) was treated with 1,10-car-
bonyldiimidazole (23 mg, 0.14 mmol) and stirred for 18 h. The
mixture was diluted with water (0.2 mL) and purified by reversed
phase HPLC (Method 2) to leave the bistrifluoroacetate product 10a
as a gum (39 mg, 61%). 1H NMR (300 MHz, CD3OD) d = 7.42 (dd, 1H,
J = 8.1 Hz, J = 8.2 Hz), 7.31 (d, 1H, J = 8.1 Hz), 7.17 (dd, 1H,
J = 8.0 Hz, J = 8.0 Hz), 6.99 (d, 1H, J = 8.0 Hz), 6.97 (d, 1H,
J = 8.1 Hz), 6.92 (d, 1H, J = 8.2 Hz), 4.65 (t, 2H, J = 4.9 Hz), 3.87 (m,
4H), 3.57 (m, 4H), 3.27 (t, 2H, J = 4.9 Hz). 13C NMR (300 MHz,
CD3OD) d = 169.30, 150.40, 141.00 (q), 136.99, 136.27, 134.89,
132.99, 127.57, 127.17, 124.83, 118.50, 112.99, 107.86, 107.09,
106.05, 62.29, 56.61, 53.20, 53.19. HPLC (Method C), tR = 7.01 min
(purity = 99.9%). HRMS [M+H]+ = 447.1744, calcd for C21H21F3N6O2:
447.1751.

2.1.54. 4-(4-(2-(2-(Trifluoromethyl)-1H-benzo[d]imidazol-4-
yloxy)ethyl)piperazin-1-yl)-1H-benzo[d]imidazole-2(3H)-
thione (11)


A solution of 3-(4-(2-(2-(trifluoromethyl)-1H-benzo[d]imida-
zol-4-yloxy)ethyl)piperazin-1-yl)benzene-1,2-diamine (88, 40 mg,
0.095 mmol) in tetrahydrofuran (1 mL) was treated with 1,10-thi-
ocarbonyldiimidazole (25 mg, 0.14 mmol) and stirred for 18 h.
The mixture was diluted with water (0.2 mL) and purified by re-
versed phase HPLC (Method 2) to leave the bistrifluoroacetate
product 11 as a gum (43 mg, 66%). 1H NMR (300 MHz, CD3OD)
d = 7.42 (dd, 1H, J = 8.1 Hz, J = 8.1 Hz), 7.31 (d, 1H, J = 8.2 Hz), 7.04
(dd, 1H, J = 8.0 Hz, J = 8.0 Hz), 6.97 (d, 1H, J = 8.0 Hz), 6.86 (d, 1H,
J = 8.0 Hz), 6.82 (d, 1H, J = 8.2 Hz), 4.64 (t, 2H, J = 4.9 Hz), 3.86 (m,
4H), 3.53 (m, 4H), 3.23 (t, 2H, J = 4.9 Hz). 13C NMR (300 MHz,
CD3OD) d = 157.00, 150.50, 141.41, 140.88, 137.05, 135.79,
133.05, 131.85, 127.65, 124.01, 123.29, 122.00, 118.43, 112.01,
107.85, 106.93, 106.10, 62.37, 56.70, 53.43, 53.40. HPLC (Method
C), tR = 6.68 min (purity = 99.9%). HRMS [M+H]+ = 463.1522, calcd
for C21H21F3N6OS: 463.1522.


2.1.55. tert-Butyl 4-(2-(2-thioxo-2,3-dihydro-1H-benzo[d]-
imidazol-4-yloxy)ethyl)piperazine-1-carboxylate (84)


A solution of tert-butyl 4-(2-(2,3-diaminophenoxy)ethyl)piper-
azine-1-carboxylate (82, 8.0 g, 24 mmol) was dissolved in anhy-
drous tetrahydrofuran (100 mL), purged with a nitrogen
atmosphere, treated with 1,10-thiocarbonyldiimidazole (7.6 g,
43 mmol) and stirred 18 h. Water (15 mL) was added and the reac-
tion mixture stirred an additional 24 h. The solvent was evapo-
rated, the residue was dissolved in ethyl acetate (300 mL),
washed with water (3� 100 mL) and brine (100 mL). The organic
layer was dried and evaporated under reduced pressure to leave
the crude product 84, which was purified by flash chromatography
on silica gel eluted with a gradient of 50% ethyl acetate in hexanes
to 100% ethyl acetate. The desired product was obtained as a color-
less gum (4.3 g, 47%). 1H NMR (300 MHz, DMSO-d6) d = 12.70 (br s,
1H), 12.48 (br s, 1H), 7.03 (dd, 1H, J = 8.1 Hz, J = 8.1 Hz), 6.77 (d, 1H,
J = 8.1 Hz), 6.74 (d, 1H, J = 8.1 Hz), 4.20 (t, 2H, J = 5.6 Hz), 3.31 (m,
4H), 2.56 (t, 2H, J = 5.6 Hz), 2.46 (m, 4H), 1.38 (s, 9H). LC/MS (Meth-
od A), tR = 0.64 min (purity = 95.3%), [M+H]+ = 378.


2.1.56. 4-(2-(4-(3-Azido-2-nitrophenyl)piperazin-1-yl)ethoxy)-
1H-benzo[d]imidazole-2(3H)-thione (85 and 87)


A mixture of tert-butyl 4-(2-(2-thioxo-2,3-dihydro-1H-
benzo[d]imidazol-4-yloxy)ethyl)piperazine-1-carboxylate (84,
4.3 g, 11 mmol) and dimethylsilane on polystyrene resin
(1.7 mmol/g, 13 g, 22 mmol) in methylene chloride (80 mL) was
treated with trifluoroacetic acid (20 mL) and stirred for an hour.
The reaction mixture was filtered, the polymer residue was washed
with methylene chloride (2� 50 mL), and the combined filtrates
were evaporated under reduced pressure. The crude product was
dissolved in water (100 mL), saturated with sodium carbonate,
and extracted with n-butanol (3� 100 mL). The combined organic
layers were dried (Na2SO4) and evaporated under reduced pressure
to leave the product 85 as a sticky, light tan gum (2.1 g, 69%). A
portion of this intermediate (85, 1.8 g, 6.5 mmol) was dissolved
in DMSO (18 mL), treated with 1-azido-3-fluoro-2-nitrobenzene
(37, 1.8 g, 9.7 mmol) and stirred at 60 �C for 24 h. The reaction mix-
ture was cooled to room temperature, diluted with ethyl acetate
(300 mL), washed with 1 M sodium carbonate (100 mL), and the
aqueous layer was further extracted with ethyl acetate (50 mL).
The combined ethyl acetate layers were washed with water (3�
100 mL) and brine (100 mL), dried (MgSO4), and evaporated under
reduced pressure. The residue was purified by flash chromatogra-
phy on silica gel eluted with a gradient of 75% ethyl acetate in hex-
anes to 100% ethyl acetate. The product 87 was obtained as a
yellow foamy solid (1.9 g, 64%). 1H NMR (300 MHz, CDCl3)
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d = 12.70 (br s, 1H), 10.42 (br s, 1H), 7.48 (dd, 1H, J = 8.1 Hz,
J = 8.1 Hz), 7.37 (dd, 1H, J = 8.3 Hz, J = 1.1 Hz), 7.06 (dd, 1H,
J = 8.0 Hz, J = 8.1 Hz), 7.02 (dd, 1H, J = 8.3 Hz, J = 1.1 Hz), 6.92 (d,
1H, J = 7.9 Hz), 6.80 (d, 1H, J = 7.9 Hz), 4.22 (t, 2H, J = 5.4 Hz), 3.35
(m, 4H), 2.81 (m, 6H). LC/MS (Method A), tR = 1.03 min (pur-
ity = 92.3%), [M+H]+ = 441.


2.1.57. 4-(2-(4-(2,3-Diaminophenyl)piperazin-1-yl)ethoxy)-1H-
benzo[d]imidazole-2(3H)-thione (89)


A solution of 4-(2-(4-(3-azido-2-nitrophenyl)piperazin-1-
yl)ethoxy)-1H-benzo[d]imidazole-2(3H)-thione (87, 1.8 g,
4.1 mmol) in N-methylpyrrolidinone (40 mL) was treated with ti-
n(II) chloride dihydrate (9.2 g, 41 mmol) and stirred 5 min at
20 �C then 1.5 h at 100 �C. The reaction mixture was cooled to
20 �C, diluted with 1 N HCl (30 mL) and filtered. The filtrate was
neutralized with solid sodium carbonate, diluted with ethyl ace-
tate (200 mL), stirred for 15 min, and filtered. The filtrate layers
were separated, and the organic layer was washed with water
(5� 100 mL) and brine (100 mL). The organic layer was dried
(MgSO4) and evaporated under reduced pressure to leave the prod-
uct as a light yellow amorphous solid (0.68 g, 43%). 1H NMR
(300 MHz, CDCl3) d = 12.40 (br s, 1H), 10.65 (br s, 1H), 7.05 (dd,
1H, J = 8.1 Hz, J = 8.1 Hz), 6.85 (d, 1H, J = 8.0 Hz), 6.81 (dd, 1H,
J = 7.9, Hz, J = 1.1 Hz), 6.73 (d, 1H, J = 7.9 Hz), 6.70 (dd, 1H,
J = 7.9 Hz, J = 7.9 Hz), 6.55 (dd, 1H, J = 7.9 Hz, J = 1.1 Hz), 4.38 (t,
2H, J = 4.8 Hz), 3.60 (br s, 4H), 3.15 (t, 2H, J = 4.8 Hz), 2.89 (m,
4H). LC/MS (Method A), tR = 0.22 min (purity = 92.5%),
[M+H]+ = 385.


2.1.58. 4-(4-(2-(2-Thioxo-2,3-dihydro-1H-benzo[d]imidazol-4-
yloxy)ethyl)piperazin-1-yl)-1H-benzo[d]imidazol-2(3H)-one
(10b)


A solution of 4-(2-(4-(2,3-diaminophenyl)piperazin-1-yl)eth-
oxy)-1H-benzo[d]imidazole-2(3H)-thione (89, 57 mg, 0.16 mmol)
and carbonyldiimidazole (22 mg, 0.12 mmol) in tetrahydrofuran
(1 mL) was stirred for 18 h. The reaction mixture was diluted
with water (0.2 mL) and purified by reversed phase HPLC (Meth-
od 2). The product 10b was obtained as a bistrifluoroacetate salt
(2.4 mg, 3.7%). 1H NMR (300 MHz, DMSO-d6) d = 12.62 (br s, 1H),
12.59 (br s, 1H), 10.80 (br s, 1H), 10.68 (br s, 1H), 9.55 (s, 1H),
7.12 (dd, 1H, J = 8.1 Hz), 6.92 (dd, 1H, J = 8.0 Hz, J = 8.0 Hz),
6.85 (d, 1H, J = 7.3 Hz), 6.82 (d, 1H, J = 7.4 Hz), 6.79 (d, 1H,
J = 7.3 Hz), 6.76 (d, 1H, J = 8.0), 4.50 (br t, 2H, J = 5.7 Hz), 3.72
(br s, 4H), 3.48 (partially obscured bs, 4H), 3.03 (br t, 2H,
J = 5.7 Hz). HPLC (Method C), tR = 7.34 min (purity = 97.8%). ESMS
[M�H]� = 409. HRMS [M+H]+ = 411.1605, calcd for C20H23N6O2S:
411.1611.


2.1.59. 5-(4-(2-(2-Thioxo-2,3-dihydro-1H-benzo[d]imidazol-4-
yloxy)ethyl)piperazin-1-yl)quinoxaline-2,3(1H,4H)-dione (12)


A solution of 4-(2-(4-(2,3-diaminophenyl)piperazin-1-yl)eth-
oxy)-1H-benzo[d]imidazole-2(3H)-thione (89, 30 mg, 0.078 mmol)
and oxalyldiimidazole (22 mg, 0.12 mmol) in tetrahydrofuran
(1 mL) was stirred for 18 h. The reaction mixture was diluted with
water (0.2 mL) and purified by reversed phase HPLC (Method 2).
The product was obtained as a bistrifluoroacetate salt (13 mg,
30%). 1H NMR (300 MHz, DMSO-d6) d = 12.63 (br s, 2H), 12.01 (br
s, 1H), 10.96 (br s, 1H), 9.94 (br s, 1H), 7.12 (d, 1H, J = 8.0 Hz),
7.09 (m, 2H), 7.00 (d, 1H, J = 8.9 Hz), 6.86 (d, 1H, J = 7.8 Hz), 6.84
(d, 1H, J = 7.8 Hz), 4.53 (br t, 2H, J = 4.7 Hz), 3.74 (br t, 2H,
J = 4.7 Hz), 3.68 (m, 4H), 3.12 (m, 4H). 13C NMR (300 MHz,
DMSO-d6) d = 167.71, 158.00 (q), 155.85, 155.05, 141.86, 138.11,
133.53, 126.29, 123.39,123.21, 121.93, 120.84, 115.59, 112.20,
105.71, 103.44, 62.72, 54.99, 51.72, 48.71. HPLC (Method C),
tR = 4.50 min (purity = 96.2%). HRMS [M+H]+ = 438.1471, calcd for
C21H23N6O3S: 438.1474.

2.1.60. 4-(2-(4-(Quinoxalin-5-yl)piperazin-1-yl)ethoxy)-1H-
benzo[d]imidazole-2(3H)-thione (13)


A solution of 4-(2-(4-(2,3-diaminophenyl)piperazin-1-yl)eth-
oxy)-1H-benzo[d]imidazole-2(3H)-thione (89, 10 mg, 26 lmol) in
methanol (1 mL) was treated with 40% aqueous glyoxal (8 lL,
52 lmol) and stirred for 2 h. Water (0.4 mL) was added and the
reaction mixture was purified by reversed phase HPLC (Method
2) to leave the monotrifluoracetate product 13 as an amorphous
solid (5.2 mg, 38%). 1H NMR (300 MHz, CD3OD) d = 8.86 (d, 1H,
J = 2.0 Hz), 8.84 (d, 1H, J = 2.0 Hz), 7.75 (d, 1H, J = 4.0 Hz), 7.74 (d,
1H, J = 4.0 Hz), 7.34 (dd, 1H, J = 4.0 Hz, J = 4.0 Hz), 7.13 (dd, 1H,
J = 8.0 Hz, J = 8.2 Hz), 6.88 (d, 1H, J = 8.0 Hz), 6.85 (d, 1H,
J = 8.2 Hz), 4.58 (t, 2H, J = 4.7 Hz), 4.20 (m, 2H), 3.86 (m, 2H), 3.81
(t, 2H, J = 4.7 Hz), 3.68 (m, 2H), 3.31 (m, 2H). HPLC (Method C),
tR = 5.21 min (purity = 98.5%). HR ESMS [M+H]+ = 407.1653, calcd
for C21H23N6OS: 407.1649.


2.1.61. 4-(2-(4-(1H-Benzo[d]imidazol-4-yl)piperazin-1-
yl)ethoxy)-1H-benzo[d]imidazole-2(3H)-thione (14)


A solution of 4-(2-(4-(2,3-diaminophenyl)piperazin-1-yl)eth-
oxy)-1H-benzo[d]imidazole-2(3H)-thione (89, 41 mg, 0.12 mmol)
in 90% formic acid (1 mL) was heated to 90 �C for 2 h. The formic
acid was evaporated, and the product was purified by reversed
phase HPLC (Method F). The pure product 14 was obtained as
a bistrifluoroacetate salt (4.0 mg, 5.4%). 1H NMR (300 MHz,
DMSO-d6) d = 12.62 (br s, 2H), 9.80 (br s, 1H), 9.15 (br s, 1H),
7.42 (s, 1H), 7.43 (d, 1H, J = 6.6 Hz), 7.12 (dd, 1H, J = 6.7 Hz,
J = 8.1 Hz), 7.00 (d, 1H, J = 5.7 Hz), 6.88 (d, 1H, J = 8.1 Hz), 6.85
(d, 1H, J = 7.8 Hz), 4.68 (br t, 2H, J = 5.6 Hz), 4.55 (br s, 4H),
3.74 (br s, 4H), 3.21 (br t, 2H, J = 5.7 Hz). HPLC (Method C),
tR = 6.63 min (purity = 91.0%). HR ESMS [M+H]+ = 395.1650, calcd
for C20H23N6OS: 395.1656.


2.1.62. 4-(2-(4-(2-Methyl-1H-benzo[d]imidazol-4-yl)piperazin-
1-yl)ethoxy)-1H-benzo[d]imidazole-2(3H)-thione (15)


Prepared from 89 and acetic acid as above for compound 14 on
50 mg scale. Purification by HPLC (Method F). Yield = 58%. 1H NMR
(300 MHz, DMSO-d6) d = 12.66 (br s, 1H), 12.61 (br s, 1H), 9.65 (br
s, 1H), 7.34 (dd, 1H, J = 8.0 Hz, J = 7.9 Hz), 7.22 (d, 1H, J = 8.1 Hz),
7.10 (dd, 1H, J = 8.1, Hz, J = 8.0 Hz), 6.88 (d, 1H, J = 8.1 Hz), 6.81
(d, 1H, J = 8.0 Hz), 6.80 (d, 1H, J = 7.9 Hz), 4.50 (br t, 2H), 3.84
(br t, 2H), 3.68 (br s, 4H), 3.40 (obscured m, 4H), 2.81 (s, 3H).
HPLC (Method C), tR = 9.8 min (purity = 91.0%). HR ESMS
[M+H]+ = 408.1728, calcd for C21H24N6OS: 408.1732.


2.1.63. 4-(2-(4-(2-(Perfluoroethyl)-1H-benzo[d]imidazol-4-
yl)piperazin-1-yl)ethoxy)-1H-benzo[d]imidazole-2(3H)-thione
(16)


Prepared as above for compound 14 from 89 (15 mg, 39 lmol)
and perfluoropropionic acid (0.30 mL). Purified by reversed phase
HPLC (Method F) to leave the product 16 bistrifluoroacetate salt
as a foamy solid (10 mg, 35%). 1H NMR (300 MHz, DMSO-d6)
d = 14.10 (br s, 1H), 12.68 (br s, 1H), 12.65 (br s, 1H), 9.65 (br s,
1H), 7.33 (dd, 1H, J = 8.0 Hz, J = 7.9 Hz), 7.21 (d, 1H, J = 8.1 Hz),
7.10 (dd, 1H, J = 8.1, Hz, J = 8.0 Hz), 6.85 (d, 1H, J = 8.1 Hz), 6.83
(d, 1H, J = 8.0 Hz), 6.80 (d, 1H, J = 7.9 Hz), 4.52 (broad t, 2H), 3.85
(br t, 2H), 3.70 (br s, 4H), 3.90 (obscured m, 4H). HPLC (Method
3), tR = 10.2 min (purity = 82.6%). ESMS [M+H]+ = 513. HR ESMS
[M+H]+ = 513.1506, calcd for C22H22F5N6OS: 513.1498.


2.1.64. 4-(2-(4-(2-Phenyl-1H-benzo[d]imidazol-4-yl)piperazin-
1-yl)ethoxy)-1H-benzo[d]imidazole-2(3H)-thione (17)


A solution of 4-(2-(4-(2,3-diaminophenyl)piperazin-1-yl)eth-
oxy)-1H-benzo[d]imidazole-2(3H)-thione (89, 40 mg, 0.10 mmol)
and benzaldehyde (22 mg, 0.20 mmol) in isopropyl alcohol was
kept open to the atmosphere, stirred rapidly, and heated to 70 �C
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for 3 h. The mixture was cooled to room temperature, diluted with
DMSO (0.5 mL) and water (0.5 mL), and purified by reversed phase
HPLC (Method 2). The product 17 was obtained as a bistrifluoro-
acetate salt (35 mg, 50%). 1H NMR (300 MHz, DMSO-d6) d = 12.67
(br s, 1H), 12.64 (br s, 1H), 10.08 (br s, 1H), 8.21 (d, 1H,
J = 8.1 Hz), 8.19 (d, 1H, J = 8.1 Hz), 7.59 (m, 3H), 7.25 (m, 2H),
7.12 (dd, 1H, J = 8.1 Hz, J = 8.1 Hz), 6.87 (d, 1H, J = 8.1 Hz), 6.85 (d,
1H, J = 8.1 Hz), 6.79 (d, 1H, J = 8.1 Hz), 4.56 (t, 3H, J = 4.7 Hz), 4.40
(m, 2H), 3.87 (m, 2H), 3.74 (t, 2H, J = 4.7 Hz), 3.57 (m, 2H), 3.28
(m, 2H). 13C NMR (300 MHz, DMSO-d6) d = 167.71, 158.40 (q),
148.87, 141.90, 141.89, 141.88, 140.24, 135.96, 133.51, 130.32,
128.93, 128.62, 126.82, 124.00, 123.19, 108.41, 105.79, 103.42,
62.90, 54.91, 51.70, 46.47. HPLC (Method C), tR = 7.28 min (pur-
ity = 92.2%). HR ESMS [M+H]+ = 470.1974, calcd for C26H27N6OS:
471.1969.


2.1.65. 4-(2-(4-(2-m-Tolyl-1H-benzo[d]imidazol-4-yl)piperazin-
1-yl)ethoxy)-1H-benzo[d]imidazole-2(3H)-thione (18)


To an 8-mL screw cap vial were added N-methyl pyrrolidinone
(4 mL/vial) and 279 lL of a 0.2 M solution of O-(7-azabenzotriazol-
1-yl)-N,N,N0,N0-tetramethyl-uronium hexafluorophosphate (HATU)
in NMP. To this was added 17.8 mg (0.046 mmol) of 4-{2-[4-(2,3-
diaminophenyl)-piperazin-1-yl]-ethoxy}-1,3-dihydro-benzimid-
azole-2-thione (89) followed by m-toluic acid (7.5 mg,
0.056 mmol) and the vial was capped tightly. After shaking over-
night on an orbital shaker the vial was treated with 0.5 mL of gla-
cial acetic acid, recapped and shaken at 110 �C for 2 h. It was then
allowed to cool to room temperature and was shaken overnight.
Sulfonic acid resin (Argonaut, 132 mg, 1.4 mmol/g) was then added
and the vial was shaken for 6 h followed by filtration using poly-
propylene filter tubes (15 mL). The resin was washed with metha-
nol (3� 3 mL) followed by dichloromethane (2� 3 mL). The filter
tube containing the washed resin was treated with 1.5 mL of 9:1
methanol/triethylamine. After loosely shaking for 3 min the
reaction was filtered into a test tube (13 � 100 mm) and the sol-
vent removed by vacuum. The crude product was then purified
using automated RP-HPLC (Method E) and the product fractions
were evaporated in a 8 mL scintillation vial to yield 3 mg (13%
yield) of 4-(2-(4-(2-m-tolyl-1H-benzo[d]imidazol-4-yl)piperazin-
1-yl)ethoxy)-1H-benzo[d]imidazole-2(3H)-thione (18). 1H NMR
(300 MHz, DMSO-d6) d = 12.68 (s, 1H), 12.66 (s, 1H), 9.72 (br s,
1H), 8.13 (s, 1H), 7.95 (d, 1H, J = 7.8 Hz), 7.70 (d, 1H, J = 7.8 Hz),
7.35 (t, 1H, J = 7.8 Hz), 7.23 (m, 2H), 7.15 (t, 1H, J = 8.3 Hz), 6.89
(m, 2H), 6.73 (m, 1H), 4.59 (br s, 4H), 3.89 (m, 2H), 3.78 (m, 2H),
3.60 (m, 2H), 3.31 (t, 2H, J = 15 Hz), 2.35 (s, 3H). HRMS
[M+H]+ = 485.2112, calcd for C27H29N6OS: 485.2116. HPLC (Meth-
od D): tR = 9.8 min (purity = 96.4%).


By the same method and scale were prepared:


2.1.66. 4-(2-(4-(2-(4-Ethylphenyl)-1H-benzo[d]imidazol-4-
yl)piperazin-1-yl)ethoxy)-1H-benzo[d]imidazole-2(3H)-thione
(20b)


Prepared as above for compound 18 from 89 and 4-ethylbenzoic
acid (15% yield). 1H NMR (300 MHz, DMSO-d6): d = 12.68 (s, 1H),
12.66 (s, 1H), 9.71 (br s, 1H), 8.11 (d, 2H, J = 8.3 Hz), 7.44 (d, 2H,
J = 8.3 Hz), 7.23 (m, 2H), 7.15 (t, 1H, J = 8.3 Hz), 6.89 (m, 2H), 6.73
(m, 1H), 4.59 (br s, 4H), 3.89 (m, 2H), 3.78 (m, 2H), 3.60 (m, 2H),
3.31 (t, 2H, J = 15 Hz), 2.72 (m, 2H), 1.26 (t, 3H, J = 9 Hz). HRMS
[M+H]+ = 499.2272, calcd for C28H31N6OS: 499.2275. A-HPLC
(Method D), tR = 8.6 min (purity = 90.2%).


2.1.67. 4-(2-(4-(2-(2,4-Dimethylphenyl)-1H-benzo[d]imidazol-
4-yl)piperazin-1-yl)ethoxy)-1H-benzo[d]imidazole-2(3H)-
thione (23)


Prepared as above for compound 18 from 89 and 2,4-dimethyl-
benzoic acid (10% yield). 1H NMR (300 MHz, DMSO-d6) d = 12.68

(br s, 1H), 12.66 (br s, 1H), 9.71 (br s, 1H), 7.95 (d, 1H, J = 8.0 Hz),
7.35 (d, 1H, J = 8.0 Hz), 7.30 (s, 1H), 7.23 (m, 2H), 7.15 (t, 1H,
J = 8.3 Hz), 6.89 (m, 2H), 6.73 (m, 1H), 4.59 (br s, 4H), 3.89 (m,
2H), 3.78 (m, 2H), 3.60 (m, 2H), 3.31 (t, 2H, J = 15 Hz), 2.38 (s,
3H), 2.29 (s, 3H). HRMS [M+H]+ = 499.2270, calcd for C28H31N6OS:
499.2273. HPLC (Method D), tR = 8.6 min (purity = 99.1%).


2.1.68. 2-(4-tert-Butylphenyl)-4-(4-(2-(2-(trifluoromethyl)-1H-
benzo[d]imidazol-4-yloxy)ethyl)piperazin-1-yl)-1H-
benzo[d]imidazole (22)


To an 8-mL screw cap vial were added N-methyl pyrrolidinone
(3 mL/vial) and 1 mL of a 0.14 M solution of O-(7-azabenzotriazol-
1-yl)-N,N,N0,N0-tetramethyl-uroniumhexafluoro phosphate (HATU)
in NMP. To this was added 50.0 mg (0.119 mmol) of 3-(4-(2-(2-(tri-
fluoromethyl)-1H-benzo[d]imidazol-4-yloxy)ethyl)piperazin-
1-yl)benzene-1,2-di-amine (88) followed by 4-tert-butylbenzoic
acid (25 mg, 0.143 mmol), and the vial was capped tightly. After
shaking overnight on an orbital shaker the vial was treated with
0.5 mL of glacial acetic acid, recapped and shaken at 110 �C for
2 h. It was then allowed to cool to room temperature and
shaken overnight. Sulfonic acid resin (Argonaut, 340 mg,
1.4 mmol/g) was then added and the vial was shaken for 6 h fol-
lowed by filtration using a polypropylene filter tube (15 mL). The
resin was washed with methanol (2� 3 mL) followed by dichloro-
methane (2� 3 mL). The resin was shaken with 1.0 mL of 9:1 meth-
anol/triethylamine for 3 min, and the mixture was filtered into a
test tube (13 � 100 mm) and the solvent removed by vacuum.
The crude product was then purified using automated RP-HPLC
(Method F) and the fractions evaporated in a 8-mL scintillation vial
to yield 23 mg (34% yield) of 2-(4-tert-butyl-phenyl)-4-(4-(2-(2-
(trifluoromethyl)-1H-benzo[d]imidazol-4-yloxy)ethyl) piperazin-
1-yl)-1H-benzo[d]-imidazole (22). 1H NMR (300 MHz, DMSO-d6)
d = 10.2 (br s, 1H), 8.09 (d, 2H, J = 8.4 Hz), 7.60 (d, 2H, J = 8.4 Hz),
7.35 (m, 2H), 7.20 (m, 2H), 7.02 (d, 1H, J = 8.1 Hz), 6.72 (d, 1H,
J = 8.1 Hz), 4.71 (br s, 2H), 4.42 (br s, 2H), 3.86 (br s, 2H), 3.79 (br
s, 2H), 3.57 (br s, 2H), 3.23 (br s, 2H), 1.35 (s, 9H). 13C NMR
(300 MHz, DMSO-d6) d = 158.39, 153.02, 148.87, 140.17, 139.20,
135.97, 126.49, 126.08, 125.66, 125.25, 123.67, 122.02, 120.71,
118.12, 117.12, 114.21, 110.3, 106.39, 105.76, 63.45, 54.81, 51.71,
46.37, 34.56, 30.85. HRMS [M+H]+ = 563.2739, calcd for
C31H34F3N6O: 563.2741. HPLC (Method D), tR = 10.5 min
(purity = 100%).


2.1.69. 2-(4-Isopropylphenyl)-4-(4-(2-(2-(trifluoromethyl)-1H-
benzo[d]imidazol-4-yloxy)ethyl)piperazin-1-yl)-1H-
benzo[d]imidazole (21)


Prepared as above for compound 22 88 and 4-i-propylbenzoic
acid (38% yield). 1H NMR (300 MHz, DMSO-d6) d = 10.2 (br s, 1H),
8.11 (d, 2H, J = 8.3 Hz), 7.48 (d, 2H, J = 8.3 Hz), 7.39 (m, 2H), 7.22
(m, 2H), 7.04 (d,1H, J = 7.9 Hz), 6.74 (d, 1H, J = 7.9 Hz), 4.74 (br s,
2H), 4.48 (br s,2H), 3.91 (br s, 2H), 3.82 (br s, 2H), 3.60 (br s, 2H),
3.25 (br s, 2H), 3.04 (m, 1H), 1.30 (d, 6H, J = 10.6 Hz). HRMS
[M+H]+ = 549.2593, calcd for C30H32F3N6O: 549.2582. HPLC (Meth-
od D), tR = 8.1 min (purity = 100%).


2.1.70. 2-(4-Ethylphenyl)-4-(4-(2-(2-(trifluoromethyl)-1H-
benzo[d]imidazol-4-yloxy)ethyl)piperazin-1-yl)-1H-
benzo[d]imidazole (20a)


Prepared as above for compound 18 from 88 and 4-ethylbenzoic
acid (10% yield). 1H NMR (300 MHz, DMSO-d6) d = 10.2 (br s, 1H),
8.11 (d, 2H, J = 8.3 Hz), 7.45 (d, 2H, J = 8.3 Hz), 7.39 (m, 2H), 7.23
(m, 2H), 7.04 (d, 1H, J = 7.8 Hz), 6.75 (d, 1H, J = 7.8 Hz), 4.75 (m,
2H), 4.48 (br s, 2H), 3.91 (br s, 2H), 3.82 (m, 2H), 3.60 (br s, 2H),
3.25 (br s, 2H), 2.73 (q, 2H, J = 9.0 Hz), 1.28 (t, 3H, J = 9.0 Hz). HRMS
[M+H]+ = 535.2430, calcd for C29H30F3N6O: 535.2426. HPLC (Meth-
od D), tR = 8.1 min (purity = 100%).
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2.1.71. 2-p-Tolyl-4-(4-(2-(2-(trifluoromethyl)-1H-
benzo[d]imidazol-7-yloxy)-ethyl)piperazin-1-yl)-1H-
benzo[d]Imidazole (19)


Prepared as above for compound 18 from 88 and p-toluic acid
(36% yield). 1H NMR (300 MHz, DMSO-d6) d = 10.2 (br s, 1H), 8.04
(d, 2H, J = 8.1 Hz), 7.42 (d, 2H, J = 8.1 Hz), 7.39 (m, 2H), 7.23 (m,
2H), 7.04 (d, 1H, J = 7.8 Hz), 6.75 (d, 1H, J = 7.8 Hz), 4.75 (m, 2H),
4.48 (br s, 2H), 3.91 (br s, 2H), 3.82 (m, 2H), 3.60 (br s, 2H), 3.25
(br s, 2H), 2.34 (s, 3H). HRMS [M+H]+ = 521.2268, calcd for
C28H28F3N6O: 521.2271. HPLC (Method D), tR = 9.4 min
(purity = 91%).


2.1.72. tert-Butyl 4-(2-(4-tert-butylphenyl)-1H-
benzo[d]imidazol-4-yl)piperazine-1-carboxylate (90)


A mixture of tert-butyl 4-(2,3-diaminophenyl)piperazine-1-car-
boxylate (36, 1.8 g, 5.9 mmol), 4-tert-butylbenzaldehyde (1.1 g,
7.1 mmol, 1.2 mL), and 10% palladium on carbon (0.60 g) in isopro-
panol (40 mL) was stirred rapidly and heated to 80 �C for 2 h open
to air. After cooling to room temperature the catalyst was filtered
with the aid of diatomaceous earth, washed with isopropanol,
and the combined filtrates were evaporated under reduced pres-
sure. The crude product was chromatographed on silica gel eluted
with 75% hexanes in ethyl acetate to leave the product as a foamy
solid (2.5 g, 95%). 1H NMR (300 MHz, DMSO-d6) d = 12.72 (br s, 1H),
8.06 (d, 2H, J = 8.3 Hz), 7.56 (d, 2H, J = 8.3 Hz), 7.05 (m, 2H), 6.53 (d,
1H, J = 5.1 Hz), 3.56 (brs, 4H), 3.51 (brs, 4H), 1.44 (s, 9H), 1.33 (s,
9H). LC/MS (Method I), tR = 2.83 min (purity = 100%),
[M+H]+ = 435.


2.1.73. 2-(4-tert-Butylphenyl)-4-(piperazin-1-yl)-1H-
benzo[d]imidazole (91)


A solution of tert-butyl 4-(2-(4-tert-butylphenyl)-1H-
benzo[d]imidazol-4-yl)piperazine-1-carboxylate (90, 2.4 g,
5.3 mmol) in trifluoroacetic acid (20 mL) and dichloromethane
(20 mL) was stirred for 2 h. The solvents were evaporated, and
the crude product was purified by reversed phase HPLC (Method
E). The product containing fractions were combined, neutralized
with 1 M sodium carbonate solution, and extracted with ethyl ace-
tate (2� 50 mL). The extracts were combined, dried (MgSO4), and
evaporated under reduced pressure to provide the product as a
white, foamy solid (1.0 g, 54%). 1H NMR (300 MHz, DMSO-d6)
d = 12.68 (br s, 1H), 8.05 (d, 2H, J = 8.1 Hz), 7.56 (d, 2H,
J = 8.1 Hz), 7.05 (m, 2H), 6.49 (d, 1H, J = 7.1 Hz), 3.48 (brs, 4H),
2.97 (brs, 4H), 1.33 (s, 9H). LC/MS (Method I), tR = 1.40 min (pur-
ity = 95.0%), [M+H]+ = 335.


2.1.74. 2-{4-[2-(4-tert-Butyl-phenyl)-1H-benzoimidazol-4-
yl]piperazin-1-ylmethyl}-6-nitro-phenylamine (95)


To a solution of 2-(4-tert-butyl-phenyl)-4-piperazin-1-yl-1H-
benzoimidazole (91, 1.30 g, 3.89 mmol) and 2-chloromethyl-6-ni-
tro-phenylamine (50, 660 mg, 3.53 mmol) in anhydrous NMP
(40 mL) was added diisopropylethylamine (1.0 mL, 4.24 mmol)
and the solution stirred at room temperature under nitrogen for
18 h. The solution was diluted with ethyl acetate (150 mL) and
washed with water (10� 50 mL). The organic extracts were com-
bined and washed with brine (2� 100 mL), dried (Na2SO4), filtered,
and the solvent removed to give a tan solid with some amber col-
ored oil (1.84 g). This material was adsorbed onto silica gel and
purified by column chromatography eluted with a solution of
20% ethyl acetate in hexane to afford the nitro amino product
(610 mg, 36% yield) as a yellow solid. 1H NMR (300 MHz, CDCl3)
d = 8.25 (d, 1H, J = 7.5 Hz), 8.00 (d, 2H, J = 8.2 Hz), 7.50 (d, 1H,
J = 6.9 Hz), 7.35 (d, 2H, J = 8.4 Hz), 7.00 (m, 1H), 6.95 (m, 1H),
6.75 (m, 1H), 6.65 (d, 1H, J = 6.7 Hz), 4.15 (s, 2H), 3.33 (br s, 4H),
3.15 (br s, 4H), 1.25 (s, 9H). HPLC (Method D) tR = 12.5 min (pur-
ity = 100%). MS, [M+H]� = 483, [M+H]+ = 485.

2.1.75. 2-({4-[2-(4-tert-Butylphenyl)-1H-benzimidazol-4-
yl]piperazin-1-yl}methyl)-6-nitroaniline (96)


2-{4-[2-(4-tert-Butylphenyl)-1H-benzoimidazol-4-yl]pipera-
zin-1-ylmethyl}-6-nitrophenylamine (290 mg, 0.60 mmol) and ti-
n(II) chloride (681 mg, 3.59 mmol) were stirred in anhydrous
NMP (40 mL) at 70 �C under nitrogen for 18 h. The reaction was
quenched with 1 N HCl (100 mL) and extracted with methylene
chloride (2� 50 mL). The organic extracts were combined and ex-
tracted with 1 N HCl (2� 50 mL). The aqueous extracts were com-
bined and neutralized with 2 N NaOH solution. This aqueous phase
was extracted with ethyl acetate (4� 100 mL). The organic extracts
were combined and washed with distilled water (10� 50 mL). The
ethyl acetate extracts were combined, dried (Na2SO4), and the sol-
vent removed to give a brown oil. This material was dissolved in
aqueous DMSO and purified by RP-HPLC. The product fractions
were collected and the acetonitrile removed in vacuo. The aqueous
residue lyophilized to give a white solid (55 mg, 20% yield). 1H
NMR (300 MHz, DMSO-d6) d = 8.08 (d, 2H, J = 8.2 Hz), 7.57 (d, 2H,
J = 8.5 Hz), 7.15 (m, 2H), 6.90 (m, 2H), 6.65 (m, 2H), 4.35 (s, 2H),
3.50 (br s, 8H), 1.35 (s, 9H). HPLC (Method D), tR = 4.9 min (pur-
ity = 99.0%), [M+H]� = 453, [M+H]+ = 455.


2.1.76. 4-{4-[2-(4-tert-Butyl-phenyl)-1H-benzoimidazol-4-yl]-
piperazin-1-ylmethyl}-1,3-dihydro-benzoimidazole-2-thione
(24)


2-Amino-3-({4-[2-(4-tert-butylphenyl)-1H-benzimidazol-4-yl]-
piperazin-1-yl}methyl)phenylamine (96, 140 mg, 0.31 mmol) and
1,10-thiocarbonyldiimidazole (67 mg, 0.34 mmol) were stirred in
anhydrous THF (10 mL) at 60 �C for 2 h. The solvent was removed,
in vacuo, to give a reddish brown oil (220 mg). This material was
adsorbed onto silica and purified by column chromatography, elut-
ing with a 1:1 solution of hexane in ethyl acetate to give an off-
white solid (30 mg, 20% yield). 1H NMR (300 MHz, DMSO-d6)
d = 8.05 (d, 2H, J = 8.4 Hz), 7.55 (d, 2H, J = 8.5 Hz), 7.05 (m, 5H),
6.48 (m, 1H), 3.75 (s, 2H), 3.55 (br s, 4H), 2.65 (br s, 4H), 1.30 (s,
9H). HPLC (Method D) tR = 9.0 min (purity = 90.7%). HRMS
[M+H]+ = 497.2484, calcd for C29H33N6S: 497.2482.


2.1.77. 4-{4-[2-(4-tert-Butyl-phenyl)-1H-benzoimidazol-4-yl]-
piperazin-1-ylmethyl}-1,3-dihydro-benzoimidazol-2-one (27)


2-Amino-3-({4-[2-(4-tert-butylphenyl)-1H-benzimidazol-4-yl]-
piperazin-1-yl}methyl)phenylamine (96, 150 mg, 0.33 mmol) and
1,10-carbonyldiimidazole (59 mg, 0.36 mmol) were stirred in anhy-
drous THF at 60 �C for 2 h. The solvent was removed in vacuo, dis-
solved in aqueous DMSO and purified by RP-HPLC (Method F). The
product fractions were combined and lyophilized to give a white
solid (45 mg, 28% yield). 1H NMR (300 MHz, DMSO-d6) d = 11.10
(s, 1H), 10.90 (s, 1H), 8.08 (d, 2H, J = 8.5 Hz), 7.60 (d, 2H,
J = 8.5 Hz), 7.10 (m, 3H), 7.05 (m, 2H), 6.65 (m, 1H), 4.45 (s, 2H),
3.55 (br s, 8H), 1.33 (s, 9H). HPLC tR = 8.9 min (purity = 88.0%).
HRMS [M+H]+ = 481.2708 calcd for C29H33N6O: 481.2710.


2.1.78. 5-({4-[2-(4-tert-Butylphenyl)-1H-benzimidazol-4-
yl]piperazin-1-yl}methyl)-1,4-dihydroquinoxaline-2,3-dione
(28)


2-Amino-3-({4-[2-(4-tert-butylphenyl)-1H-benzimidazol-4-yl]-
piperazin-1-yl}methyl)phenylamine (96, 100 mg, 0.22 mmol) and
oxalyldiimidazole (63 mg, 0.33 mmol) were stirred at room tem-
perature in anhydrous tetrahydrofuran (10 mL) for 2 h. The reac-
tion was quenched with water (5 mL) and stirred for 1 h. The
solvent was removed in vacuo and the aqueous residue dissolved
in dimethylsulfoxide and purified by RP-HPLC (Method F). The
product fractions were combined and lyophilized to afford the
product as a white powder (7 mg, 6%). 1H NMR (300 MHz,
DMSO-d6) d = 8.07 (d, 2H, J = 8.4 Hz), 7.58 (d, 2H, 8.4 Hz), 7.27
(m, 3H), 7.14 (m, 2H), 6.75 (m, 1H), 4.64 (m, 4H), 3.16 (s, 2H),
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1.34 (s, 9H). HPLC (Method D) tR = 9.1 min (purity = 92.3%). MS
[M�H]� = 507, [M+H]+ = 509.


2.1.79. 4-(4-Benzylpiperazin-1-yl)-2-(4-tert-butylphenyl)-1H-
benzimidazole (25)


2-(4-tert-Butylphenyl)-4-piperazin-1-yl-1H-benzimidazole (91,
40 mg, 0.12 mmol), benzaldehyde (15.8 lL, 0.16 mmol), and so-
dium triacetoxyborohydride (51 mg, 0.24 mmol) were stirred in
dichloroethane (2 mL) at room temperature for 18 h. The product
was concentrated, in vacuo, and dissolved in dimethylsulfoxide/
water and purified by RP-HPLC (method). The product fractions
were combined and the solvent removed to afford the product as
a clear oil as the di-TFA salt (51 mg, 100% yield). 1H NMR
(500 MHz, DMSO-d6) d = 1.36 (s, 9H), 3.02–3.21 (m, 2H), 3.40 (d,
J = 2.44 Hz, 2H), 3.47–3.59 (m, 2H), 4.49 (s, 4H), 6.69 (d,
J = 7.32 Hz, 1H), 7.20 (s, 1H), 7.18 (d, J = 7.32 Hz, 1H), 7.58–7.66
(m, 5H), 8.10 (d, J = 7.50 Hz, 2H), 9.97 (s, 1H). HPLC (Method D),
tR = 9.7 min (purity = 100%). HRMS, [M+H]+ = 425.2702, [M+H]+


calcd for C28H33N4: 425.2700.


2.1.80. 2-(4-tert-Butylphenyl)-4-[4-(2-
naphthylmethyl)piperazin-1-yl]-1H-benzimidazole (26)


2-(4-tert-Butylphenyl)-4-piperazin-1-yl-1H-benzimidazole (91,
40 mg, 0.12 mmol), 2-napthaldehyde (24 mg, 0.16 mmol), and so-
dium triacetoxyborohydride (51 mg, 0.24 mmol) were stirred in
dichloroethane (2 mL) at room temperature for 18 h. The product
was concentrated, in vacuo, and dissolved in dimethylsulfoxide/
water and purified by RP-HPLC (Method F). The product fractions
were combined, and the solvent was removed to afford the prod-
uct as a clear oil as the di-TFA salt (48 mg, 84% yield). 1H NMR
(500 MHz, DMSO-d6) d = 1.36 (s, 9H), 3.01–3.25 (m, 4H), 3.61 (br
s, 4H), 4.43 (br s, 1H), 4.99 (br s, 2H), 6.68 (d, J = 7.32 Hz, 1H),
7.19 (d, J = 4.39 Hz, 2H), 7.49 - 7.77 (m, 6H), 7.88 (d,
J = 6.84 Hz, 1H), 8.09 (d, J = 8.30 Hz, 2H), 8.49 (d, J = 8.79 Hz,
2H), 9.73–9.97 (m, 1H). HPLC (Method D), tR = 11.0 min (pur-
ity = 92.0%). HRMS, [M+H]+ = 475.2860, calcd for C32H35N4


[M+H]+: 475.2856.


2.1.81. 2-(4-tert-Butylphenyl)-4-(4-(3-fluoro-4-
nitrobenzyl)piperazin-1-yl)-1H-benzoimidazole (92)


In a round bottom flask were combined the 3-fluoro-4-
nitrobenzaldehyde (0.52 g, 3.07 mmol) and NMP (20 mL). To
the stirring solution were added the 2-(4-tert-butyl-phenyl)-4-
(piperazin-1-yl)-1H-benzo[d]imidazole (91, 0.86 g, 2.56 mmol)
and sodium triacetoxyborohydride (1.36 g, 6.4 mmol), and the
resulting mixture stirred overnight. The reaction mixture was
diluted with ethyl acetate (200 mL) and washed with saturated
sodium bicarbonate solution, water, and brine. The organic
layer was dried (MgSO4) and concentrated. The crude product
was purified by column chromatography with 40% ethyl ace-
tate in hexane as eluant to leave 850 mg (68% yield) of 2-(4-
tert-butylphenyl)-4-(4-(3-fluoro-4-nitrobenzyl)piperazin-1-yl)-
1H-benzimidazole as a light yellow solid. 1H NMR (300 MHz,
DMSO-d6) d = 12.69 (s, 1H), 8.16 (t, 1H, J = 8.2 Hz), 8.04 (d, 2H,
J = 8.5 Hz), 7.59 (m, 1H), 7.55 (d, 2H, J = 8.5 Hz), 7.47 (d, 1H,
J = 8.6 Hz), 7.03 (m, 2H), 6.50 (dd, 1H, J = 7.0 Hz, 1.8 Hz), 3.71 (s,
2H), 3.60 (br s, 4H), 2.66 (br s, 4H), 1.33 (s, 9H). LC/MS (Method A),
tR = 1.24 min (purity = 100%), [M+H]+ = 488, [M�H]� = 486.


2.1.82. 4-[4-(3-Azido-4-nitro-benzyl)-piperazin-1-yl]-2-(4-tert-
butyl-phenyl)-1H-benzo-imidazole (93)


In a round bottom flask were combined 2-(4-tert-butylphenyl)-
4-[4-(3-fluoro-4-nitrobenzyl)piperazin-1-yl]-1H-benzoimidazole
(0.197 g, 0.40 mmol), dimethyl sulfoxide (3 mL), and sodium azide
(0.029 g, 0.44 mmol), and the mixture stirred overnight. The mix-
ture was diluted with ethyl acetate (100 mL), washed with water

(2� 50 mL) and brine (50 mL). The organic layer was dried (MgSO4)
and concentrated to leave 190 mg (92% yield) of 4-[4-(3-azido-4-
nitrobenzyl)-piperazin-1-yl]-2-(4-tert-butylphenyl)-1H-benzoimi-
dazole as a light yellow solid. 1H NMR (300 MHz, DMSO-d6)
d = 12.69 (s, 1H), 8.04 (d, 2H, J = 8.7 Hz), 8.01 (d, 1H, J = 8.3 Hz),
7.57 (m, 1H), 7.54 (d, 2H, J = 8.6 Hz), 7.39 (dd, 1H, J = 8.5, 1.2 Hz),
7.03 (m, 2H), 6.50 (dd, 1H, J = 5.5, 1.4 Hz), 3.70 (s, 2H), 3.60 (br s,
4H), 2.68 (br s, 4H), 1.33 (s, 9H). LC/MS (Method A), tR = 1.41 min
(purity = 89.8%), [M+H]+ = 511, [M�H]� = 509.


2.1.83. 4-{4-[2-(4-tert-Butyl-phenyl)-1H-benzoimidazol-4-yl]-
piperazin-1-ylmethyl}-benzene-1,2-diamine (94)


In a round bottom flask under nitrogen were combined 4-[4-(3-
azido-4-nitro-benzyl)-piperazin-1-yl]-2-(4-tert-butyl-phenyl)-1H-
benzoimidazole (93, 0.19 g, 0.37 mmol), methanol (20 mL), and 5%
platinum on carbon (0.145 g). A hydrogen balloon was attached,
the flask evacuated, and a hydrogen atmosphere established. After
stirring for 4 h, the balloon was removed, the flask purged with
nitrogen, and the reaction mixture filtered thru Celite with a large
excess of methanol. The solution was concentrated to dryness on
a rotary evaporator to yield 170 mg (100% yield) of 4-{4-[2-(4-
tert-butyl-phenyl)-1H-benzoimidazol-4-yl]-piperazin-1-ylmethyl}-
benzene-1,2-diamine as a brown oil. LC/MS (Method A), tR =
0.90 min (purity = 100%), [M+H]+ = 455, [M�H]� = 453.


2.1.84. 6-{4-[2-(4-tert-Butyl-phenyl)-1H-benzoimidazol-4-yl]-
piperazin-1-ylmethyl}-1,4-dihydro-quinoxaline-2,3-dione (29)


In a round bottom flask under nitrogen were combined 4-{4-
[2-(4-tert-butyl-phenyl)-1H-benzoimidazol-4-yl]-piperazin-1-yl-
methyl}-benzene-1,2-diamine (94, 0.17 g, 0.37 mmol), THF
(20 mL), and 1,10-oxalyldiimidazole (0.284 g, 1.5 mmol) and the
solution stirred overnight. The solution was diluted with ethyl ace-
tate (100 mL) and washed with water (100 mL). A precipitate
forms and was collected by filtration. The filtrate was concentrated
to dryness on a rotary evaporator and combined with the precipi-
tate. Purification by RP-HPLC (Method E) yielded 46 mg (24% yield)
of 6-{4-[2-(4-tert-butyl-phenyl)-1H-benzoimidazol-4-yl]-pipera-
zin-1-ylmethyl}-1,4-dihydro-quinoxaline-2,3-dione as an off-white
solid. 1H NMR (300 MHz, DMSO-d6) d = 12.19 (s, 1H), 12.09 (s, 1H),
9.82 (br s, 1H), 8.07 (d, 2H, J = 8.6 Hz), 7.58 (d, 2H, J = 8.6 Hz), 7.27
(m, 2H), 7.22 (d, 1H, J = 8.6 Hz), 7.13 (m, 2H), 6.64 (m, 1H), 4.48 (br
s, 2H), 4.44 (s, 2H), 3.50 (br s, 2H), 3.38 (br s, 2H), 3.09 (m, 2H),
1.34 (s, 9H). HPLC (Method D), tR = 5.84 min (purity = 79%). HRMS
[M+H]+ = 509.2659, calcd for C30H33N6O2: 509.2659.


2.1.85. 5-((4-(2-(4-tert-Butylphenyl)-1H-benzo[d]imidazol-4-
yl)piperazin-1-yl)methyl)pyrimidine-2,4(1H,3H)-dione (30)


2-(4-tert-Butylphenyl)-4-piperazin-1-yl-1H-benzimidazole (91,
75 mg, 0.22 mmol), uracil-5-carboxaldehyde (41 mg, 0.29 mmol),
and sodium triacetoxyborohydride (95 mg, 0.45 mmol) were stirred
in NMP (2 mL) at room temperature for 18 h. The mixture was trea-
ted with ethyl acetate (50 mL), washed with water (7� 30 mL) and
brine (40 mL), dried (MgSO4), and evaporated. The crude product
was purified by RP-HPLC (Method F). The product fractions were
combined, treated with saturated sodium bicarbonate solution
(50 mL), and extracted with ethyl acetate (3� 30 mL). The combined
extracts were washed with brine (50 mL), dried (MgSO4), and evap-
orated to leave the product as a white solid (15 mg, 15%). 1H NMR
(400 MHz, MeOH-d4) d = 7.98 (d, 2H, J = 8.5 Hz), 7.51 (d, 2H,
J = 8.5 Hz), 7.43 (s, 1H), 7.10 (m, 2H), 6.67 (m, 1H), 3.40 (m, 4H),
3.35 (s, 2H), 2.77 (m,. 4H), 1.33 (s, 9H). 13C NMR (300 MHz, DMSO-
d6) d = 164.33, 152.03, 151.23, 148.08, 142.79, 140.32, 136.08,
135.26, 127.56, 125.96, 125.57, 123.09, 107.88, 106.19, 103.29,
52.70, 52.36, 49.08, 34.48, 30.95. HPLC (Method D), tR = 8.5 min
(purity = 99.9%). HRMS, [M+Na]+ = 481.2327, calcd for C26H30N6O2:
481.2323.
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2.1.86. 5-((4-(2-(4-tert-Butylphenyl)-1H-benzo[d]imidazol-4-
yl)piperazin-1-yl)methyl)-1-ethylpyrimidine-2,4(1H,3H)-dione
(31)


2-(4-tert-Butylphenyl)-4-piperazin-1-yl-1H-benzimidazole (91,
75 mg, 0.22 mmol), 1-ethyluracil-5-carboxaldehyde (49 mg,
0.29 mmol) and sodium triacetoxyborohydride (95 mg, 0.45 mmol)
were stirred in NMP (2 mL) at room temperature for 18 h. The mix-
ture was treated with ethyl acetate (50 mL), washed with water
(7� 30 mL) and brine (40 mL), dried (MgSO4), and evaporated.
The crude product was purified by RP-HPLC (Method F). The prod-
uct fractions were combined, treated with saturated sodium bicar-
bonate solution (50 mL), and extracted with ethyl acetate (3�
30 mL). The combined extracts were washed with brine (50 mL),
dried (MgSO4), and evaporated to leave the product as a white solid
(50 mg, 46%). 1H NMR (400 MHz, MeOH-d4) d = 7.97 (d, 2H,
J = 8.6 Hz), 7.59 (s, 1H), 7.51 (d, 2H, J = 8.6 Hz), 7.10 (m, 2H), 6.65
(m, 1H), 3.77 (q, 2H, J = 7.2 Hz), 3.38 (m, 4H), 3.34 (s, 2H), 2.75
(m,. 4H), 1.31 (s, 9H), 1.25 (t, 3H, J = 7.2 Hz). 13C NMR (300 MHz,
DMSO-d6) d = 163.81, 152.03, 150.72, 158.08, 143.80, 142.79,
139.09, 135.27, 127.57, 125.97, 125.55, 123.08, 108.66, 106.18,
103.30, 52.82, 52.37, 49.03, 42.64, 34.47, 30.94, 14.16. HPLC (Meth-
od D), tR = 8.8 min (purity = 90.5%). HRMS, [M+Na]+ = 481.2638,
calcd for C28H34N6O2: 481.2323.


2.2. Radio-ligand binding assay


Radio-ligand binding assays were done according to the proce-
dure described by Millar et al. (Methods Neurosci. 1995, 25, 145–
162). Briefly, the recombinant cells expressing human or rat GnRH
receptors were harvested in binding buffer, (25 mM Tris–Cl, pH 7.4,
0.1% sodium azide, 0.1% BSA), homogenized with a polytron and
centrifuged at 12,000g for 15 min. The membrane pellets were
washed, resuspended in binding buffer and the protein concentra-
tion was determined (Pierce, Rockford, IL). Typically, 50 lg of the
membrane protein was incubated with approximately
50,000 cpm of 125I-(D-trp6)-LHRH for 2 h at 4 �C in a total volume
of 200 lL. Competition studies were performed by the addition of
increasing concentrations of unlabeled competitor. The samples
were filtered through glass-fiber filters (Skatron Corp. Sterling,
VA) presoaked in wash buffer (50 mM Tris, pH 7.4, 10 mM MgCl2,
0.5 mM EDTA) containing 1% BSA. The filters were washed twice
with the wash buffer, and the retained radioactivity was counted
on a gamma counter (Packard Instruments). Assays were always
performed in triplicates. Non-specific binding was assessed in the
presence of 1 lM unlabeled (D-trp6)-LHRH.


2.3. Inositol phosphate (IP) accumulation assay


The quantitation of inositol phosphates was carried out accord-
ing to the procedure described by Chengalvala et al. (J. Biochem.
Biophys. Methods 1999, 38, 163–170). Briefly, recombinant cells
expressing either human or rat GnRH receptors pre-labeled with
myo-(1,2)-H3-Inositol were incubated with GnRH agonist, D-trp6-
LHRH, in the presence or absence GnRH antagonist compound in
culture medium containing Lithium chloride for 1 h. At the end
of this period, the cells were lysed and labeled inositol phosphates
were measured after separating from inositol by rapid filtration
method. IP assays were performed in triplicates and repeated in
three independent experiments.


2.4. LH release assay


Anterior pituitaries were collected from CO2 asphyxiated adult
rats. Tissue was washed with sterile Hepes-buffered saline (HBSS)
containing 5% glucose, and minced using a sterile razor blade into
pieces approximately 1 mm in size. HBSS was removed by aspira-

tion and replaced with an HBSS enzyme solution consisting of
3.5 mg/mL collagenase type 1 (Worthington Biochemicals),
1.2 mg/mL hyaluronidase type III (Calbiochem), and 3% BSA (Sig-
ma). Tissue was incubated at 37 for 1 h and then dissociated by
gentle trituration through a fire polished Pasteur pipet. Cells were
strained through a cell strainer (Costar) to remove clumps and pel-
leted by centrifugation. Dissociated cells were resuspended in
DMEM media (low glucose—Invitrogen) supplemented with
25 mM Hepes, 1� glutamax (Invitrogen), 1� antibiotic/antimycotic
(Invitrogen), and 10% fetal bovine serum (growth media) and pla-
ted into flat bottom 96-well tissue culture plates at 30,000 cells/
well. Cultures were incubated at 37 �C with 5% CO2 for 72 h.


Treatments prepared in challenge media, which is growth med-
ia where the FBS is replaced with 0.1% BSA. Treatment consisted of
a dose response of an antagonist of choice in the presence of an
ED50 concentration of the GnRH analogue Dtrp6-LHRH. Cultures
were washed 2� with challenge media to remove serum and then
incubated with 100 lL/well of treatment for 3 h. Media was re-
moved and saved for LH RIA analysis. Toxicity of compound was
assessed directly on the cells using the cell titer-glo assay
(Promega).


2.5. Efficacy studies in rats


Male Sprague–Dawley rats ten days post-castration were
instrumented with indwelling catheters in jugular vein to facilitate
frequent blood sampling, Basal blood samples were drawn from all
the animals and either vehicle (2% Tween 80/0.04 N HCl) or small
molecule GnRH antagonist was administered orally. Blood samples
were drawn at regular intervals and plasma LH levels measured
using a commercial ELISA kit (Endocrine Technologies, CA).


2.6. Statistical analysis


Data are analyzed using Excel/SAS analysis system (SAS Insti-
tute Inc., Cary, NC).
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Two new methods for the modular synthesis of targeted gene delivery systems are reported. The PEGy-
lated polyamidoamine DMEDA-PEG-DMEDA-(MBA-DMEDA)n+1-PEG-DMEDA 3 was sequentially modi-
fied to contain an integrin-binding peptide ligand via the Staudinger ligation. The conjugation of the
ligand was achieved either before particle complexation (precomplexation) or after particle complexation
(postcomplexation). Comparison of the two systems showed that postcomplexation strategy led to small
and discrete toroidal nanoparticles whilst the precomplexation particles showed loose complexes. The
targeted particles showed an increased uptake into cells compared to unmodified complexes however
no significant increase in transfection was seen.


� 2008 Elsevier Ltd. All rights reserved.

1. Introduction


Polymer based non-viral gene delivery systems have been stud-
ied as a potential way of delivering genes to faulty cells. Several
polymer based delivery systems have been studied including
poly-L-lysine,1 polyethyleneimines,2 polyamidoamine dendrimers3


and linear polyamidoamines,4 all of which have had some success
as suitable delivery vehicles. The efficiency of non-viral systems
could be markedly improved by attachment of ligands recognising
specific receptors on cell surfaces. Ligand targeting can enhance
both specificity and uptake. Some examples of this include poly-
saccharides and peptides.1a,2b,4c


Poly(ethylene glycol)-functionalised (PEGylated) polyamido-
amine:N,N0-methylenebisacrylamide-alt-N,N0-dimethylethylenedi-
amine has been developed for gene delivery5,6 and by targeting this
construct it should be possible to increase the efficiency of uptake
and therefore expression of the gene. There has been extensive
success using RGD-based ligand as targeted delivery via the inte-
grin receptors,7 both for drugs and other gene delivery systems.8


The ‘RGD’ motif is known to bind to several members of the inte-
grin receptor family. Binding of the ligand then triggers receptor
mediated endocytosis. The ‘RGD’–integrin interactions are respon-
sible for diverse cellular functions, including signalling, growth,
differentiation, adhesion and angiogenesis.7 The decapeptide
(RGDSPASSKP) containing the ‘RGD’ motif comprising residues
1615–1624 of fibronectin7 was chosen as the ligand for these stud-

ll rights reserved.


x: +44 0115 9513412.
C. Chan).

ies. The 10-residue sequence ensures a native spacer chain be-
tween the integrin-binding ‘RGD’ motif and the chemical ligation
site. This sequence has previously been used as a competitive
inhibitor of fibronectin7b and it binds well with integrin receptors.


Amongst the numerous methodologies for ligand attachment,
we considered that the ligation based on the Staudinger reaction9


is one of the most robust and chemospecific. The ‘Staudinger liga-
tion’ is a reaction between an appropriately modified phosphine
and an azide, in which an amidophosphonium intermediate is
hydrolyzed in water to form an amide bond. It was independently
developed by Bertozzi10 and Raines11 and has many applications in
chemical biology.12 A particular advantage of using the Staudinger
ligation is that the ligand can be readily attached either before
assembly of the complexes (precomplexation) or to the assembled
nanoparticle (postcomplexation). This will enable us to explore
which of these strategies is most advantageous in terms of both
the chemistry and the assembly of complexes to produce the most
effective delivery vehicles.


In our strategy, the linear block polymer, a PEGylated polyami-
doamine has been N-acylated with 2-azidoacetic acid, which effec-
tively acts as a masked glycine residue. The 10-residue native
peptide chain can then be ligated to the modified linear polymer.
Postcomplexation ligation of the peptide should guarantee that
the targeting ligand is on the outside and minimize the disruption
of the particles. Precomplexation ensures that the ligation is easy
to monitor and that the products are well defined. However, the
latter route has the adverse possibilities for the ligand to be
sequestered inside the complex and thus unavailable for binding,
and also for the ligand to affect the complexation between the
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polymer and DNA. Furthermore, this paper describes for the first
time the successful application of Staudinger ligation between a
phosphinothioester peptide and an azido-bearing block polymer–
DNA complex.


2. Results


Firstly, the readily prepared polyamidoamine (MBA-DMEDA)n 1
and amine terminated DMEDA-PEG-DMEDA 2 were coupled to-
gether to give the PEGylated polyamidoamine DMEDA-PEG-DME-
DA-(MBA-DMEDA)n+1-PEG-DMEDA 3 (Scheme 1). A large excess
(>10-fold) of the amine component DMEDA-PEG-DMEDA 2 was
used to ensure the formation of desired triblock polymer product
and to minimise uncontrolled multiblock polymerisation. Next,
2-azidoacetic acid 4 was prepared in excellent yield (89%), by
reacting bromoacetic acid with sodium azide. The bis-DMEDA
terminated PEGylated polyamidoamine 3 was then reacted with
carbonyldiimidazole to give a bis(1-imidazolyl carboxamido) inter-
mediate, which on exposure to excess 2-azidoacetic acid afforded
the required azide terminated PEGylated polyamidoamine 5. Here,
the conjugation is via a carbamic anhydride bond. The azido-termi-
nated polymer 5 was then blended with varying ratios of (MBA-
DMEDA)n 1 followed by complexation with the plasmid DNA
gWIZLuc in order to form small, discrete particles as described by
Rackstraw et al.5 Following a series of preliminary experiments,
we established that the 5:1 blend was best achieved at a ratio of
1.75:1 and complexed with gWIZLuc at a polyamidoamine repeat-
ing unit:DNA nucleotide ratio of 2:1. This formulation gave small
toroid like structure as seen by TEM (Fig. 1).


The peptide ligands were synthesised using standard Fmoc
solid-phase synthesis on 2-chlorotrityl poly(styrene) resin
(Scheme 2).13 The decapeptide RGDSPASSKP was chosen as the tar-
geting sequence,7 and RGRSPASSKP as the non-binding sequence as
it has no known binding affinity with integrin receptors. The
assembled protected decapeptides were efficiently cleaved from
the polymer support using a mild acidolytic mixture containing
1% TFA, and stored in their protected forms prior to thioesterifica-
tion with (diphenylphosphino)methanethiol 6. The phosphinothiol
reagent 6 was readily prepared in five steps from thioacetic acid
using a refined method recently developed by Raines and co-work-
ers.11c The synthetic strategy (Scheme 2) involved the preparation
of an air stable borane–diphenylphosphine complex, which was
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Scheme 1. Synthesis of the 2-azidoacet

P,S-deprotected immediately prior to condensation with the
synthesised decapeptides. Although the overall yield of the phos-
phothiol reagent 6 was low (7%), each of the chemical transforma-
tions were achieved in modest to good yields (40–69%). In the final
step, best yields were obtained when the saponification was car-
ried out using N2-purged reagents, as well as the use of N2-purged
EtOAc–hexane for column chromatography. Thus, (diphenylphos-
phino)methanethiol 6 was coupled to the protected decapeptides
using carbodiimide-mediated esterification. In order to simplify
the work-up procedure, either the polymer-bound or water-solu-
ble carbodiimide reagents were used. Following acidolytic treat-
ment with a 90% TFA mixture, the thioester peptides 7 and 8
were obtained as white solids in good yields (ca. 90%). Unexpect-
edly, HPLC and MS analysis revealed that racemisation, most likely
epimerisation of the C-terminal amino acid residue (Pro) occurred
prior to the formation of the thioester. Fortuitously, the crucial
‘RGD’ motif is located at the N-terminus, some seven residues from
the C-terminal and is therefore unlikely to affect binding to inte-
grin. In light of this observation, it is recommended that in future
experiments an achiral spacer, for example, glycine or b-alanine,
should be installed at the C-terminus.


The RGDSPASSKP-(diphenylphosphanyl)methyl thiolate 7 and
azidoacetyl functionalised polyamidoamine 5 were successfully li-
gated by stirring in phosphate buffer for 24 h to afford the ‘RGD’-
peptide targeted polymer 9 (precomplexation ligation). The overall
strategy is summarised in Scheme 2. It is worth noting that follow-
ing Staudinger ligation, the azidoacetyl moiety is revealed as a Gly
residue. The linear polymer was then purified by ultrafiltration and
the amount of peptide bound was determined by amino acid anal-
ysis (Table 1). This ligation strategy was then repeated for the ‘non-
binding’ RGRPASSKP-(diphenylphosphanyl)methyl thiolate 8 to af-
ford the ‘RGR’-peptidyl polymer 10.


Using similar conditions, but in distinctively modular manner,
postcomplexation (i.e., using pre-formed polymer blend–gWIZLuc
particle) ligation was successfully performed, and the modified
particle products were purified by dialysis. Amino acid analysis
(Table 1) confirmed the presence of the peptide ligand on both
the precomplexation and the postcomplexation particles with 9%
and 46% substitution for the ‘RGD’-peptidyl products.


TEM (Fig. 1) and DLS (Table 1) studies were carried out on the
precomplexation 9 and 10 formulated gWIZLuc-complexed parti-
cles, and the postcomplexation 11 and 12 particles in order to as-
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Figure 1. TEM image of ‘naked’ and ‘RGD’-ligated particles. (Top left) Azido-modified PEGylated polyamidoamine 5:(MBA-DMEDA)n 1 (1.75:1) polymer blend/gWIZLuc (2:1)
complex. Magnification: 100,000; scale bar: 200 nm. The arrows point to individual particles. (Top right) Precomplexation-ligation derived particles following ultrafiltration.
Magnification 40,000�; scale bar 1000 nm. Diameter 55 nm. Small arrows indicate particles, large arrows indicate loose complex. (Bottom) Postcomplexation ligated particles
with purification by dialysis. Magnification 100,000�; scale bar 200 nm. Diameter 53 nm. Arrows showed discrete spherical particles.
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sess their physicochemical characteristics. In all cases, small and
discrete particles were produced. For each particle the Relative
Standard Deviation is given as a measure of peak polydispersity,
where a figure of <20% is considered as monodisperse (i.e., equiv-
alent to a polydispersity index of <0.1).


Binding and uptake studies were carried out for the precom-
plexation 8 and 9 formulated particles, and postcomplexation li-
gated 10 and 11 particles using 3T3 and A549 cells (Fig. 2).
Fluorescein-labelled RGDPASSKP was used as a binding standard.
YOYO-labelled DNA was used to form and visualise all of the
particles used in the binding/uptake studies. Mono-intercalant
dyes cannot be used in these assays, as the polymer–DNA bind-
ing excludes these dyes from the complex, however, the binding
of bis-intercalant dyes such as YOYO is sufficiently strong to
maintain a high level of labelling. The initial binding and uptake
was low, however after 4 h the fluorescence was high indicating
that significant levels of uptake had taken place in both cell
lines. The difference in fluorescence between 10 min and 4 h
was greater in 3T3 than in A549 cells, but no significant differ-
ences between the ‘RGD’ targeted and ‘RGR’ non-targeted com-
plexes were seen. There was also no significant difference
between the precomplexed ligated and the postcomplexed li-
gated systems.


Finally, the complexes were transfected into 3T3 and A549 cells
(Fig. 3). LipofectAMINETM was used as a positive control, and (MBA-
DMEDA)n–gWIZLuc (5:1) and 5:1 blend–gWIZLuc (2:1) were used
as standards. The overall levels of transfection were low and the
3T3 cells which should have a higher receptor density than the
A549 cells showed lower transfection levels than expected. The
transfection studies showed that targeting with an integrin-bind-
ing peptide ligand did not restore or improve on the transfection

levels of (MBA-DMEDA)n complexes or PEGylated (MBA-DMEDA)
5 complexes.


3. Discussions


The PEGylated polyamidoamine DMEDA-PEG-DMEDA-(MBA-
DMEDA)n+1-PEG-DMEDA 3 was synthesised using methods previ-
ously described.5,6 This was then blended with (MBA-DMEDA)n 1
followed by complexation with the plasmid gWIZLuc to produce
well formed discrete nanoparticles, with average size of 75 nm
determined by TEM and 100–200 nm by DLS. The PEGylated parti-
cles were generally round in shape with some toroidal characteris-
tics (Fig. 1). The original publication by Rackstraw et al.5


demonstrates the robustness of this methodology. Unless the for-
mulation is correct, compact toroids are not obtained, and the only
possible formulation under the optimum conditions is one in
which the PEG chains are arranged on the outside of the complex
where DNA is tightly bound at the core.


An azide group was required to perform the Staudinger liga-
tion between the ligand and the PEG modules. The azidoacetyl
moiety was introduced to the terminal amines of 3 through a car-
bamic anhydride, which is envisaged as a biologically acid labile
linker to aid the release of the particle, and in the further devel-
opment of the nanoparticle. Carbamic anhydrides have been
shown to be stable in a wide range of solvents14 and have been
used as stable intermediates for the synthesis of leukotriene
antagonists15 and X-ray contrast agents.16 No change was seen
in the size or the morphology of the particles when 2-azidoacetic
acid was attached to the N-termini of DMEDA-PEG-DMEDA-
(MBA-DMEDA)n+1-PEG-DMEDA 3 and the complexes were formed
(data not shown).
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Scheme 2. Synthesis of the ‘RGD’-containing decapeptidyl (diphenylphosphanyl)methyl thiolate 7 and the Staudinger ligation product peptidylglycyl PEGylated polyami-
doamine block polymer 9.


Table 1
Dynamic light scattering, TEM and amino acid substitution for postcomplexation and precomplexation ligated DNA-complexed particles


DLS Polydispersity (relative standard deviation) TEM Amino acid substitution


Precomplexation ligation RGD (8) 118 nm 13.1 55 nm 9%
RGR (9) 103 nm 22.6 71 nm 0.4%


Postcomplexation ligation RGD (10) 146 nm 5.2 53 nm 46%
RGR (11) 94 nm 6.4 n.a. n.a.
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The (diphenylphosphino)methanethiol 6 was synthesised using
the method developed by Raines11 and gave comparable results.
The reagent was coupled to the ‘RGD’ and ‘RGR’ containing pep-
tides so that the targeting ligand could be ligated to the azide ter-
minated polymer. The Staudinger ligation was carried out under
aqueous conditions, for both the precomplexation and the post-
complexation ligated systems. After 24 h the reaction products
were purified to remove any unreacted peptides and by-products.
This was achieved by ultrafiltration for the precomplexation liga-
tion and dialysis for the postcomplexation ligation, due the small
sample volume. Attachment of the peptide was assessed by amino
acid analysis which showed the peptide had successfully ligated to
the polymer in both the precomplexation and the postcomplex-
ation ligation (Table 1). The 9% ligation was good for the precom-
plexation as the azide was in a relatively low concentration and
the efficiency of the reaction is typically considered to be lower

in water compared to a THF–water mix.11b Surprisingly, the liga-
tion was nearly five times higher, 46%, when assembled complexes
were used. We speculate that this is due to the azide functionality
being more accessible on the surface of the complexes allowing the
ligation to occur more efficiently. Precomplexation ligation using
the ‘RGR’-containing thioester peptide 8 was of unexpectedly low
efficiency (typically 0.4–2%), which is likely to be a result of reac-
tion variability and no attempts were made to optimise reaction
conditions. However, it is worth noting that, compared to the
‘RGD’-containing peptide 7, the peptide 8 is anticipated to be
highly cationic which may indeed negatively affect its ligation effi-
ciency with the cationic polyamidoamine block polymer.


DLS showed that small particles were formed, in which the
postcomplexation ligation particles were observed to be slightly
larger than the precomplexation particles. This may be due the
addition of the peptide on the surface affecting the hydration of
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Figure 3. Transfection of A549 cells (n = 6) and NIH 3T3 cells (n = 6) using ligated block-polyamidoamine–gWIZLuc plasmid (2:1) complexes.
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the particles or the thickness of the sterically stabilised PEG layer.
However, there was no significant difference in size when the par-
ticles were measured by TEM (Table 1). TEM showed that the pre-
complexation ligated particles appeared to display some loose
complexation and were not toroidal or spherical as seen with the
‘naked’ PEGylated polyamidoamine–plasmid complex (Fig. 1). This
implied that the presence of the peptide was disrupting the con-
densation between the DNA and the MBA-DMEDA backbone, lead-
ing to loosely formed nanoparticles. Adjusting the formulation may
lead to better condensed and well formed particles. The postcom-
plexation ligated particles formed small particles with toroidal
characteristics similar to the PEGylated nanoparticles with a simi-
lar diameter determined by DLS.

For the cell uptake studies, fluorescein-labelled RGDSPASSKP, in
which the 5-carboxyfluorescein was installed at the Lys-e-amino
group, was synthesised and used to gain an idea of how many
receptors were present on the cell. The integrin receptor expression
was found to be low. However, the level of fluorescence is in the ex-
pected range for the density of receptors reported for the cell type
used.17 The precomplexation and the postcomplexation particles,
prepared using YOYO-labelled gWIZLuc, were incubated with the
cells for 10 min and 4 h in order to gauge the binding and uptake
properties of the complexes, respectively (Fig. 2). The unmodified
complexes, which have no targeting moiety, gave an indication of
non-specific uptake. With the 3T3 cells, both the RGD precomplex-
ation and postcomplexation ligated particles showed greater up-
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take than the ‘naked’ unmodified or the RGR-ligated complexes
after 10 min. This implied that receptor binding is occurring.


In contrast, after 4 h incubation there was a substantial increase
in the binding and uptake of the complexes compared to the short
incubation time. Only the precomplexation ligated particles, in the
A549 cell line showed a higher uptake than the unmodified com-
plex. The 3T3 cell uptake and the postcomplexation ligated A549
cell uptake was less than unmodified complex uptake. This implied
that, following prolonged exposure, non-specific uptake is likely
the main method of internalisation of complexes.


Transfections of the polymer blend–gWIZLuc complexes into
A549 cells and 3T3 cells showed no significant change in the
transfection levels compared to the parent azido PEGylated pol-
yamidoamine 5 and did not restore the transfection levels seen by
(MBA-DMEDA)n. The small increase seen in the 3T3 cells is due to
increased non-specific interaction caused by the peptide on the sur-
face of the particles.18 The observed good uptake but poor transfec-
tion could be the result of the particles entering a recycling pathway
and not the lysosomal pathway, hence the plasmid is not delivered
effectively to the cell interior. Good uptake but poor transfection
has been reported previously by folate targeted DNA particles and
was attributed to uptake by a different pathway, resulting in the
plasmid not being delivered effectively to the cell interior.19 An-
other explanation is that the azido PEGylated polyamidoamine 5
particles show higher transfection than has been seen previously,
and is comparable with the (MBA-DMEDA)n complexes.5,6 These
particles have been optimised to form neat, toroidal and spherical
structures. The well formed particles and the addition of the peptide
ligand may have inhibited the release of the complexed plasmid. A
similar result has been reported by Clements et al.,20 where the use
of RGD ligand did not increase the transfection levels of their com-
plex, They suggested that this may be due to inhibited binding,
however our results suggest poor release of the plasmid DNA, as
we have shown both good particle formation and binding of the
targeted complexes to A549 and 3T3 cells.

4. Conclusions


The azido-terminated PEGylated polyamidoamine 5 polymer
and the 5:1 blend–DNA nanoparticles have been successfully con-
jugated with a peptide ligand via the Staudinger reaction. Formu-
lation has led to well formed, discrete nanoparticles with a small
size. The postcomplexation Staudinger ligation, demonstrated for
the first time in such a complex chemical environment, was supe-
rior to the precomplexation ligation both for efficiency of ligand
conjugation and in terms of ensuring surface localisation of ligand.
While a low level of binding of complexes to cells and uptake into
cells were seen, we could demonstrate neither specificity nor in-
creased transfection activity of the RGD decorated complexes. De-
spite these disappointing results with the RDG ligand, this modular
method of ligand attachment could be used to target other recep-
tors in order to improve the transfection efficiency of non-viral
gene delivery systems.

5. Experimental


5.1. Instrumentation


NMR spectra were recorded on a Bruker Ultrashield 400 spec-
trometer. The 13C spectra were proton decoupled. Chemical shifts
are reported in parts per million using a residual protic solvent
as an internal standard and coupling constants (J) are in Hz. Mass
spectra were recorded on a Micromass LCT. UV spectra were re-
corded using WPA lightwave UV machine and glass cuvettes with
a path length of 1.0 cm.

Flash column chromatography was carried out using silica gel
60 (40–63 lm) from Merck. Analytical TLC was performed using
precoated silica gel 60 (F254) aluminium sheets from Merck and
examined at 254 nm or by permanganate stain. HPLC was carried
out using Waters 510 pumps, Waters 484 detector and Kromasil
C8 analytical column (150 � 4.6 mm, 5 lm) at a flow rate of
1.0 ml min�1 and the effluent was monitored at 220 nm. Gradient
elution was from 10% to 50% B in 23 min, and the solvents used
were solvent A (0.06% v/v TFA in Milli-Q water) and solvent B
(0.06% v/v TFA in MeCN–Milli-Q water, 9:1 v/v).


Peptide synthesis was carried out in a 1 � 10 cm column (Kine-
sis) using a LKB NovaSyn Gem manual peptide synthesizer at a typ-
ical flow rate of 2.2 ml min�1 with post-column UV monitoring at
290 nm using a LKB Biochrom Ultraspec 4050 spectrometer. Acyl-
ation reactions were performed at ambient temperature and the
mixtures were intermittently stirred.


Luminescence was measured on a Turner TD-20E luminometer.
Protein concentration was measured at 595 nm using a Beckman
DU-640 UV spectrophotometer and analysed using Kineticalc ver-
sion 2.7. Dynamic light scattering was measured using either a
Malvern 4700 photo correlation spectrometer or Viscotek DLS with
Omnisize analytical software. Flow cytofluorimetry was carried out
using a Beckman coulter cytometer and analysed using EXPO 3.2
software.


5.2. Chemicals


Chemicals, biochemical reagents and solvents were purchased
from Sigma–Aldrich (Gillingham, UK) and Fischer Scientific UK Ltd
(Loughborough, UK). Fmoc amino acids, resin support and coupling
reagents were purchased from Novabiochem Merck Biosciences Ltd
(Nottingham, UK). Peptide synthesis grade DMF was purchased
from Rathburn Chemicals Ltd (Walkerburn, Scotland). The plasmid
gWIZLuc, containing the firefly luciferase gene was purchased from
Aldevron (South Fargo, USA) as a 1 mg ml�1 solution.


5.3. Synthetic procedures


5.3.1. Polyamidoamine:(N,N0-dimethylethylenediamine-alt-
N,N0-methylenebisacrylamide)-N-propionamidomethyl-
acrylamide, (MBA-DMEDA)n (1)


To a suspension of methylenebisacrylamide (3.10 g, 20.1 mmol)
and 4-methoxyphenol (0.010 g, 0.08 mmol) in distilled H2O
(10 ml) at 0 �C, N,N0-dimethylethylenediamine (2.08 ml, 19.6 mmol)
was added with vigorous stirring under N2 atmosphere. The mixture
was brought up to 27 �C and stirred for 30 min before being left to re-
act in the dark for 2 days. The viscous solution was diluted with
water and acidified to pH 2 with 1.0 M HCl(aq). The solutions were
stored at 4 �C before being purified by ultrafiltration and lyophilised
to afford a white plastic like solid (4.5 g). GPC: number average
molecular weight, Mn 5854, weight average molecular weight, MW


32,037, most frequent mass, MP 22,027, polydispersity index, PDI
5.47; dH (400 MHz, D2O) 2.73, 2.87 (s, NCH3), 3.44, 3.65, 4.50 (s,
NCH2N); dC (100 MHz, D2O) 29.09, 40.51, 44.22, 50.22, 52.70, 171.56.


5.3.2. Poly(ethylene glycol)bis(N-methyl-2-(methylamino)ethyl
carbamate), DMEDA-PEG-DMEDA (2)


Poly(ethylene glycol) 2000 (3.5 g, 1.75 mmol) and carbonyldi-
imidazole (1.16 g, 7.1 mmol) was dissolved in CHCl3 (20 ml) and
stirred for 20 min and N,N0-dimethylethylenediamine (1.86 ml,
17.5 mmol) was added. The solution was stirred overnight before
being concentrated and triturated with ether to produce a white
precipitate. This was collected by filtration and dried under vac-
uum to give the title product (2.75 g, 70%) as a white powder. dH


(400 MHz, D2O) 2.11 (s, NCH3), 3.59 (s, OCH2CH2O), 4.70 (s,
NCH2CH2).
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5.3.3. Poly(ethylene glycol)bis(N-methyl-2-(methylamino)ethyl
carbamate)-block-polyamidoamine:(N,N0-dimethylethylenedi-
amine-alt-N,N0-methylenebisacrylamide)-N-propionamido-
methyl-acrylamide-block-poly(ethylene glycol)bis(N-methyl-2-
(methylamino)ethyl carbamate), DMEDA-PEG-DMEDA-(MBA-
DMEDA)n+1-PEG-DMEDA (3)


The (MBA-DMEDA)n 1 (0.95 g, 0.029 mmol, MW 32,037) was dis-
solved in distilled H2O and DMEDA-PEG-DMEDA 2 (0.77 g,
0.35 mmol) was added. The solution was stirred for 24 h at room
temperature before the pH was adjusted to pH 2 using 1 M HCl(aq).
The triblock polymer was then purified by ultrafiltration and lyo-
philised to yield the title polymer (0.797 g). GPC: Mn 10,707, MW


39,849, MP 28,436, PDI 3.72; dH (400 MHz, D2O) 2.73, 2.87, 3.44,
3.58, 3.65, 4.50; dC (100 MHz, D2O) 29.09, 40.51, 44.22, 50.22,
52.70, 69.54, 171.56.


5.3.4. 2-Azidoacetic acid (4)
Sodium azide (0.98 g, 15 mmol) was dissolved in water (10 ml)


and cooled on an ice bath. Bromoacetic acid (1.04 g, 7.5 mmol) was
added to the mixture and was stirred at 5 �C for 2 h before being
brought up to room temperature and allowed to react for 24 h.
The mixture was acidified to pH 5 with 1 M HCl(aq), extracted into
diethyl ether (3� 30 ml). The ethereal extract was dried and evap-
orated to dryness to give 2-azidoacetic acid (0.730 g, 89%) as a pale
yellow oil. mmax (cm�1) 1662s, 2110w; dH (400 MHz, CDCl3) 2.51 (s,
CH2); dC 49.99, 174.44; m/z (ES+, HRMS) found MH+ 102.1008,
Calcd for C2H4N3O2


þ 102.0298.


5.3.5. N-2-Azidoacetyl-poly(ethylene glycol)bis(N-methyl-2-
(methylamino)ethyl carbamate)-block-polyamidoamine: (N,N0-
dimethylethylenediamine-alt-N,N0-methylenebisacrylamide)-N-
propionamidomethyl-acrylamide-block-N-2-azidoacetyl-poly-
(ethylene glycol)bis(N-methyl-2-(methylamino)ethyl carbamate)
(5)


DMEDA-PEG-DMEDA-(MBA-DMEDA)n+1-PEG-DMEDA 3
(100 mg, 0.0025 mmol) was dissolved in CH2Cl2 and carbonyldiim-
idazole (0.5 mg, 0.0030 mol) was added. The solution was stirred
for 30 min, after which azidoacetic acid 4 (2.5 mg, 0.025 mmol)
was then added and the resultant solution was stirred for a further
72 h. The solution was concentrated, diluted with water (10 ml),
washed with chloroform (3� 20 ml). The aqueous extract was then
evaporated to dryness, the residual material triturated with diethyl
ether, and finally redissolved in distilled water (20 ml). The solu-
tion was lyophilised to give the title compound as a white solid
(82 mg). mmax (cm�1) 1662s, 2110w.


5.3.6. N-9-Fluorenylmethoxycarbonyl-prolyl-oxychlorotrityl
poly(styrene)


The 2-chlorotrityl chloride poly(styrene) resin (0.429 g,
0.60 mmol, 1.4 mmol g�1, 100–200 mesh, 1% DVB)13 and Fmoc-
Pro-OH (0.202 g, 0.6 mmol) were placed in a round bottom flask
and dried in vacuo for 1 h. The solvent CH2Cl2 (10 ml) was added
followed by N,N-diisopropylethylamine (154 ll, 0.90 mmol, DIEA),
and the resultant mixture was stirred for 2 h. MeOH (1.0 ml) was
added and the mixture stirred for a further 10 min. The resin was
collected, washed with DMF (10� 1 ml), CH2Cl2 (10� 1 ml) and
hexane (10� 1 ml), dried in vacuo to give the resin product
(0.606 g) and stored at 4 �C. The amino acid loading, determined
by Fmoc substitution level13b was found to be 0.78 mmol g�1.


5.3.7. Boc-Arg(Pbf)-Gly-Asp(OtBu)-Ser(tBu)-Pro-Ala-Ser(tBu)-
Ser(tBu)-Lys(Boc)-Pro-OH


Fmoc-Pro-oxychlorotrityl poly(styrene) (0.385 g, 0.30 mmol,
0.78 mmol g�1) was used for the construction of the protected dec-
apeptide by standard solid-phase peptide synthesis (SPPS) meth-
odology.13 The amino acid residues were installed using N-Fmoc-

protected amino acids, and activated using TBTU/HOBt/DIEA
(1:1:2 equiv) in DMF; the activated amino acids were used in five-
fold excess and the coupling reactions were typically allowed to
proceed for 2–3 h. Repetitive Fmoc-deprotection was effected by
20% v/v piperidine in DMF for 10–15 min. The N-terminal capping
was achieved using di-tert-butyl dicarbonate (0.655 g, 3.0 mmol)
in DMF for 2 h. The protected peptidyl resin was collected and
dried in vacuo, followed by treatment with TFA/Et3SiH/CH2Cl2


(1:1:98 v/v, 10 ml) for 1 h at ambient temperature. The mixture
was filtered in a solution of pyridine (150 ll) in MeOH (7.5 ml).
The filtrate was evaporated to dryness in vacuo, triturated with
water and the residual material was collected to give the protected
peptide (0.236 g, 47%) as a white solid. A portion of the protected
peptide (5 mg) was treated with TFA/H2O/Et3SiH (45:4:1 v/v,
2.5 ml) for 2 h, followed by evaporation to dryness and trituration
with diethyl ether to afford H-Arg-Gly-Asp-Ser-Pro-Ala-Ser-Ser-
Lys-Pro-OH (2 mg) as a white solid. HPLC: tR 3.66 min; m/z (ES+,
HRMS) found MH+ 1001.5825 Calcd for C40H69 N14O16


þ 1001.5011.


5.3.8. Boc-Arg(Pbf)-Gly-Arg(Pmc)-Ser(tBu)-Pro-Ala-Ser(tBu)-
Ser(tBu)-Lys(Boc)-Pro-OH


Fmoc-Pro-oxychlorotrityl poly(styrene) (0.282 g, 0.20 mmol,
0.706 mmol g�1) was used for the construction of the protected
‘RGR’-decapeptide by SPPS methodology13 outlined above. The
protected peptidyl resin was collected, dried in vacuo and treated
with TFA/Et3SiH/CH2Cl2 (1:1:98 v/v, 10 ml) for 1 h at ambient tem-
perature. The mixture was filtered in a solution of pyridine (150 ll)
in MeOH (7.5 ml). The filtrate was evaporated to dryness in vacuo,
triturated with water and the residual material was collected to
give the title protected peptide (0.270 g, 70%) as a white solid. A
portion of the protected peptide (5 mg) was treated with TFA/
H2O/Et3SiH (45:4:1 v/v, 2.5 ml) for 2 h, evaporated to dryness
and triturated with diethyl ether to afford H-Arg-Gly-Arg-Ser-
Pro-Ala-Ser-Ser-Lys-Pro-OH (2.4 mg) as a white solid. HPLC: tR


3.74 min; m/z (ES+, HRMS) found MH+ 1042.4474 Calcd for
C42H76 N17O14


þ 1042.5752.


5.3.9. H-Arg-Gly-Asp-Ser-Pro-Ala-Ser-Ser-Lys(fluorescein-5-
carbonyl)-Pro-OH


Fmoc-Pro-oxychlorotrityl poly(styrene) (0.144 g, 0.10 mmol,
0.686 mmol g�1) was used for the construction of above fluores-
cein-labelled ‘RGD’-peptide. The Lys residue was installed using
the pseudo-orthogonally protected Fmoc-Lys(ivDde)-OH.21 Follow-
ing assembly and N-capping, the N-ivDde group was removed
using 3–5% v/v NH2NH2�H2O in DMF for 10 min. The peptidyl resin
was then treated with 5-carboxyfluorescein (94 mg, 0.25 mmol)–
7-aza-1-hydroxybentriazole, HOAt22 (34 mg, 0.25 mmol)–N,N0-
diisopropylcarbodiimide (0.046 ml, 0.3 mmol) in DMF (2 ml) and
stirred gently overnight. The resin product was then washed with
20% v/v piperidine in DMF (2 ml min�1) for 10–15 min, washed
with DMF, collected and dried in vacuo. A sample of the peptidyl
resin (103 mg) was treated with TFA/H2O/Et3SiH (45:4:1 v/v,
10 ml) for 2 h, followed by evaporation to dryness and trituration
with diethyl ether to afford the titled fluorescein-labelled ‘RGD’-
peptide (31 mg) as a bright yellow solid. HPLC: tR 10.83 min; m/z
(ES+, HRMS) found MH+ 1359.4891 Calcd for C61H79N14O22


þ


1359.5488.


5.3.10. S-Bromomethyl ethanethiolate
A mixture of thioacetic acid (4.00 g, 58 mmol) and paraformal-


dehyde (1.78 g) heated at 80 �C overnight. The mixture was then fil-
tered by gravity and the resultant yellow oil was cooled in an ice
bath under nitrogen. Phosphorus tribromide (10.70 g, 39.5 mmol)
was added slowly keeping the temperature <5 �C. The solution
was stirred at 0 �C for 10 min before being warmed to room temper-
ature. The mixture was then poured into ice water (10 ml) and ex-
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tracted into diethyl ether (3� 20 ml). The organic extract was
washed with water (2� 50 ml), dried, concentrated and purified
by column chromatography (silica, ether) to give pure S-bromo-
methyl ethanethiolate (5.57 g, 57%) as a yellow oil. The product
was stored in a nitrogen atmosphere below 4 �C. dH (400 MHz,
CDCl3) 2.42 (3H, s, CH3) 4.75 (2H, s, CH2) TLC: Rf 0.775 (ether).


5.3.11. Borane–S-(diphenylphosphanyl)methyl ethanethiolate
complex


NaH (0.754 g, 22.4 mmol, 70% dispersion in oil) was placed in a
two-necked round bottom flask connected to a nitrogen bubbler.
The NaH was washed three times with hexane, dissolved in DMF
(10 ml) and the mixture was cooled to 0 �C. Borane diphenylphos-
phine complex (4.5 g, 22.4 mmol) in DMF (3 ml) was added slowly
keeping the mixture below 5 �C. The S-bromomethyl ethanethiolate
(3.74 g, 22.4 mmol) was then added and the mixture stirred at 0 �C
for 10 min before being allowed to warm to room temperature.
The mixture was stirred for a further 24 h, concentrated, redissolved
in EtOAc (70 ml), filtered and evaporated to dryness. The crude prod-
uct was purified by column chromatography (silica, EtOAc/hexane
1:10), to give required borane–thiolacetic acid ester complex11c


(2.854 g, 44%) as a clear oil. dH (400 MHz, CDCl3, P decoupled)
0.51–1.68 (3H, br m, BH3), 2.28 (3H, s, CH3), 3.74 (2H, d, J = 6 Hz,
CH2), 7.47–7.53 (6H, m, Ph) 7.73–7.74 (4H, m, Ph); dC (100 MHz,
CDCl3) 24.15 (d, J = 35.5 Hz, 30.46, 127.97 (d, J = 55.2 Hz), 129.28
(d, J = 10.2 Hz), 132.19 (d, J = 2.6 Hz), 132.85 (d, J = 9.3 Hz), 193.64;
m/z (ES+, HRMS) found MH+ 289.0509 Calcd for C15H19BOPS+


289.0981.


5.3.12. S-(Diphenylphosphanyl)methyl ethanethiolate
The above borane–phosphanylmethyl ethanethiolate complex


(182 mg, 0.633 mmol) was dissolved in toluene (3 ml) and stirred
under N2. DABCO in toluene (3 ml) was added and the mixture
was stirred at 40 �C for 4 h. The solution was then evaporated to
dryness and redissolved in chloroform (20 ml). This solution was
then washed with 1 M HCl (2� 10 ml) and brine (10 ml), dried,
evaporated to yield (diphenylphosphanyl)methyl thiolacetate11c


(120 mg, 69%) as a clear viscous oil, and was used without further
purification. dH (400 MHz, CDCl3, P decoupled) 2.30 (3H, s, CH3),
3.52 (2H, s, CH2), 7.35–7.36 (6H, m, Ph ) 7.42–7.47 (4H, m, Ph);
dC (100 MHz, CDCl3) 26.38 (d, J = 23.2 Hz), 30.85, 129.33 (d,
J = 7.2 Hz), 129.69, 133.28 (d, J = 18.9 Hz), 137.33 (d, J = 13.7 Hz),
195.22; TLC: Rf 0.15 (EtOAc/hexane 10:1). HPLC: Rf 8.84 min; m/z
(ES+, HRMS) found MH+ 275.0062 Calcd for C15H16OPS+ 275.0654.


5.3.13. (Diphenylphosphino)methanethiol (6)
The above (diphenylphosphanyl)methyl thiolacetate (119 mg,


0.43 mmol) was dissolved in degassed MeOH (3 ml) and stirred un-
der nitrogen. A solution of aqueous NaOH (5 M in degassed water,
2 ml) was added and the solution was stirred for 2 h before being
concentrated and redissolved in chloroform (20 ml). The organic
solution was washed with a mixture 1 M HCl(aq) and brine (3�
10 ml), dried over MgSO4 and evaporated to dryness. The crude
product was then rapidly purified by column chromatography (sil-
ica, degassed EtOAc/hexane 3:1) to give the title compound11b


(40 mg, 40%) as a colourless viscous oil. dH (400 MHz, CDCl3, P decou-
pled) 1.40 (1H, t, J = 8.0 Hz, SH), 3.06 (2H, d, J = 7.5 Hz, CH2), 7.36–
7.38 (6H, m, Ph) 7.42–7.45 (4H, m, Ph); dC (100 MHz, CDCl3) 20.86
(d, J = 23.7 Hz), 128.59, 128.65, 129.15, 132.79 (d, J = 18.5 Hz); TLC:
Rf 0.15 (EtOAc/hexane 1:10), Rf 0.66 (EtOAc/hexane 1:3); m/z (ES+,
HRMS) found MH+ 233.0522 Calcd for C13H14PS+ 233.0548.


5.3.14. H-Arg-Gly-Asp-Ser-Pro-Ala-Ser-Ser-Lys-Pro-
(diphenylphosphanyl)methyl thiolate (7)


To a solution of Boc-Arg(Pbf)-Gly-Asp(tBu)-Ser(tBu)-Pro-Ala-
Ser(tBu)-Ser(tBu)-Lys(Boc)-Pro-OH (65 mg, 0.039 mmol) in chloro-

form was added N-poly(styrene)methyl-N0-cyclohexylcarbodii-
mide (76 mg, 0.13 mmol; 1.7 mmol g�1, 200–400 mesh, 2% DVB),
HOBt (9.6 mg, 0.071 mmol) and 4-(N,N-dimethylamino)pyridine,
DMAP (1.0 mg, 0.008 mmol). The mixture was stirred for 30 min,
after which (diphenylphosphino)methanethiol 6 (45 mg,
0.19 mmol) was added, and the mixture was stirred for a further
48 h. The mixture was filtered, the filtrate evaporated to dryness,
and the residual material triturated with water. The resulting solid
was dissolved in the mixture TFA/H2O/Et3SiH (45:4:1 v/v, 10 ml)
and left for 4 h. The mixture was evaporated to dryness and the
residual material was triturated with diethyl ether to give an
off-white solid. The solid was dissolved in water and lyophilised
to yield H-Arg-Gly-Asp-Ser-Pro-Ala-Ser-Ser-Lys-Pro-SCH2PPh2


(42 mg, 88%). HPLC: tR 16.76, 17.34 min (2:1); m/z (ES+, HRMS)
found MH+ 1215.5190 and 1215.5458 Calcd for C53H80N14O15PS+


1215.5380.


5.3.15. H-Arg-Gly-Arg-Ser-Pro-Ala-Ser-Ser-Lys-Pro-
(diphenylphosphanyl)methyl thiolate (8)


A solution of Boc-Arg(Pbf)-Gly-Arg(Pmc)-Ser(tBu)-Pro-Ala-
Ser(tBu)-Ser(tBu)-Lys(Boc)-Pro-OH (15 mg, 0.008 mmol) in chlo-
roform (4 ml) was added N-ethyl-N0-(3-dimethylaminopro-
pyl)carbodiimide�HCl (4 mg, 0.021 mmol), HOBt (2.25 mg,
0.016 mmol) and DMAP (0.3 mg, 0.0024 mmol), and resultant
mixture was allowed stirred for 30 min. (Diphenylphosphino)-
methanethiol 6 (10 mg, 0.043 mmol) was then added and the
mixture was stirred for 48 h. The solution was evaporated to
dryness and the residual material was triturated with water.
The resulting solid was dissolved in the mixture TFA/H2O/Et3SiH
(45:4:1 v/v, 10 ml) and left for 4 h. The solution was evaporated
to dryness and the residual material was triturated with diethyl
ether to give an off-white solid. The solid was dissolved in water
and lyophilised to afford the peptide thioester H-Arg-Gly-Arg-
Ser-Pro-Ala-Ser-Ser-Lys-Pro-SCH2PPh2 (9.8 mg, 98%). HPLC: tR


14.6 min; m/z (ES+, HRMS) found MH+ 1254.5745 Calcd for
C55H87N17O13PS+ 1256.6122.


5.3.16. N-(H-Arg-Gly-Asp-Ser-Pro-Ala-Ser-Ser-Lys-Pro-Gly)-poly-
(ethylene glycol)bis(N-methyl-2-methylamino)ethyl carbamate)-
block-polyamidoamine:(N,N0-dimethylethylenediamine-alt-N,N0-
methylenebisacrylamide)-N-propionamidomethyl-acrylamide-
block-N-(H-Arg-Gly-Asp-Ser-Pro-Ala-Ser-Ser-Lys-Pro-Gly)-poly-
(ethylene glycol)bis(N-methyl-2-(methylamino)ethyl carbamate)
(9)


The azidoacetyl-modified polymer 5 (39 mg) and H-Arg-Gly-
Asp-Ser-Pro-Ala-Ser-Ser-Lys-Pro-SCH2PPh2 7 (5.0 mg, 0.004 mmol)
were dissolved in phosphate buffer saline (2 ml) and allowed to re-
act overnight. The resulting solution was then purified by ultrafil-
tration at 5000 rpm (3 � 10 min). The solution was then lyophised
to yield a white plastic like solid (28 mg, 71% w/w). Amino acid
analysis: 9% substitution.


5.3.17. N-(H-Arg-Gly-Arg-Ser-Pro-Ala-Ser-Ser-Lys-Pro-Gly)-poly-
(ethylene glycol)bis(N-methyl-2-(methylamino)ethyl carbamate)-
block-polyamidoamine:(N,N0-dimethylethylenediamine-alt-N,N0-
methylenebisacrylamide)-N-propionamidomethyl-acrylamide-
block-N-(H-Arg-Gly-Arg-Ser-Pro-Ala-Ser-Ser-Lys-Pro-Gly)-poly-
(ethylene glycol)bis(N-methyl-2-(methylamino)ethyl carbamate)
(10)


The azidoacetyl-modified polymer 5 (25 mg) and H-Arg-Gly-
Arg-Ser-Pro-Ala-Ser-Ser-Lys-Pro-SCH2PPh2 8 (5.0 mg, 0.004 mmol)
were dissolved in phosphate buffer saline (2 ml) and allowed to re-
act overnight. The resulting solution was then purified by ultrafil-
tration at 5000 rpm (3 � 10 min). The solution was then lyophised
to yield a white plastic like solid (23 mg, 92% w/w). Amino acid
analysis: 0.4% substitution.
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5.4. Fluorescent tagging of DNA


gWIZLuc (100 ll, 5 mg ml�1) was mixed with YOYO the solution
(20 ll, 1 mM in DMSO) by vortex and incubated at 4 �C for 24 h.
The labelled DNA was stored at 4 �C for future use.


5.5. Gel permeation chromatography


Tris/NaCl solution was prepared from Tris acetate (12.1 g l�1,
0.1 M) and sodium chloride (11.7 g l�1, 0.2 M) and filtered through
0.22 lm filter and purged with N2. TSK G3000 and TSK G4000 pw
columns were attached to the pump in series and equilibrated with
Tris/NaCl at 0.6 ml min�1. Solutions of PEG 8600, PEG 23000, PEG
40000 (1 mg ml�1) were prepared using Tris/NaCl buffer, and were
used to generate a linear calibration curve. The polyamidoamine
samples were then analyzed to determine the molecular weight
and polydispersity.


5.6. Polymer:gWIZLuc complex preparation


Unless otherwise stated the complexes where prepared by add-
ing a solution of the polymer to a dilute solution of the DNA in the
required amounts to produce the complexes required at the correct
repeating unit (RU):DNA nucleotide ratio. This was calculated from
the following equation:

Amount of polymer ¼ ½RU MWpolymer=RU MW DNA� � ratio


� Amount of DNA

The RU MWDNA is taken as 308 (mean molecular weight of the
nucleotides) and RU MWpolymer for MBA-DMEDA as 315.


5.7. Gel retardation electrophoresis


Complexes were produced at a range of ratios by adding the re-
quired amount of polymer to gWIZLuc (2 ll) and tris acetate buffer
(TAE, 16 ll). The solution was mixed by vortex and allowed to form
for 30 min before gel loading buffer (3 ll) was added. The complexes
(10 ll) were loaded into 0.8% agarose gel (1.6 g in 250 ml TAE) con-
taining 1% ethidium bromide. The gel was developed at 100 V for
60 min using TAE as the running buffer. The gels were then visual-
ised using a UV transilluminator to visualise the DNA before being
stained with Brilliant blue R250 (0.5 g in methanol/glacial acetic
acid/distilled water; 250:50:50 ml) for 1 h and destained (metha-
nol/glacial acetic acid/distilled water; 1:1:1 v/v) overnight.


5.8. Formulation


Polymer blends were prepared using the equation:

Vpol 1 ¼ ½MWpol 1=MWpol 2� � ratio� Vpol 2

where V is volume of polymer required and MW is the RU molecular
weight.


The individual polymers were in 1 mg ml�1 stock solutions, and
a single portion of azido-terminated polymer 5 was aliquotted into
polyamidoamine (MBA-DMEDA)n 1.


5.9. Staudinger ligation to postassembled complexes


5.9.1. Postcomplexation RGD-modified particles (11)
The 5:1–DNA complexes were prepared and left for 30 min. The


decapeptidyl thioester H-Arg-Gly-Asp-Ser-Pro-Ala-Ser-Ser-Lys-
Pro-SCH2PPh2 7 (ca. threefold excess) was added to the solution
and allowed to react overnight. The resulting solution was then
purified by ultrafiltration 5000 rpm (3 � 10 min) or by dialysis
overnight. Amino acid analysis: 48% substitution.

5.9.2. Postcomplexation RGR-modified particles (12)
The 5:1–DNA complexes were prepared and left for 30 min. The


decapeptidyl thioester H-Arg-Gly-Agr-Ser-Pro-Ala-Ser-Ser-Lys-
Pro-SCH2PPh2 8 (ca. threefold excess) was added to the solution
and allowed to react overnight. The resulting solution was then
purified by ultrafiltration 5000 rpm (3 � 10 min) or by dialysis
overnight.


5.10. Particle size analysis


Single aliquots of the polymer was added to gWIZLuc (4 ll) and
1/10 PBS (50 ll) in a Uvette� and gently mixed. The size and poly-
dispersity was then determined by dynamic light scattering using a
DLS.


5.10.1. Transmission electron microscopy
Complexes were prepared by adding polymer to gWIZLuc (4 ll)


and 1/10 PBS (500 ll) and incubated for 30 min. A drop of the solu-
tion was placed a copper grid coated with Pioloform resin, left for
1 min, the excess liquid was removed and the process repeated.
After air drying, the grid was inverted in uranyl acetate for
20 min. The grid was washed in 50% ethanol(aq) twice followed
by water. The excess water was removed by blotting and the grids
were air dried. The grids were examined using a JEOL JEM-1010
transmission electron microscope. Images were taken between
20,000 and 120,000� using a Kodak megaplus digital camera and
analysed using Analysis 3.0 software.


5.11. Biological evaluation


5.11.1. Cell lines and routine subculture
A549 cells (ECACC No. 86012804) and NIH 3T3 cells (ECACC No.


93061524) were routinely cultured in DMEM supplemented with
10% heat inactivated foetal calf serum, antibiotics and antimicrobi-
als, 3T3 cells were also supplemented with L-glutamine, at 37 �C
and 5% CO2. The cell lines were subcultured every seven days at
a ratio of 1:20, using trypsin EDTA to remove cells from flask
surface.


5.11.2. Cell fixation
A549 and 3T3 cells were grown to confluence in T75 flasks. The


cells were detached using trypsin/EDTA and ultrafitration at
5000 rpm for 5 min. The cells were washed with PBS and sus-
pended in 4% paraformaldehyde(aq) before being incubated at
37 �C for 10 min followed by 4 �C for 10 min. The cells were ultra-
filtered at 5000 rpm for min and washed twice with PBS and stored
at 4 �C.


5.11.3. Fluorescence microscopy
3T3 and A549 cells were seeded into a 6-well plate at a density


of 105 cells per well, and grown for 24 h. Complexes were prepared
as previously described, 300 ll of the complex was added to DMEM
(3 ml). The media was removed for the cells, washed with PBS and
then replaced with the complexes (1 ml � 2 wells). The cells were
incubated for 4 h then examined using a Nikon microscope and a
mercury lamp at 500� magnification.


5.11.4. Cell binding studies
A549 were grown in a T75 flask cells were fixed using parafor-


maldehyde and resuspended in 5 ml of PBS. 500 ll aliquots were
treated with native 3:1-derived particles, unmodified 5:1-derived
particles, RGD precomplex modified particles, RGD postcomplex
modified particles, RGR postcomplex modified particles and RGD
fluorescein-labelled peptide for 10 min. The cells were ultrafiltered
at 5000 rpm for 5 min in an MSE Centaur centrifuge, washed twice
with PBS and resuspended in 300 ll of PBS. The cells were read in a
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cytofluorometer and analysed using EXPO software. The same pro-
cess was repeated using 3T3 cells.


5.11.5. Uptake experiments
A549 cells were seeded into 6-well plates at 250,000 cells per


well and incubated at 37 �C for 24 h. The native 3:1-derived parti-
cles, unmodified 5:1-derived particles, RGD precomplex modified
particles, RGD postcomplex modified particles, RGR postcomplex
modified particles and the fluorescein-labelled ‘RGD’-peptide
(1 mg ml�1) were prepared and diluted in 1.0 ml DMEM. The com-
plexes were added to the cells and incubated at 37 �C for 10 min.
The cells were washed twice with PBS before being loosened with
trypsin/EDTA (300 ll). The cells were centrifuged at 5000 rpm for
5 min, washed with PBS, resuspended in 4% paraformaldehyde(aq)


(600 ll) and incubated at 37 �C for 10 min followed by 4 �C for
10 min. The cells were centrifuged at 5000 rpm for 5 min washed
twice with PBS and resuspended in PBS (300 ll). The cells were
read by cytofluorometry and analysed using EXPO software. The
method was repeated incubating the cells for 4 h and using 3T3
cells at both 10 min and 4 h.


5.11.6. Transfections
A549 or 3T3 cells were seeded into 6-well plates at a density of


50,000 cells per well and grown for 24 h to reach 60–70% conflu-
ence. Complexes were prepared as previously described in 300 ll
using 4 lg of gWIZLuc and were added to OptiMEM buffer (3 ml).
Complexes of LipofectAMINETM were prepared using 4 lg gWIZLuc
according to the manufacturer’s protocol. The medium was aspi-
rated from the cells and rinsed with PBS (1.0 ml). The complexes
were added to the wells (1.0 ml � 3 wells) and incubated for 4 h
at 37 �C. The media was then aspirated off the cells, was replaced
with fresh DMEM (2.0 ml) and the cells were then incubated for
a further 48 h. Concentrated (5�) cell lysis buffer (Promega) was
diluted with distilled water to give a ‘1�’ solution. The media
was removed from the cells and the cells washed with PBS
(1.0 ml) before cell culture lysis buffer was added (400 ll) and left
for 1 min. The cell lysate was collected into centrifuge vials and
centrifuged at 13,000 rpm for 5 min using a bench top microcentri-
fuge and the supernatant was collected.


5.11.6.1. Luciferase activity. The luciferase activity was measured
by mixing the cell lysate (20 ll) with Luciferin reagent (100 ll) in a
scintillation vial and measured using a luminometer calibrated
with luciferin reagent (100 ll). Each sample was measured three
times and the average value used in analysis.


5.11.6.2. Bradford assay. A solution of lysis buffer (1:10, 10.0 ml)
was prepared and used to make bovine serum albumin standards
of 0.3, 0.2, 0.1, 0.05, 0.025, 0.0125, 0.00625 and 0.003125 mg ml�1


from a stock solution (1 mg ml�1). Solutions of all the samples
were prepared (3� 200 ll) using the distilled H2O so that they
were diluted by a factor of 10. Samples and standards (10 ll) were
transferred into a 96-well plate and Bradford assay reagent (200 ll)

was added, the solutions were incubated in the dark for 15 min be-
fore being read at 595 nm using a plate reader.
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