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Abstract—The combination of NMR spectroscopy and molecular modeling studies provided the putative bioactive conformation
for the analgesic cannabinoid (CB) ligand (�)-2-(6a,7,10,10a-tetrahydro-6,6,9-trimethylhydroxy-6H-dibenzo[b,d]pyranyl)-2-hexyl
1,3-dithiolane which served as a template in reported three-dimensional quantitative structure–activity relationship (3D QSAR)
studies [Durdagi et al., J. Med. Chem. 2007, 50, 2875]. The reported 3D models of the CB1 receptor allowed us to construct a
new 3D QSAR model based on theoretical calculations and molecular docking studies. Statistical comparison of the constructed
two 3D QSAR studies showed the improvement of the new model. In addition, the new model can explain more effectively the exper-
imental data and thus it can serve more efficiently in the rational drug design of pharmacologically optimized CB analogues.
� 2007 Elsevier Ltd. All rights reserved.

In a previous study,1 we reported the three-dimensional
quantitative structure–activity relationship (3D QSAR)
results of novel cannabinoid (CB) analogues using con-
former a (left in Fig. 1) of (�)-2-(6a,7,10,10a-tetrahydro-
6,6,9-trimethylhydroxy-6H-dibenzo[b,d]pyranyl)-2-hexyl
1,3-dithiolane (12 in Table 1) as a template ligand.
Determination of the conformation of the template
compound is one of the critical steps in 3D QSAR stud-
ies. In the above-mentioned study, the conformation of
12 used as a template was derived by applying a combi-
nation of NMR and molecular modeling studies.2


The knowledge of the receptor structure is not a prere-
quisite for 3D QSAR analysis, however, the availability
of its crystal structure or 3D model facilitates the struc-
ture alignment, and can provide statistically more reli-
able models.3,4 3D models of the CB1 receptor were
constructed by Shim et al.5 and Tuccinardi et al.6 with
a molecular modeling procedure using the X-ray struc-
ture of bovine rhodopsin7 as the initial template and
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taking into account the available site-directed mutagen-
esis data. These groups studied different CB classes,
however, they found them to interact at an active site
with similar homologies. Although the more recent 3D
model of the CB1 receptor was used for the molecular
docking studies, the active site residues are determined
considering both models mentioned above. The active
site in the docking runs included all atoms within a
radius of 5.5 Å around the critical amino acids
(Phe174, Leu190, Lys192, Leu193, Gly195, Val196,
Thr197, Phe200, Thr201, Pro251, Trp356, Leu359,
Ser383, Cys386, and Leu387).


The receptor model obtained by Tuccinardi et al.6 was
complexed with the low energy conformers of high affin-
ity CB ligand 12. Low energy conformers of 12 were ob-
tained using a Monte Carlo (MC) conformational
search analysis. MC simulations were performed using
QUANTA/CHARMm (version 4.2 from MSI) soft-
ware8,9 to investigate the complete conformational space
of 12. The application of MC analysis, which allows full
angular window specification and random change of all
flexible dihedral angles responsible for the flexibility,
generated 1000 conformers of 12. Generated conformers
were consequently subjected to the full geometry optimi-
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Figure 1. Molecular structure of 12 and its putative bioactive conformation a derived from a combination of molecular modeling and experimental


NMR spectroscopy and conformation b derived from a combination of molecular modeling and molecular docking studies.
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zation and these conformers are grouped into eight clus-
ters. From each cluster, the lowest-energy conformer
was selected and subjected to docking with the CB1
receptor.


The CB1 receptor has two available sites (S1 and S2) for
accommodating CB ligands (Fig. 2). (i) S1 site: contains
a cavity with a �7 Å depth and accommodates the alkyl
chain segment of the CB analogue. Our findings are in
accordance with previous observations10 which show
that extension of five-carbon atom chain of tetrahydro-
cannabinol (THC) by one or two carbon atoms (opti-
mum alkyl chain length is �7 Å) improves binding,
while further extension (>7 Å) is detrimental due to ste-
ric hindrance and (ii) S2 site: contains a cavity with a
�10 Å depth and accommodates the alkyl chain seg-
ment of the CB ligand.


Flexible docking has been employed to the lowest-en-
ergy conformers of 12 using the FlexX docking algo-
rithm of SYBYL molecular modeling package.11


FlexX is a docking method that uses an efficient incre-
mental construction algorithm in order to optimize the
interaction between a flexible ligand and rigid binding
site residues of a receptor. Population analyses of dock-
ing results showed that conformer b (right in Fig. 1) had
the highest percentage of conformation in the active site
of receptor. Thus, we examined conformer b of com-
pound 12 as a template ligand at the 3D QSAR analysis.


After acquiring the highest percentage of conformation
(conformer b) in the active sites of the CB1 receptor,

we applied 3D QSAR/comparative molecular similarity
indices analysis (CoMSIA)12 studies using conformer b
of template ligand 12. The aim of applying the 3D
QSAR/CoMSIA method is to derive indirect binding
information from the correlation between the biological
activity of a training set of compounds and their 3D
structures.1,13 The importance of steric and electrostatic
characteristics is revealed by aligning structurally similar
analogues using pharmacophoric features as structural
superimposition guides.10,13 CoMSIA calculates similar-
ity indices around the molecules, with the similarity
expressed in terms of different physicochemical proper-
ties, such as steric occupancy, partial atomic charges,
local hydrophobicity, and hydrogen bond donor and
acceptor properties.12–14


Several variations in the alignment schemes by superim-
posing the structurally similar pharmacophoric features
are considered. C1, C2, C3, C4, C4a, C6a, C7, C10, C10a,
C10b and the oxygen atoms in the template conformers
of 12 are selected for the structural superimposition pro-
cesses.1 The alignment of the molecules was based on an
atom-by-atom superimposition of selected atoms, which
are common in all compounds in the training set. The
criteria applied for the selection were: (i) overlap of
the putative biologically relevant pharmacophore
groups (with minimum RMS) and (ii) form of statisti-
cally significant 3D QSAR/CoMSIA models.1 Figure 3
shows the superimpositions of CB analogues used as a
training set to construct 3D QSAR/CoMSIA models
based on the conformers a and b of template ligand
12, respectively.







Table 1. Molecular structures and binding affinity Ki values for CB analogues used in analyses of CoMSIA models15–19
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HO R
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Compound R Ki for CB1 receptor (nM) Compound Ki for CB1 receptor (nM)


1 95.49 2 638.1


3 119.0
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5 11.73 6 753.5
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Table 1 (continued)


Compound R Ki for CB1 receptor (nM) Compound Ki for CB1 receptor (nM)


16 S S 1.80


17 SS 32.30


18 0.45


19 47.60 20 1265.0


21 22.00


22 0.83


23 0.44 24 58.68


25 Cl


Cl


1.27 26 666.4


27 Br


Br


0.71 28 189.0


29


O


21.70


30 2.17
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In order to build 3D QSAR/CoMSIA models for the
binding affinity (Ki) at the CB1 receptor, a set of 30
D8-THC and cannabidiol (CBD) analogues15–19 (Table
1) were analyzed using the QSAR option of SYBYL.11


The logarithmic values of 1/Ki (pKi) were used in the
3D QSAR correlations, as they are related to changes
in the free energy of binding. Cross-validated partial
least-squares (PLS) analyses were applied for both
models (using the template ligand as conformers a

and b of 12). Steric and electrostatic field columns
of CoMSIA are created automatically by SYBYL.
The same CoMSIA settings, PLS analyses, and valida-
tions have been applied as in a previously reported
study.1 A very high correlation was observed for both
models as it is demonstrated by the high values of r2


(Table 2). Additionally, the credibility of the models is
proved by the high values of cross-validated r2ðr2


cvÞ
(Table 2).







Figure 2. Two cavities S1 and S2 are observed at the active site of the


CB1 receptor: (i) S1 site: contains a cavity with a �7 Å depth and


accommodates alkyl chain segment of CB ligand. (ii) S2 site: contains a


cavity with a �10 Å depth and accommodates alkyl chain segment of


CB. (LP, lipophilicity map; lipophilicity decreases from top to


bottom.)
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In order to obtain the confidence limit and test the sta-
bility of the obtained PLS models, for every conven-
tional CoMSIA PLS run, bootstrapping was also
performed (100 runs, column filtering: 2.00 kcal/mol).
The idea is to simulate a statistical sampling procedure
by assuming that the original data set is the true popu-
lation and generating many new data sets from it.1,20

Table 2. PLS analyses for the CB1 receptor using the CoMSIA models base


CB1 mod


(template


Number of compounds in the training set 30


r2
cv 0.746


r2 0.944


Standard error of estimate 0.296


F 65.031


Relative contributions of steric/electrostatic fields 0.890:0.1


r2
bootstrapping 0.971


Number of optimal components 6


Figure 3. Structural alignments of the compounds in the training set for const


and b (on the right) of the template ligand 12, respectively.

These new data sets (called bootstrap samplings) are
of the same size as the original data set and are obtained
by randomly choosing samples (rows) from the original
data, with repeated selection of the same row being al-
lowed.1,20 The statistical calculation is performed on
each of these bootstrap samplings, with new values
being calculated for each of the parameters to be esti-
mated.1,20 The results obtained support the reliability
of the models (Table 2). Statistical validation tests are
compared for the models; the model constructed on
the conformer b of 12 has better statistical values than
the model constructed on the conformer a of 12.


Table 3 summarizes the experimental (observed) and
CoMSIA-predicted pKi results for the binding affinities
at the CB1 receptor. Figure 4 shows the relationship be-
tween the 3D QSAR/CoMSIA predicted and experimen-
tal pKi values of the noncross-validated analyses for the
constructed models based on conformers a (left) and b
(right) of 12, respectively. The linearity of the plot con-
cerning conformer b was better than the linearity of the
plot concerning conformer a. Both plots showed good
correlations for the constructed models.


Figure 5 shows the steric–electrostatic CoMSIA contour
maps of 12 (on the left) and its corresponding CBD ana-
logue 13 (on the right) for the CB1 receptor using as
template ligand the conformer a of 12, whereas Figure
6 shows the steric–electrostatic CoMSIA contour maps
of 12 (on the left) and its corresponding CBD analogue
13 (on the right) for the CB1 receptor using as template

d on compound 12 as template


el-previous study1


ligand 12-conformer a)
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30
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Table 3. Summary of experimental (observed) and CoMSIA-predicted


pKi results of training set for the binding affinity at the CB1 receptor


Compound pKi (observed) CB1 CoMSIA model


pKi (predicted)


(template ligand


12-conformer a)


pKi (predicted)


(template ligand


12-conformer b)


1 7.02 7.19 7.38


2 6.20 6.12 5.93


3 6.92 7.03 7.16


4 7.24 6.98 7.11


5 7.93 7.54 7.78


6 6.12 6.40 6.15


7 7.55 7.63 7.66


8 6.59 6.51 6.41


9 8.08 7.83 7.93


10 6.50 6.51 6.33


11 6.77 6.91 6.83


12 9.49 9.00 9.45


13 6.87 6.89 6.86


14 9.28 9.20 8.99


15 7.24 7.15 7.03


16 8.74 8.45 8.80


17 7.49 8.03 7.63


18 9.35 9.82 9.61


19 7.32 7.33 7.25


20 5.90 5.98 5.88


21 7.66 7.95 7.95


22 9.08 9.05 9.20


23 9.36 9.13 8.79


24 7.23 6.74 7.03


25 8.90 9.19 9.06


26 6.18 6.65 6.85


27 9.15 9.10 9.05


28 6.72 6.61 6.81


29 7.66 7.82 7.89


30 8.66 8.55 8.39


S. Durdagi et al. / Bioorg. Med. Chem. Lett. 17 (2007) 6754–6763 6759

ligand the conformer b of 12. The individual contribu-
tions from the steric and electrostatic favored and disfa-
vored levels are fixed at 80% and 20%, respectively. The
CoMSIA contours of the steric maps are shown in yel-
low and green colors, and those of the electrostatic con-
tour maps are shown in red and blue colors. Greater
values of ‘bioactive measurement’ are collected with:
bulky groups near the green colored contours; not bulky

Figure 4. Plots of corresponding 3D QSAR/CoMSIA predicted and experim


training set at the CB1 receptor for the constructed models based on confor

groups near the yellow colored contours; more positive
charge near the blue colored contours, and more nega-
tive charge near the red colored contours.


Three general conclusions could be drawn from the
characteristics of derived 3D contour maps of CoMSIA
models using both conformations of template ligand 12:


1. Steric effects determine the binding affinity. The rela-
tive contributions of steric fields are larger than those
of the electrostatic fields.


2. The orientation of the C3-alkyl chain plays a crucial
role in determining the biological activity. The green
colored contours along the left side of the end of the
alkyl chain (corresponding to shown snapshot con-
tour plots, Figs. 5 and 6) show that bulky groups
enhance the binding affinity, whereas bulky groups
in the right sides of the C3-alkyl chain of analogues
lead to decreased binding affinity.


3. Because of the structural differences of D8-THC and
CBD derivatives at the cyclic ring segment, these
groups have different pharmacophoric requirements
for their receptors in these regions. While sterically
unfavorable areas are located on the methyl or prope-
nyl groups of CBD analogues, these unfavorable
regions are located at the vicinity of the tricyclic seg-
ment of D8-THC analogues (Figs. 5 and 6). There-
fore, D8-THC analogues have higher binding
affinities than their corresponding CBD analogues.


The conformers a and b of 12 used as a template com-
pound in CoMSIA show similarities and differences in
contour maps. Their similarities are reflected in the
same regions that contour levels of identical color cover.
However, close observation reveals significant differ-
ences in their shape and extent of covering of the con-
tour regions. The conformational differences of
conformers a and b are localized in the alkyl chain.
The early SAR studies have been reviewed comprehen-
sively by Thakur et al.,21 Khanolkar et al.,22 Razdan,23


and Makriyannis et al.24 Our results confirm the earlier
literature reports that the lipophilic alkyl chain plays
crucial role in determining cannabimimetic activity for
the CB1 receptor. Thus, the differences of contour maps

ental values of binding affinity (given as pKi) of CB analogues in the


mers a (on the left) and b (on the right) of 12, respectively.







Figure 5. CoMSIA contour maps of 12 (on the left) and its corresponding CBD analogue 13 (on the right). Conformer a is used as template.


Sterically favored areas are shown in green color (contribution level of 80%). Sterically unfavored areas are shown in yellow color (contribution level


of 20%). Positive potential favored areas are shown in blue color (contribution level of 80%). Positive potential unfavored areas are shown in red


color (contribution level of 20%).


Figure 6. CoMSIA contour maps of 12 (on the left) and its corresponding CBD analogue 13 (on the right). Conformer b is used as template.


Sterically favored areas are shown in green color (contribution level of 80%). Sterically unfavored areas are shown in yellow color (contribution level


of 20%). Positive potential favored areas are shown in blue color (contribution level of 80%). Positive potential unfavored areas are shown in red


color (contribution level of 20%).
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at alkyl chain are important for the interpretation of
pharmacophore groups that affect the binding affinity.
When conformer a is used as a template, both THC
and CBD analogues have green colored contour (de-
picts sterically favorable groups) at the tail of alkyl
chain (Fig. 5). However, if conformer b is used as a tem-
plate compound, then at the tail of alkyl chain only
THC fits green colored contour (left in Fig. 6). CBD
analogues do not fit green colored contours but they
fit yellow colored contours (depicts sterically unfavor-
able groups) (right in Fig. 6). These important observa-
tions are obtained only by the model that was
constructed on conformer b of 12. The contour plots
at the tail of alkyl chain derived by the model that
was constructed on conformer b of 12 demonstrate the
better binding affinity of THC analogues than the corre-
sponding CBD analogues.


In addition, to validate the higher predictive ability of
conformer b of the template ligand 12, 10 other D8-
THC analogues (Table 4) have been added to the train-
ing set and CoMSIA models have been reconstructed
(binding affinities have been taken from reported values

in the literature21,22). The same CoMSIA settings and
PLS analyses have been performed for the reconstructed
CoMSIA models. The same atoms in the template con-
formers of 12 have been selected for the structural super-
imposition processes. Results did not significantly
modify the initially obtained models. Reconstructed
3D QSAR/CoMSIA models for the binding affinities
to the CB1 receptor have a very good cross-validated
correlation. Reconstructed models validate the initially
obtained results: the model based on conformer b of
12 shows better statistical results than the model based
on conformer a of 12 (Table 5).


Conformer a of 12 fits the S1 site of the receptor,
whereas conformer b of 12 fits the S2 site of the receptor.
More clearly seen in Figure 2, the S1 site has more lipo-
philic character than the S2 site. Unsaturation of the al-
kyl chain leads its orientation toward the S2 site. For
this reason an analogue of 12 was designed possessing
four unsaturated bonds which were directed specifically
to the S2 cavity. The proposed molecule will be synthe-
sized and tested for its biological activity in order to val-
idate our rational design. Depending on the observed







Table 4. Molecular structures and binding affinity Ki values of CB analogues that were added to training set to construct new CoMSIA models for


validating the higher predictive ability of the conformer b of template ligand 12 (binding affinities have been taken from reported values in the


literature21,22)
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activity we will be able to differentiate if optimum activ-
ity is induced by S1 or S2 sites. These observations may
help open new avenues to synthetic chemists for synthe-
sizing novel compounds.

In conclusion, we applied a novel approach to generate
new structures aiding in the rational drug design. This
approach is based on the combination of theoretical cal-
culations, molecular docking, and 3D QSAR studies.







Figure 7. Flow chart showing the comparative steps used in the analysis of data derived through a combination of molecular modeling and NMR


experiments with molecular modeling and docking results.


Table 5. PLS analyses for the CB1 receptor using the re-obtained CoMSIA models based on compound 12 as template


Re-obtained CB1 model


(template ligand 12-conformer a)


Re-obtained CB1 model


(template ligand 12-conformer b)


Number of compounds in the training set 40 40


r2
cv 0.700 0.745


r2 0.924 0.946


Standard error of estimate 0.331 0.279


F 66.544 95.977


Relative contributions of steric/electrostatic fields 0.917: 0.083 0.923: 0.077


r2
bootstrapping 0.957 0.963


Number of optimal components 6 6
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Such an approach appears to be superior to the 3D
QSAR results, previously reported by our group, using
a combination of theoretical calculations and NMR
spectroscopy. Figure 7 describes the overall procedure
using a flowchart. It is therefore advised, when the crys-
tal structure of a 3D model of a receptor is known, to
use the conformation of the template derived from the
combination of theoretical calculations and ranking of
docking scores, as well as population analysis of docked
conformers. It is well known that the knowledge of the
receptor structure is not a prerequisite for 3D QSAR
analysis, however, this study clearly shows that the
availability of a crystal structure or 3D model for a
receptor facilitates the structure alignment and provides
a model marginally more reliable statistically.
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Abstract—A neutrophil-specific peptide, cinnamoyl-F(D)LF(D)LFK (cFLFLFK), was conjugated consecutively with a polyethyl-
ene glycol moiety (3.4 K) and 2,2 0,200,2000-(1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrayl)tetraacetic acid (DOTA) to form
cFLFLFK-PEG-DOTA. After 64Cu labeling, Positron Emission Tomography (PET) imaging was successfully able to detect mouse
lung inflammation.
� 2007 Elsevier Ltd. All rights reserved.

Several peptides targeting receptors on infiltrating leu-
kocytes (e.g., fMLF,1 i-Boc-MLF,1 and fNleLFNleYK2


et al.) have been investigated as potential imaging agents
for non-invasive detection of acute inflammation. Cur-
rently used clinical nuclear imaging probes, for example,
99mTc or 111In labeled white blood cell3,4 and 67Ga-cit-
rate,5 either needs significant preparation time and
blood handling or is not specific for inflammation. Pep-
tide probes specifically target neutrophils in vivo, there-
fore avoiding the disadvantages associated with ex vivo
laboratory procedures and non-specificity. While these
peptides show promise for in vivo detection of inflam-
mation in terms of early imaging and target-to-back-
ground ratio in experimental models, several problems
remain. Receptor agonist peptides may cause neutrope-
nia or demargination due to neutrophil activation, while
receptor antagonist peptides may show low uptake in
infectious foci due to the low receptor affinity. The neu-
trophil receptor antagonist cFLFLF was reported with
high affinity for the neutrophil N-formylpeptide receptor
(FPR),6 but we have found this agent to have poor
imaging quality due to lipophilicity resulting in high

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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liver uptake. We addressed these issues by modifying
the cFLFLF with biocompatible polyethylene glycol
(PEG, molecular weight = 3.4 K). We reason that the in-
crease in hydrophilicity caused by the addition of PEG
should help to attenuate hepatobiliary and intestinal up-
take of the peptide. This imaging agent consists of three
structural components: neutrophil-specific cFLFLF;
biocompatible PEG; and the radioisotope 64Cu. The
binding assay of cFLFLF-PEG-64Cu to human neutro-
phils yielded Kd = 5.7 nM, indicating that the PEGyla-
tion did not interfere the peptide binding with
neutrophil receptor (Fig. 1).


The PEGylation of the peptide was completed according
to a modified procedure of Chen et al.7 A solution of
10 mg of cFLFLFK 1, synthesized on an Advanced
solid-phase peptide synthesizer by Fmoc solid phase
chemistry, and 30 mg of bifunctional t-butoxycar-
bonyl-protected PEG-succinimidyl ester (t-Boc-PEG-
NHS) (MW, 3400. Laysan Bio, Inc., USA) in
acetonitrile-sodium borate buffer (0.1 N, pH 8.5)
(50/50, v/v) was incubated at 4 �C overnight to yield
23 mg of cFLFLF-PEG 2 (62% from PEG), purified
by HPLC and characterized by mass spectroscopy.
After cleavage of the t-Boc by treating with trifluoroace-
tic acid (TFA) from 2, the mono-activated DOTA-Sul-
foNHS was coupled to the other end of the PEG
moiety to produce cFLFLF-PEG-DOTA 4 which was
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Figure 1. Reagents: (i) t-Boc-NH-PEG-NHS, 0.1 N sodium borate buffer, pH 8.5; (ii) TFA (iii) DOTA-SulfoNHS, pH 8.5; (iv) 64CuCl2.


Y. Zhang et al. / Bioorg. Med. Chem. Lett. 17 (2007) 6876–6878 6877

characterized by MALDI-TOF MS (Matrix assisted la-
ser desorption ionization time-of-flight mass spectrome-
try) with a number-average molecular weight of 4776.
The DOTA-SulfoNHS was freshly prepared from
DOTA (Macrocyclics, Inc., Dallas, TX), N-hydrox-

Figure 2. The HPLC chromatogram shows the collected cFLFLF-


PEG-64Cu with radiochemical purity higher than 90%. The retention


time of the cFLFLF-PEG-64Cu is identical to its ‘cold’ counterpart,


cFLFLF-PEG-Cu, which has been characterized by mass spectroscopy.


Figure 3. PET, CT and fused transaxial slices for infected and sham mice. T

ysulfosuccinimide (Sulfo-NHS) (PIERCE, Rockford,
IL), and 1-ethyl-3-[3-(dimethylamino)-propyl]carbodi-
imide (EDC) (PIERCE, Rockford, IL) in aqueous (pH
5.5) at 4 �C for 30 min. The radiolabeling was completed
by addition of 760 lCi of 64CuCl2 (Isotrace, Inc, O’Fal-
lon, MO) to 20 lg of cFLFLF-PEG-DOTA 4 in 0.1 N
ammonium acetate (pH 5.5) buffer and the mixture
was incubated at 40 �C for 30 min. The reaction was ter-
minated by the addition of 5 mL of EDTA solution
(10 mmol/L), followed by HPLC purification (HPLC
purification with a C18 reversed-phase Apollo column
(5 lm, 250 · 10 mm). The mobile phase changed from
40% Solvent A (0.1% TFA in water) and 60% Solvent
B (0.1% TFA in 80% aqueous acetonitrile) to 100% Sol-
vent B at 30 min at a flow rate of 3 mL/min. The
cFLFLF-PEG-64Cu 5 was collected with retention time
at 17.2 min with radiochemical yields higher than 90%.
The collected fraction was analyzed with HPLC with
the same conditions (Fig. 2). The radiochemical purity
was higher than 90% and the specific activity was �
30 mCi/lmol. To characterize cFLFLF-PEG-64Cu 5,
the ‘cold’ counterpart cFLFLF-PEG-Cu was synthe-
sized and verified by mass spectroscopy. HPLC reten-
tion time of cFLFLF-PEG-64Cu 5 was assigned by
coinjection with the ‘cold’ counterpart.

he region of interest are depicted in the fused images.
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The newly synthesized cFLFLF-PEG-64Cu was evalu-
ated in an animal model of bacterial infection. Pneumo-
nia was induced in male C57Bl/6 mice by oropharyngeal
aspiration under light inhalational anesthesia of 106 col-
ony forming units of Klebsiella pneumoniae. A control
mouse was sham-treated with aspiration of sterile nor-
mal saline. Twenty-four hours after bacterial inocula-
tion, 80–100 lCi of cFLFLF-PEG-64Cu was injected
through the tail vein. MicroPET (Siemens Focus 120)
and respiratory gated microCT (custom-built) were per-
formed 6 h after tracer injection. Total image acquisi-
tion time was 20–25 min. MicroPET and microCT
images were fused using a transformation matrix gener-
ated by imaging a phantom. CT images were used to
guide the placements of the lung regions of interest to
obtain lung activity concentration. Tracer Standardized
Uptake Values (SUVs) were computed as the ratio of
the total ROI activity concentration normalized by the
injected dose and the weight of the animal. Figure 3
shows the PET, CT, and fused transaxial slices for the
infected and the sham mice. The SUV of lung for the in-
fected mouse is higher than the sham by a factor of 7.


In conclusion, we have shown that cFLFLF-PEG-64Cu
is an effective probe for in vivo imaging of acute neutr-
ophilic inflammation. In our mouse model of bacterial
pneumonia, using fused microPET and microCT imag-
ing, cFLFLF-PEG-64Cu signal was 7-fold higher in in-
fected than in non-infected lungs. Further biological
evaluation of this novel imaging agent is ongoing in

our laboratory, with the goal of refining in vivo imaging
of lung inflammation to facilitate studies of anti-inflam-
matory therapies.
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Three new free radical scavengers, inonoblins A (1), B (2), and C (3), were isolated from the methanolic extract of the fruiting body


of the medicinal mushroom Inonotus obliquus, along with the known compounds phelligridins D (4), E (5), and G (6). Their


structures were established by extensive spectroscopic analyses. These compounds exhibited significant scavenging activity against


the ABTS radical cation and DPPH radicals, and showed moderate activity against the superoxide radical anion.
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Regiocontrollable selectivity of enzymatic method for synthesis of polymerizable derivatives of methyl shikimate was described. The


obtained derivatives would be useful as important monomers for potential analogues of shikimic acid.
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A series of tris-azaaromatic quaternary ammonium salts has been synthesized and


evaluated for their ability to inhibit neuronal nicotinic acetylcholine receptors


(nAChRs) mediating nicotine-evoked [3H]dopamine release from superfused rat


striatal slices and for inhibition of [3H]nicotine and [3H]methyllycaconitine binding


to whole rat brain membranes. The 3-picolinium compound 1,3,5-tri-{5-[1-(3-


picolinium)]-pent-1-ynyl}benzene tribromide (tPy3PiB), 3b, exhibited high potency


and selectivity for nAChR subtypes mediating nicotine-evoked [3H]dopamine


release with an IC50 of 0.2 nM and Imax of 67%.
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The potent broad spectrum oxazolidinone antibacterial agent RBx 8700 (6b) was obtained by systematic modification of the


methylene linker of RBx 7644 (Ranbezolid, 1) and its thienyl analogue 2.
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Two new compounds 6-hydroxy-1,7-diphenyl-4-en-3-heptanone (1) and 6-(2-hydroxy-phenyl)-4-methoxy-2-pyrone (4) along with


three known compounds were isolated from the extracts of Alpinia officinarum under bioassay-guided purification. The isolated


diarylheptanoids exhibited potent PAF receptor binding inhibitory activities.
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A urea class of high affinity niacin receptor agonists was discovered. Compound 1a displayed good PK, better in vivo efficacy in reducing


FFA in mouse than niacin, and no vasodilation in a mouse model. Compound 1q also demonstrated equal affinity to GPR109A as


niacin.
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A variety of N-(2-amino-phenyl)-4-(heteroarylmethyl)-benzamides of general structure 10 were designed, synthesized, and evaluated


as histone deacetylase (HDAC) inhibitors.
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A series of conformationally restricted bis-azaaromatic quaternary ammonium


salts (3 and 4) have been designed and synthesized in order to investigate the


possible binding conformations of N,N0-dodecane-1,12-diyl-bis-3-picolinium


dibromide (bPiDDB; 2), a compound which potently inhibits neuronal nicotinic


acetylcholine receptors (nAChRs) mediating nicotine-evoked dopamine release.


The preliminary structure–activity relationships of these new analogues suggest


that bPiDDB binds in an extended conformation at the nAChR binding site,


and that flexibility of the linker is important for its high potency in inhibiting


nAChRs mediating nicotine-evoked dopamine release.
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Bioactivity-guided column chromatographic separation of methanolic extract led to the isolation of three hepatoprotective quinic


acids, 3,4-di-O-caffeoylquinic acid (1), 3,5-di-O-caffeoyl-muco-quinic acid (3), and 5-O-(E)-p-coumaroylquinic acid (12), along with


four quinic acids and three flavonoids.
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The synthesis and preclinical biological evaluation of a novel amide linked series of PPARc/d dual agonists are reported.


A novel series of highly selective inhibitors of MMP-3 pp 6750–6753
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The design and synthesis of a series of highly selective hydroxamate inhibitors of MMP-3 is described. Substitution of a 4-biaryl


piperidine sulfonamide core was optimised to give potent inhibitors of MMP-3, with greater than 300-fold selectivity over MMP-1,


MMP-2, MMP-9 and MMP-14.
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A series of substituted 3-benzylidene-7-alkoxychroman-4-ones were synthesized and evaluated for their antioxidant activities.


3-benzylidene-7-alkoxychroman-4-one derivatives bearing catecholic group on benzylidene moiety exhibited excellent antioxidant


activity.
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The synthesis and SAR of novel, highly potent PPARa agonists based on an indane scaffold are reported.
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A number of N6-substituted adenosine analogues have been synthesised and


assessed as A1 adenosine receptor agonists. Target design was based on


Tecadenoson and ENBA. A number of N6-monocyclic adenosines exhibited


potency at low nanomolar concentrations. A series of 7-substituted 7-aza-


ENBA derivatives displayed interesting properties at the A1 adenosine receptor,


also at low nanomolar potency.
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A series of ribose and nucleobase modified nucleoside phosphonates have been synthesized and their potency toward wild-type HIV


reverse transcriptase (RT) and several mutant strains of RT evaluated.
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A series of 5,6-dimethoxy-2,3-dihydro-1H-inden(-1-yl)acetic acid amides were synthesized and screened for their anti-inflammatory


and related biological activities. The synthesized compounds showed long duration of anti-inflammatory activity and were free from


ulcerogenicity liability of common NSAIDs.


Syntheses of novel myxopyronin B analogs as potential inhibitors of bacterial RNA polymerase pp 6797–6800
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1 Myxopyronin B


Novel myxopyronin B analogs have been prepared and tested for in vitro inhibitory activity against DNA-dependent RNA


polymerase and antibacterial activity against Escherichia coli and Staphylococcus aureus.
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Large-scale synthesis of a persistent trityl radical for use in biomedical EPR applications and imaging pp 6801–6805


Ilirian Dhimitruka, Murugesan Velayutham, Andrey A. Bobko, Valery V. Khramtsov,
Frederick A. Villamena, Christopher M. Hadad and Jay L. Zweier*
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Tetrathiatriarylmethyl radicals are ideal spin probes for biological electron paramagnetic resonance spectroscopy and


imaging. We report the large-scale synthesis of the radical 7 using an improved procedure and its characterization.


Development of CXCR3 antagonists. Part 2: Identification of 2-amino(4-piperidinyl)azoles
as potent CXCR3 antagonists


pp 6806–6810


Robert J. Watson,* Daniel R. Allen, Helen L. Birch, Gayle A. Chapman, Duncan R. Hannah,
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Development of a lead series of piperidinylurea CXCR3 antagonists has led to the identification of molecules with alternative


linkages, which retain good potency. A piperidinyl thiadiazole derivative was found to have satisfactory in vitro metabolic stability


and to be orally bioavailable in mice, giving high plasma concentrations and a half life of 5.4 h.


Synthesis and characterization of 8-ethynyl-1,3-dihydro-benzo[b][1,4]diazepin-2-one derivatives:
New potent non-competitive metabotropic glutamate receptor 2/3 antagonists. Part 1


pp 6811–6815


Thomas J. Woltering,* Geo Adam, Alexander Alanine, Jürgen Wichmann,
Frédéric Knoflach, Vincent Mutel and Silvia Gatti
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A series of 1,3-dihydro-benzo[b][1,4]diazepin-2-one derivatives was evaluated as non-competitive mGluR2/3 antagonists.


Attachment of an 8-(2-aryl)-ethynyl-moiety produced compounds inhibiting the binding of [3H]-LY354740 to rat mGluR2 with


low nanomolar affinity and consistent functional effect at both mGluR2 and mGluR3.


Substituted phenanthrene imidazoles as potent, selective, and orally active mPGES-1 inhibitors pp 6816–6820


Bernard Côté,* Louise Boulet, Christine Brideau, David Claveau, Diane Ethier, Richard Frenette,
Marc Gagnon, André Giroux, Jocelyne Guay, Sébastien Guiral, Joseph Mancini, Evelyn Martins,
Frédéric Massé, Nathalie Méthot, Denis Riendeau, Joel Rubin, Daigen Xu, Hongping Yu,
Yves Ducharme and Richard W. Friesen
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Phenanthrene imidazole 3 has been identified as a novel potent, selective, and orally active mPGES-1 inhibitor.
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Novel substituted (Z)-2-(N-benzylindol-3-ylmethylene)quinuclidin-3-one and (Z)-(±)-2-(N-benzylindol-
3-ylmethylene)quinuclidin-3-ol derivatives as potent thermal sensitizing agents


pp 6821–6824


Vijayakumar N. Sonar, Y. Thirupathi Reddy, Konjeti R. Sekhar, Soumya Sasi,
Michael L. Freeman and Peter A. Crooks*
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A series of (Z)-2-(N-benzylindol-3-ylmethylene)quinuclidin-3-one (9)


and (Z)-(±)-2-(N-benzylindol-3-ylmethylene)quinuclidin-3-ol (10) ana-


logs that incorporate a variety of substituents in both the indole and N-


benzyl moieties have been evaluated as thermal sensitization agents. The


most potent analog was compound 10 (R1 = H, R2 = 4-Cl), which


potently inhibited (93% inhibition at 50 lM) the growth of HT-29 cells


after a 41 �C/2 h exposure.


Synthesis and characterization of trans-4-(4-chlorophenyl)pyrrolidine-3-carboxamides
of piperazinecyclohexanes as ligands for the melanocortin-4 receptor


pp 6825–6831


Caroline W. Chen, Joe A. Tran, Beth A. Fleck, Fabio C. Tucci, Wanlong Jiang and Chen Chen*


N


N


Cl


O


N


NH


18v: Ki = 0.5 nM
        IC50 = 48 nM


O
F


N


N


Cl


O
N
H


NH


18v: Ki = 16 nM, EC50 = 33 nM
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Synthesis and in vivo activity of MK2 and MK2 substrate-selective p38aMAPK inhibitors
in Werner syndrome cells


pp 6832–6835


Terence Davis,* Mark C. Bagley,* Matthew C. Dix, Paola G. S. Murziani, Michal J. Rokicki,
Caroline S. Widdowson, Jameel M. Zayed, Marcus A. Bachler and David Kipling*
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Two downstream inhibitors of p38aMAPK have been prepared, but both trigger senescence when used to treat hTERT-immortalised


WS dermal fibroblasts rather than rescuing the accelerated replicative decline and cell morphology.


Structure–activity relationship study of [1,2,3]thiadiazole necroptosis inhibitors pp 6836–6840


Xin Teng, Heather Keys, Arumugasamy Jeevanandam, John A. Porco, Jr.,
Alexei Degterev, Junying Yuan and Gregory D. Cuny*
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Structure activity relationship studies of carboxamido-biaryl ethers as opioid receptor
antagonists (OpRAs). Part 2


pp 6841–6846


Kumiko Takeuchi,* William G. Holloway, Charles H. Mitch, Steven J. Quimby, Jamie H. McKinzie, Todd M. Suter,
Michael A. Statnick, Peggy L. Surface, Paul J. Emmerson, Elizabeth M. Thomas and Miles G. Siegel
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A series of 6-bicycloaryloxynicotinamides were identified as opioid receptor antagonists at mu, kappa and delta receptors.


Compounds in the 6-(2,3,4,5-tetrahydro-1H-benzo[c]azepin-7-yloxy)nicotinamide scaffold exhibited potent in vitro functional


antagonism at all three receptors.


3-(20-Bromopropionylamino)-benzamides as novel S-phase arrest agents pp 6847–6852


Laixing Hu, Zhuo-rong Li, Jian-Nong Li, Jinrong Qu, Jian-Dong Jiang* and David W. Boykin*


Novel potent organoselenium compounds as cytotoxic agents in prostate cancer cells pp 6853–6859


Daniel Plano, Carmen Sanmartı́n, Esther Moreno, Celia Prior, Alfonso Calvo and Juan Antonio Palop*
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X = S, Se;   Y = C, N;   R = alkyl
R' = H, alkyl, OCH3, Cl, CN, CF3, NO2


Significant in vitro antiproliferative activity against human prostate cancer cell (PC-3) of novel symmetrical imidoselenocarbamates


is showed.


Spermatinamine, the first natural product inhibitor of isoprenylcysteine carboxyl methyltransferase,
a new cancer target


pp 6860–6863


Malcolm S. Buchanan, Anthony R. Carroll, Gregory A. Fechner, Anthony Boyle, Moana M. Simpson,
Rama Addepalli, Vicky M. Avery, John N. A. Hooper, Nancy Su, Huawei Chen and Ronald J. Quinn*
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Spermatinamine


The Australian marine sponge, Pseudoceratina sp. yielded spermatinamine, a novel alkaloid with a


bromotyrosyl-spermine-bromotyrosyl sequence, as the bioactive constituent. Spermatinamine is the


first natural product inhibitor of Icmt.
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Synthesis and evaluation of novel heterocyclic MMP inhibitors pp 6864–6870
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A variety of novel heterocyclic compounds were synthesized and evaluated for MMP inhibition. Broad spectrum inhibition of


MMPs 1, 2, 9, and 12 was found with pyridinone-based compounds while N-heterocyclic triazoles and tetrazoles were largely


ineffective. A highly selective tetrazole inhibitor for MMP-2 was discovered.


Discovery of small-molecule inhibitors of tyrosinase pp 6871–6875


Juris P. Germanas,* Shugauang Wang, Andrew Miner, Wayne Hao and Joseph M. Ready*


Synthesis of novel neutrophil-specific imaging agents for Positron Emission Tomography (PET) imaging pp 6876–6878


Yi Zhang, Bijoy Kundu, Karen D. Fairchild, Landon Locke, Stuart S. Berr, Joel Linden and Dongfeng Pan*
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A polyacetylene compound from herbal medicine regulates genes associated with thrombosis
in endothelial cells


pp 6879–6882


Akira Kawamura,* Maria Iacovidou, Anna Takaoka, Clifford E. Soll and Michael Blumenstein


New activities were found from old medicine through a screening based on DNA microarray and real-time PCR.
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Novel sequence-responding fluorescent oligoDNA probe bearing a silylated pyrene molecule pp 6883–6886


Tohru Sekiguchi, Yumiko Ebara, Tomohisa Moriguchi and Kazuo Shinozuka*
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Novel fluorescent oligoDNA exhibited marked fluorescent signal upon binding to the fully matched complementary DNA


strand.


Stereoselective synthesis of a novel 2-aza-7-oxabicyclo[3.3.0]octane as neurokinin-1 receptor antagonist pp 6887–6890


Yuji Shishido,* Fumitaka Ito, Hiromasa Morita and Masaya Ikunaka


Synthesis of andrographolide derivatives and their TNF-a and IL-6 expression inhibitory activities pp 6891–6894


Jing Li, Wenlong Huang, Huibin Zhang,* Xinyang Wang and Huiping Zhou
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Andrographolide and its derivatives were evaluated in the ELISA for the inhibitory potency in the secretion of TNF-a and IL-6 of


LPS-stimulated mouse macrophages. The derivatives 3e, 9e, 9f have better inhibitory effect than andrographolide.


Synthesis and biological evaluation of N-(aryl)-2-thiophen-2-ylacetamides series
as a new class of antitubercular agents


pp 6895–6898


Maria Cristina Silva Lourenço, Felipe Rodrigues Vicente, Maria das Graças Muller de Oliveira Henriques,
André Luis Peixoto Candéa, Raoni Schroeder Borges Gonçalves, Thais Cristina M. Nogueira,
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68-100%
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The present article describes a


series of 21 N-(aryl)-2-thiophen-2-


ylacetamides, which were synthe-


sized and evaluated for their in


vitro antibacterial activity against


Mycobacterium tuberculosis.
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Solid-phase synthesis and biological evaluation of a uridinyl branched peptide urea library pp 6899–6904
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Solid-phase synthesis and biological evaluation of a uridinyl branched peptide urea library 1 as Mureidomycin mimetics are described.


Synthesis and solid-phase purification of anthranilic sulfonamides as CCK-2 ligands pp 6905–6909


Craig R. Woods,* Michael D. Hack, Brett D. Allison, Victor K. Phuong, Mark D. Rosen, Magda F. Morton,
Clodagh E. Prendergast, Terrance D. Barrett, Nigel P. Shankley and Michael H. Rabinowitz
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A novel strategy for the library synthesis of cholecystokinin-2 receptor ligands was developed to rapidly address ligand metabolism


issues which employed a solution-phase sulfonamide synthesis, followed by a resin capture purification methodology.


Investigation of the terminal P4 domain in a series of DD-phenylglycinamide-based factor Xa inhibitors pp 6910–6913


Jeffry B. Franciskovich,* John J. Masters, Wayne W. Weber, Valentine J. Klimkowski, Michael Chouinard,
Philip R. Sipes, Lea M. Johnson, David W. Snyder, Marcia K. Chastain, Trelia J. Craft, Richard D. Towner,
Donetta S. Gifford-Moore, Larry L. Froelich, Jeffrey K. Smallwood, Ronald S. Foster, Gerald F. Smith,
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Several P4 domain derivatives of the DD-phenylglycinamide-based scaffold (2) were synthesized and


evaluated for their ability to bind to the serine protease factor Xa. Some of the more potent


compounds were evaluated for their anticoagulant effects in vitro. An additional subset containing


various P1 indole constructs was evaluated for their oral exposure properties.
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Abstract—Several P4 domain derivatives of the general DD-phenylglycinamide-based scaffold (2) were synthesized and evaluated for
their ability to bind to the serine protease factor Xa. Some of the more potent compounds were evaluated for their anticoagulant
effects in vitro. A select subset containing various P1 indole constructs was further evaluated for their pharmacokinetic properties
after oral administration to rats.
� 2007 Elsevier Ltd. All rights reserved.

Factor Xa (fXa) is a serine protease that plays a crucial
role in the blood coagulation cascade.1 FXa occupies a
common point in both the intrinsic and extrinsic path-
ways and is responsible for the production of thrombin.
Thrombin, another serine protease, converts fibrinogen
to fibrin, and fibrin cross-links with platelets eventually
leading to blood clot formation. Because fXa is essential
to this pathway, it has been hypothesized that the design
of a small molecule inhibitor of factor Xa would be use-
ful in treating patients with thromboembolic diseases.2


Previously, our laboratories reported the discovery of
DD-phenylglycine-based inhibitors of fXa (compound
1).3 SAR studies carried out in the P1 portion of these
inhibitors led to the discovery that fused bicyclic ele-
ments enhanced binding affinity in vitro.4 Compound
1, which contains a 6-indolyl ring system, is a potent
inhibitor of factor Xa (Kass). In addition to having po-
tent binding affinity for fXa, compound 1 also displays

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.


doi:10.1016/j.bmcl.2007.09.105


Keywords: Factor Xa inhibitors; DD-Phenylgylcinamides;


Antithrombotics.
* Corresponding author. E-mail: j.franciskovich@lilly.com

reasonable anticoagulant activity as measured by dou-
bling prothrombin time in vitro (2· PT).5
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Kassa = 450 x 106 L/mol


2x PTb = 1.5 μM
a Kass represents the apparent association constant, as measured by the 


methods of Smith5 et al.
b 2x PT is defined as the concentration of compound required to double 
the time to clot formation in the prothrombin time assay.


A crystal structure of 1 (Fig. 1) indicates the 6-indolyl


ring binds in the S1 pocket and the N-methylbispiperi-
dine domain binds in the S4 region of this protease.
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Figure 1. Factor Xa complex with compound 1. X-ray crystal


structure (1.90 Å resolution).


Table 1. Human factor Xa binding affinity and anticoagulant activity


of select inhibitors 3a–3l
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In this paper, we present the synthesis and terminal P4
domain SAR for a select set of compounds of formula
2 in which hydrogen bonding motifs are incorporated.
The effect on anticoagulant activity in vitro of com-
pounds displaying the highest binding affinity is pre-
sented. Additionally, a select subset of derivatives
containing specific P1 fused bicyclic constructs and their
binding affinity to fXa, anticoagulant potency, and oral
exposure properties are reported.


The synthetic approach utilized for compounds 3a–3l is
shown in Scheme 1. The commercially available CBZ
protected DD-phenylglycine is coupled with 4-piperidine-
methanol to afford 4 in high yield with minimal epimer-
ization. Removal of the CBZ group proceeds smoothly
to provide the free amine 5, and coupling with indole-
6-carboxylic acid affords 6 in modest yield. Mesylation
of 6 followed by displacement with a variety of amines
results in the final compounds.
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Scheme 1. Reagents and conditions: (a) EDCI, HOAt, DCM/DMF


(1:1), 94%, >95% ee; (b) 10% Pd/C, H2, EtOAc/EtOH (1:1), 94%; (c)


DCC, HOBt, DMF, indole-6-carboxylic acid, 54%; (d) DCM, MsCl,


NEt3, 83%; (e) THF, NaI, K2CO3, NR1R2, 60 �C, 25–55% yield.

The factor Xa binding affinity and anticoagulant po-
tency for compounds 3a–3l are listed in Table 1. Com-
pounds 3b and 3c with a tertiary amine have a higher
binding affinity than the secondary amine 3a. The pyr-
rolidine derivatives that contain a hydrophilic hydroxyl
group (3d–3g) are less active than the unsubstituted pyr-
rolidine 3c. Similarly, the piperidine derivatives contain-
ing a hydroxyl group 3i and 3j have lower binding
affinity than the unsubstituted piperidine 3h. The bind-
ing affinity for fXa is increased 2-fold when the ring size
is expanded from 5 to 6 atoms (3c vs 3h). Incorporation
of a second nitrogen atom into the piperidine ring re-

3h
N


48 1.2


3i


N


OH
10 —


3j


N


OH


0.7 —


3k


N


N
H


3.9 —


3l


N


N
1.5 —


a Kass represents the apparent association constant, as measured by the


methods of Smith et al.5


b 2· PT is defined as the concentration of compound required to


double the time for clot formation in the prothrombin time assay.







Table 2. Human factor Xa binding affinity, anticoagulant activity,


c logP, and oral exposure properties of various P1 indole constructs


compared to 1
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Compound X Kass c logP 2· PT


(lM)


Cmax


(lM)a


AUC (0–7 h)


(lg h/ml)a


3h H 48 4.3 1.3 4.7 23


7 Me 110 4.8 1.5 2.4 14


8 Cl 710 5.2 1.1 1.7 10


1 — 450 4.2 1.5 4.0 19


a Cmax and AUC values were pharmacodynamically determined mea-


suring anti-Xa equivalents in rat plasma. Animals were dosed by oral


administration at 20 mpk (n = 3).
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sults in decreased affinity for fXa as shown in com-
pounds 3k and 3l.


A few compounds were evaluated for their anticoagu-
lant potency in human plasma. The compounds with
PT data show that as the binding affinity for fXa in-
creases, the concentration of compound required to
double the time for clot formation in plasma decreases.
Compounds 3c and 3h are representative of this trend.
In contrast, although 3h displays an order of magnitude
weaker binding affinity for fXa than 1, a slightly lower
concentration is required to double the clot formation
time in plasma.


The crystal structure of compound 3h is shown in
Figure 2. The extended P4 domain is shown to bind in
the S4 pocket as predicted. A possible explanation for
the decrease in activity for 3h may be that overall the
P4 group is positioned in a less favorable arrangement
than the equivalent group in compound 1 (Fig. 1).


Specifically, in 3h the lower piperidine ring is positioned
perpendicular with respect to the face of the Trp215 in-
dole sidechain, instead of laying directly on it as in 1.
This will reduce the hydrophobic contact between the li-
gand and the aromatic residues in this region. Addition-
ally, the potentially charged amino group appears to be
partially buried and less solvent exposed in 3h compared
to 1.


We combined the most potent P4 element in this SAR
with a couple of 3-substituted indole P1 constructs.
Preparation of compounds 7 and 8 was carried out
utilizing the same chemistry as in Scheme 1. The binding
affinity, anticoagulant potency, c logP,6 and oral expo-
sure data7 compared to 1 and 3h are shown in Table 2.


Addition of a methyl group or a chlorine atom in the 3
position of the indole results in increased fXa binding

Figure 2. Factor Xa complex with compound 3h. X-ray crystal


structure (2.40 Å resolution).

affinity of 2.6-fold and 17-fold, respectively. However,
the anticoagulant potencies of 7 and 8 are similar to that
of compound 3h. This reduced anticoagulant activity
could be due to the increased lipophilicity of these mol-
ecules as shown by the calculated c logP values. The oral
exposure of 3h is greater than those for compounds 7
and 8. In addition, the plasma exposure of compound
3h is greater than that of 1 and has a similar c logP
value.


In summary, a series of DD-phenylglycine-based inhibitors
modifying the terminal P4 element were synthesized and
identified as fXa inhibitors. The SAR indicates that
extension of the P4 element with or without rings con-
taining hydrogen bonding elements does not increase
factor Xa binding affinity relative to 1. However, the
study results in the identification of 3h, a compound that
displays similar anticoagulant activity to 1 while pos-
sessing an order of magnitude less binding affinity. In-
creased affinity for fXa is achieved by incorporating a
3-substituent on the indole P1 domain of this series.
The oral exposure of 3h is found to be greater than those
of 7 and 8, but similar to 1. Within this series, com-
pounds that display lower exposure tend to be more
lipophilic as determined by c logP values.
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Abstract—A urea class of high affinity niacin receptor agonists was discovered. Compound 1a displayed good PK, better in vivo
efficacy in reducing FFA in mouse than niacin, and no vasodilation in a mouse model. Compound 1q demonstrated equal affinity
to GPR109A as niacin.
� 2007 Elsevier Ltd. All rights reserved.

Niacin (nicotinic acid) is a drug that reduces coronary
heart disease either administered alone or in combina-
tion with statins.1,2 Well known for its effects in elevat-
ing high density lipoprotein cholesterol (HDL-C),
niacin also plays a beneficial role in other lipid profiles
by reducing total plasma cholesterol, triglycerides
(TG), very low density lipoprotein cholesterol (VLDL-
C), low density lipoprotein cholesterol (LDL-C), and
lipoprotein a (Lp(a)).3a The most common adverse effect
of niacin is severe cutaneous flushing which limits pa-
tient compliance.


Recently PUMA-G (protein-upregulated in macro-
phages by interferon-c), the G-protein coupled niacin
receptor in mouse, was discovered.4 Subsequently
HM74A and HM74, also referred as GPR109A and
GPR109B, two related human homologs of PUMA-G,
were found to bind niacin with high and low affinity,
respectively.5 GPR109A is expressed mainly in adipose
tissue, spleen, and myeloid lineage leukocytes. Despite
its long history in man, the precise mechanism of nia-
cin’s therapeutic effect remains unclear.6 It has been well
accepted that niacin binds GPR109A in adipose tissue.
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This leads to a decrease of cAMP levels through the
inhibition of the adenylyl cyclase. Reduced levels of
cAMP result in the suppression of protein kinase A
(PKA), leading to less phosphorylation of hormone sen-
sitive lipase (HSL). As phosphorylation of HSL is re-
quired for its function, the HSL-mediated lipolysis of
triglycerides from adipose tissue is suppressed leading
to reduction in free fatty acids (FFA). Suppression of
lipolysis commonly serves as the basis for an in vivo
PD assay and can signify receptor engagement.7 The
connection between FFA and HDL-C, and the pathway
to regression of atherosclerosis is speculative.3b


Given the well-established beneficial effects of niacin in
man, we envisioned developing niacin receptor agonists
to treat dyslipidemias, atherosclerosis, and metabolic
syndrome while minimizing the adverse flushing effects
that are associated with niacin therapy.


Several classes of selective agonists for GPR109A have
been identified. We,8 GlaxoSmithKline (GSK),9 and
Roche10 have disclosed anthranilic acid derivatives in
addition to xanthine derivatives (GSK),11 pyrazolotet-
razoles (Merck, Arena),12 and thiophenes (Roche13


and Incyte14). Partial agonists of the niacin receptor
were also reported by the University of Heidelberg
group.15
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Table 1. In vitro SAR in hGPR109A transfected cellsa


Compound


N O


NH


HO
O


N


3H-niacin binding


IC50, lMa


hGTPcS


EC50, lMa


(%) at


100 lM


Niacin 0.14 1.0 100


N


N


1a 0.55 1.6 94


N


1b
2.5 5.9 77


N


N


1c — 7.8 87


1d
76 13 54


N
1e


2.2 9.0 85


S
N 1f 1.2 5.0 36


N


O
1g 5.7 22 79


N


Cl


Cl
1h


20 — —


NN


Ph
1i


2.1 13 84


N


N
H2N


O


1j
— 7.9 49


N


N
OMe


1k
— 11 33


N


N
OH


1l
0.87 11 77


OMe
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Targeting GPR109A, our design of niacin receptor ago-
nists featured a urea moiety that links acylated anthra-
nilic acid and a heterocycle directly attached to a
terminal aromatic ring (Fig. 1). The structure activity
relationship (SAR) studies herein were focused on the
terminal ring (Table 1) and piperazine modification
(Table 2). The affinities were determined by competitive
binding of compounds with the receptor against [3H]-
niacin. Functional activities of compounds and response
levels relative to niacin were measured by [35S]GTPcS
assay. In this assay, the full response of niacin was
defined as 100%, which was used as a reference for other
agonists.


We first probed the terminal aromatic ring of the phar-
macophore in Figure 1 (Table 1). The quinoxaline ring
of 1a played an important role for its activity. The ab-
sence, or the different location of one or two nitrogen
atoms of 1a, led to a significant loss of activity (1b–d).
Other bicyclic or monocyclic systems, including quinaz-
oline, benzoisothiazole, benzoxazole, isoquinoline, quin-
oline, pyrimidine, pyridine, and naphthylene analogs,
gave significantly less activities than 1a.


Identifying the quinoxaline as an optimized terminal
ring, we then studied the SAR of the quinoxaline substi-
tution. The position of a hydroxyl group greatly influ-
enced the affinity as revealed by analogs 1l, 1n, and 1q.
Specifically, the hydroxyl group in 1q consistently
offered a 4-fold increase of activity with respect to 1a.
To understand the plausible interactions between the
agonist and the receptor, we employed a homology
model of hGPR109A which was constructed based on
the X-ray crystal structure of bovine rhodopsin (PDB
entry: 1L9H). In our docking model of 1q with its puta-
tive binding pocket in hGPR109A, the hydroxyl group
was placed in a polar pocket consisting of Asn171,
Ser179, and His259. A hydrogen bond was thus conceiv-
able between the hydroxyl group and the side chain of
residue Asn171 (Fig. 2b). Placing the hydroxyl group
at other positions of the quinoxaline ring did not offer
such putative hydrogen bonding interactions, which
might explain the poorer binding affinities of 1l and
1n. A weak hydrogen bond donor such as an amino
group present in 1o did not improve the activity over
the parent compound 1a. Capping the hydrogen bond
donor, as with hydrogen bond acceptor 1p, greatly re-
duced activity.


Table 2 summarizes the efforts to modify the piperazine
ring. First, the introduction of a methyl group (1r, 1s),
or additional conformational constraints (1t, 1u) to the
piperazine ring, did not improve activity. The replace-
ment of piperazine with homopiperazine had no sub-
stantial effect (1v), and the replacement with piperidine

N
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N
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1n 0.79 5.8 49
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Figure 1. Pharmacophore of urea anthranilides.







Table 1 (continued


Compound


N O


NH


HO
O


N


3H-niacin binding


IC50, lMa


hGTPcS


EC50, lMa


(%) at


100 lM


N


N


H2N
1o 6.7 17 74


N


N


MeO
1p — — 37


N


N


HO
1q


0.14 0.47 83


a Values are based on one or two experiments, each in triplicate, and


within 20% deviation upon repetation. Missing data were due to


inconclusive reading as a result of the curve shape.


Table 2. In vitro SAR in hGPR109A transfected cellsa


Compound


O


NH


HO
O


N


N


3H-niacin


binding


IC50, lMa


hGTPcS


EC50, lMa


(%) at


100 lM


N N


racemic


1r 0.65 4.4 77


N N 1s 1.1 9.1 72


N N


racemic


1t
— — 54


N N


racemic


1u — — 0


N N 1v 0.8 4.6 70


N 1w 1.6 6.3 55


N


Me Me


N 1x — — 35


a Values are based on one or two experiments, each in triplicate, and


within 20% deviation upon repetition. Missing data were due to


inconclusive reading as a result of the curve shape.


Figure 2. Modeling view of 1q (purple spheres) in the putative binding


pocket of GPR109A. (a) A full view of seven transmembrane helix


shown in ribbon representation in rainbow colors. (b) A closer look of


compound 1q inside the binding pocket. Residues located within 4 Å of


compound 1q are shown in stick form with the carbons in yellow for


hydrophobic residues, in gray for aromatic residues, in green for polar


residues, in blue for Arg, and in orange for Cys. The dashed lines


illustrate atom pairs within hydrogen bond distance. The pictures were


prepared by PyMOL (Delano Scientific LLC, Sounth San Franscisco,


CA).
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(1w) or ethylenediamine (1x) led to a pronounced de-
crease of activity.


A representative synthesis of urea analogs is illustrated
in Scheme 1. The condensation of ethyl glyoxylate and
diaminobenzene 4 followed by chlorination of the hy-
droxyl quinoxaline intermediate afforded chloroquinox-
aline 5, which could be separated from 6 and 7 by flash
chromatography.16 The subsequent C–N bond forma-
tion between piperazine and quinoxaline 5 was a micro-
wave-assisted aromatic nucleophilic substitution
reaction. It should be noted that the reaction using
microwave was significantly faster than conventional
heating (30 min, 150–170 �C vs. reflux for 16 h).17 The
next key step in the syntheses of most analogs was the
urea formation between a secondary amine and isocya-
nate 3. Finally, hydrolysis and demethylation gave the
desired analog 1q.


The pharmacokinetic (PK) profile of compound 1a in
mouse is shown in Table 3. Good bioavailability, half-
life and oral exposure were observed.


We were interested in studying the anti-lipolytic and
flushing effects of 1a as directly compared to niacin.
Gratifyingly, 1a exhibited excellent in vivo pharmacody-
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Scheme 1. Reagents and conditions: (a) p-nitrophenylchloroformate, diisopropylethyl amine, CH2Cl2, THF, 0 �C to rt, overnight; (b) HCOCO2Et,


EtOH, H2O, reflux 2 h; (c) POCl3, reflux, 1 h; (d) piperazine, butanol, microwave, 150–170 �C, 30 min; (e) 3, THF, CH2Cl2, rt, 3 h; (f) LiOH (1 N),


THF/MeOH/H2O (3:1:1), rt, 1 h; (g) dodecanethiol, NaH, DMF, 120 �C, 6 h.18


Table 3. Mouse PK for 1aa


Compound F% Cl (mL/min/kg) Vdss (L/kg) Cmax (lM) T1/2 (h) AUCNpo (lM h kg/mg)


1a 65 25 5.1 0.48 4.4 1.2


a Formulation: 0.2 mg/mL Ethanol:PEG:water (10:40:50). IV Dose: 1 mg/kg (n = 3). PO dose: 2 mg/kg (n=3). Blood concentration was determined by


LC/MS/MS following protein precipitation with acetonitrile.
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Figure 3. Effect of 1a and niacin on FFA suppression in mice


(mpk = mg/kg).
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Figure 4. Effect of 1a and niacin on mouse vasodilation (mpk = mg/


kg).
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namics (PD) on free fatty acid (FFA) reduction in mice
(Fig. 3). In this model, fed male C57BL/6 mice were used
(n = 8). The mice were treated with vehicle (5% b-cyclo-
dextrin) and niacin as well as 1a at 100 mpk via intra-

peritoneal dosing (ip) for 15 min. We were pleased to
find that 1a (GTPcS in PUMA-G, EC50 = 11 lM), at
a dose of 100 mpk, decreased plasma FFA by 75%, sig-
nificantly more than the maximal suppression (59%)
typically elicited by niacin in this model (GTPcS in
PUMA-G, EC50 = 0.27 lM for niacin).


Vasodilation (flushing) has been a major side effect of
niacin therapy. To test whether our compounds could
lead to vasodilation, we established a mouse model
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where we measured the extent of flushing by the change
in blood perfusion of the mouse ear via laser Doppler.
In this study, 1a did not induce any flushing at either
30 mg/kg or 100 mg/kg (ip), in contrast to the intense
flushing caused by the niacin control at these doses
(Fig. 4). As a balanced compound regarding its activity
and PK, 1a was selected for study in the mouse vasodi-
lation model. It is unclear to us whether the lack of vaso-
dilation effect of 1a is a class effect until more
compounds have been tested.


In conclusion, we have identified a novel urea class of
anthranilic acid derivatives which bound and activated
the niacin receptor GPR109A. The SAR established
the importance of the piperazine and quinoxaline moie-
ties. Compound 1q bearing a terminal hydroxyl group
matched the potency of niacin indicating the added
favorable interaction of the hydroxyl group with the
receptor. Compound 1a had a good PK profile and bet-
ter efficacy in reducing FFA devoid of any flushing at
100 mg/kg in the mouse model. These data suggested
the possibility of developing niacin-like compounds with
reduced or no flushing.
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extracted with ethyl acetate. The organic layer was washed
with brine, dried with sodium sulfate, and concentrated in
vacuo. The residue was purified by flash chromatography
eluting with 5% of ethyl acetate in hexanes to obtain 5
(220 mg, 1.13 mmol, 11% over 2 steps). A mixture of 5
(220 mg, 1.13 mmol), piperazine (440 mg, 5.1 mmol), and
4 mL of butanol was heated at 150 �C in microwave for
15 min, then at 170 �C in microwave for additional 15 min.
The mixture was purified by RP-HPLC to give 8 (300 mg,
0.84 mmol, 74%) as a yellow oil. A solution of 8 (300 mg,
0.84 mmol) in 4 mL of dichloromethane was treated with a
stock solution of isocyanate 3 (0.2 M, 2 mL, 0.40 mmol).
After 1 h, the solution was concentrated and purified by
RP-HPLC to afford 9 (119 mg, 0.28 mmol, 34%) as a
yellow oil. To 9 (42 mg, 0.1 mmol) in 4 mL of THF/water/
methanol (3:1:1) was added 1 mL of LiOH (1 N) at rt. The
mixture was stirred at rt for 1 h, and concentrated. To this
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mixture was added HCl (1 N) slowly until pH 3. The
mixture was extracted with 30% isopropanol in chloro-
form. The organic layer was dried with sodium sulfate and
concentrated to give 10 (38 mg, 0.093 mmol, 93%) as a
yellow solid. 1H NMR (acetone-d6, 500 MHz) d 8.80 (1H,
m), 8.42 (1H, d), 7.96 (1H, d), 7.58 (2H, m), 7.29 (2H, d),
7.03 (1H, t), 3.86 (3H, s), 3.81 (4H, m), 3.65 (4H, m);
LCMS m/z: 408 (M+1). The isocyanate stock solution
was prepared by mixing methyl anthranilate 2(907
mg, 6 mmol), diisopropylethyl a mine (3.1 g, 4.2 mL,
24 mmol), and p-nitrophenylchloroformate (1.21 g,
6 mmol) in 30 mL of dichloromethane at 0 �C, and the

subsequent stirring at room temperature overnight. To
sodium hydride (10 mg, 0.25 mmol, 60%) in 3 mL of DMF
at 0 �C was added dodecanethiol (25 mg, 0.25 mmol). The
mixture was warmed to room temperature and stirred for
15 min. To this mixture was added a solution of 10 (10 mg,
0.025 mmol) in 3 mL of DMF. The mixture was heated at
120 �C for 6 h. The mixture was filtered and purified by
RP-HPLC to afford 1q(2 mg, 0.005 mmol, 20%) as a
brown oil. 1H NMR (acetone-d6 500 MHz)d 8.80 (1H, m),
8.66 (1H, d), 8.00 (1H, s), 7.59 (2H, m), 7.28 (2H, d), 7.05
(1H, t), 3.90 (m, 4H), 3.78 (m, 4H); LCMS m/z: 394
(M+1).
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Abstract—The cis-3-amino-4-(2-cyanopyrrolidide)-pyrrolidine template has been shown to afford low nanomolar inhibitors of
human DPP-IV that exhibit a robust PK/PD profile. An X-ray co-crystal structure of 5 confirmed the proposed mode of binding.
The potent single digit DPP-IV inhibitor 53 exhibited a preferred PK/PD profile in preclinical animal models and was selected for
additional profiling.
� 2007 Published by Elsevier Ltd.

Figure 1. DPP-IV inhibitors currently in market or Phase III clinical


trials.

Type 2 diabetes mellitus (T2DM) is becoming increas-
ingly prevalent and globally has reached epidemic pro-
portions. It is currently estimated that more than 180
million people worldwide have the disease with an esti-
mated 1.1 million deaths in 2005.1Even more disturbing
are the projections that the number of affected people
will double by 2030. Type 2 diabetes is a chronic disease
that is exacerbated by a sedentary lifestyle and obesity,
and is characterized by abnormal glucose regulation,
with diabetics at increased risk of cardiovascular, eye,
kidney, and nerve damage. Type 2 diabetics are unable
to maintain adequate control of blood sugar through
the action of endogenously generated insulin, even
though they generally have functioning pancreatic islet
b-cells. The incretin hormone glucagon-like peptide-1
(GLP-1) stimulates the release of insulin from b-cells.
GLP-1 administration has been shown to have a benefi-
cial effect on islet b-cell function and on maintenance of
proper blood glucose levels without the induction of
hypoglycemia.2 However, GLP-1 is rapidly degraded
and inactivated by the serine protease dipeptidyl pepti-
dase IV (DPP-IV). Therefore, the discovery of safe,
tolerated DPP-IV inhibitors is predicted to provide
effective medicaments for the management of T2DM.
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Several DPP-IV inhibitors have been tested in the clinic,
including multiple compounds that are now in Phase III
clinical trials (Fig. 1).3–5 Sitagliptin (1a, Januvia) has
been approved for use in Mexico and has received ap-
proval from the U.S. Food and Drug Administration.5


Structure-based drug design was used, in conjunction
with the published crystal structure of N-LL-valylpyrroli-
dine, to propose the DPP-IV inhibitor scaffold
cis-3-amino-4-pyrrolididepyrrolidine 2 (Fig. 2). The
appropriately substituted pyrrolidine ring was predicted
to project the amide-backbone NH and amine interac-
tions in the same orientation as found in N-LL-valylpyrro-
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Figure 2. Synthesis of chiral cis-3-amino-4-(pyrrolidide)pyrrolidinyl


single enantiomers.
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lidine.6,7 Modest DPP-IV inhibition (<200 nM) was
achieved with the achiral cis-aminopyrrolidide template
(data not shown), so an exhaustive SAR effort was
mounted. An asymmetric synthesis of the desired tem-
plate was effected using a published procedure and both
enantiomers of the template were prepared (Fig. 2).8 It
was found that 3R,4R-pyrrolidinyl template (2)
exhibited DPP-IV activity, as evidenced by the in vitro
activity of enantiomers 5 and 6 (Fig. 3).9 Diastereomeric
pairs of compounds 5 and 6 were not prepared.


A representation of the single crystal X-ray structure of
5 in human DPP-IV in a 6 Å binding site surface is

Figure 4. N-LL-Valylpyrrolidine (blue) overlayed with compound 5


(yellow).


Figure 3. Structure of chiral DPP-IV inhibitors 5 and 6.

shown in Figure 4, where N-LL-valylpyrrolidine is over-
layed in blue onto molecule 5 (in yellow).10 The amine
and pyrrolidide groups have the anticipated orientation
as was predicted by modeling. The pyrazine ring of the
quinoxalinyl-group forms favorable aromatic stacking
interactions with Phe357, but part of the benzene ring
binds polar atoms of Glu205, Glu206, Ser209, and
Arg358, suggesting further opportunities for exploring
enzyme–ligand interactions.


Initial SAR work then focused on preparing amide
derivatives using chiral template 2. Several of the more
potent human DPP-IV inhibitors are shown in Table 1.
Good selectivity was observed against a select panel of
other DPP enzymes with the most potent pyrrolidinyl-
amide analog, compound 7, having an IC50 against hu-
man DPP-IV of 30 nM.11


The pharmacokinetics of compound 5 was evaluated in
Sprague–Dawley rats and had t1/2 of 1.7 ± 0.5 h and
%F = 90.9 The relatively favorable PK profile of 5
provided further impetus to continue evaluating the
series. Hence, pyrrolidinyl-benzyl derivatives were
evaluated and compounds with human DPP-IV
IC50’s < 100 nM are shown in Table 2. Cursory analysis
of the benzyl derivatives indicated decreased DPP-IV
inhibitory potency and increased displacement of dofeti-
lide in a dofetilide binding assay12 (e.g., 32% and 9%
dofetilide binding inhibition for benzyl and amide ana-
logs 16 and 12, respectively). However, improved cell
permeability of the benzyl series relative to the amides
led to their continued investigation. The dofetilide bind-
ing assay was found to be a useful indicator of hERG
ion channel activity and we demonstrated a correlation
between the dofetilide displacement assay and the
hERG patch clamp assay for a subset of com-
pounds.13,14 The hERG/dofetilide correlation suggested
that <20% inhibition of dofetilide binding was desired in
order to minimize hERG activity.


Analogs containing a 2-cyanopyrrolidide were prepared
using the synthetic scheme shown in Figure 5 in an effort
to obtain inhibitors with increased potency. The benzyl
bromides used to synthesize final products 25, 26, 28, 29,
and 31–34 were prepared following the method of Tana-
ka et al.15


Several of the resultant analogs exhibited a significantly
improved inhibitory profile (Table 3). Analysis of the
emerging SAR indicated that it was possible to obtain
potent DPP-IV inhibitors with >100-fold selectivity
relative to DPP-2 and -8. However, there was a trend to-
ward increased inhibition of dofetilide binding and
DPP-8 inhibition. Therefore, dofetilide binding was
identified as a property that required removal from a
target molecule. Compound 28 was selected for PK/
PD determination since it exhibited excellent DPP-IV
activity and low potential for hERG activity.13 Unfortu-
nately, maximal DPP-IV inhibition in Sprague–Dawley
rats was only 51% between 4 and 6 h post-dose (5 mg/
kg po). This pharmacodynamic effect was considered
suboptimal and may be attributed to modest oral bio-
availability (36 ± 15%). Therefore, a careful analysis of







Table 2. Biological activity of (3R,4R)-cis-3-amino-4-pyrrolidinyl benzyl derivatives with human DPP-IV IC50 < 100 nM


Compound Ar R Human DPP-4


IC50 (nM)


Human DPP-8


IC50 (lM)


Percent dofetilide binding


inhibitiona (10 lM)


16 Quinolin-3-yl H 27 5.1 32


17 H 50 1.2 43


18 H 69 4.7 ND


19 3-Cyano-4-fluorophenyl H 78 3.1 9


20 3,4-Difluorophenyl H 80 2.5 19


21 p-Cyanophenyl H 81 1.9 ND


22 p-Nitrophenyl CH3 83 1.8 13


23 H 91 1.0 84


a ND, no data.


Figure 5. Synthesis of 2-cyano-pyrrolidide analogs.


Table 1. Biological activity of (3R,4R)-cis-3-amino-4-(pyrrolidide)pyrrolidinyl amide derivatives with human DPP-IV IC50 < 100 nM


Compound Ar Human DPP-4


IC50 (nM)


Human DPP-8


IC50 (lM)


Percent dofetilide binding


inhibition (10 lM)


7 30 27.4 15


8 Quinolin-6-yl 38 26.4 19


9 40 >30 14


10 Benzothiazol-6-yl 42 23.1 0.9


11 Isoquinolin-3-yl 47 >30 0.5


12 Quinolin-3-yl 49 >30 9


13 Benzothiaphen-2-yl 62 10.2 5


14 Naphthalen-2-yl 79 24.1 4


15 86 4.25 14
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extant dofetilide inhibition binding data was undertaken
and multiple SAR trends were identified that correlated
with decreased displacement of dofetilide binding: (1)
a-methylbenzyl substitution (compound 22 had 13%
inhibition of dofetilide binding, while the corresponding

des-methyl analog (data not shown) had 27% inhibition
of dofetilide binding); (2) heterocyclic substitution of
p-heteroarylbenzyl compounds (e.g., triazolyl deriva-
tives 25 and 28); and (3) m-substituted benzyl analogs
(e.g., m-cyano-derivatives 19 and 27).


A series of compounds were subsequently synthesized to
test these hypotheses in an attempt to identify low single
digit nanomolar DPP-IV inhibitors possessing low inhi-
bition of dofetilide binding. The requisite benzyl bro-
mides were either commercially available or were
prepared as shown in Figure 6. Of note, the preparation
of 4-cyano-3-methylbenzyl bromide 37 required the
selective reduction of methyl ester 36, which was initially







Table 3. Biological activity of (3R,4R)-cis-3-amino-4-cyanopyrrolidide benzyl derivatives with human DPP-IV IC50 � 10 nM


Compound Ar R Human DPP-4


IC50 (nM)


Human DPP-8


IC50 (nM)


Percent dofetilide binding


inhibition (10 lM)


24 p-Cyanophenyl H 2.4 560 47


25 H 3.2 461 40


26 H 3.3 148 36


27 3-Cyano-4-fluoro H 3.6 922 10


28 H 5.3 858 4


29 H 5.4 247 49


30 Quinolin-3-yl H 6.2 3290 36


31 H 6.7 326 65


32 H 8.5 704 4


33 H 10 363 71


34 H 10 190 91
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accomplished using LiAlH4/SiO2 following a published
procedure. 16 Considerable caution needs to be exercised
when using this protocol beyond low millimolar scale
since explosive generation of hydrogen gas occurs upon
mixing LiAlH4 with silica. A different reductive proce-
dure was subsequently used to prepare the desired ben-
zyl alcohols from methyl esters 36 and 42a,b.17


Benzyl-substituted compounds, shown in Table 4, affor-
ded potent DPP-IV inhibitors and exhibited substan-
tially improved dofetilide binding as was evident by
comparing 48 and 51 (7% and 18% inhibition of dofeti-
lide binding, respectively) with the corresponding des-
methyl analogs 25 and 24 (40% and 47% inhibition of
dofetilide binding, respectively). The 2-cyano-5-fluoro-
pyrrolidide of 32 did not produce a substantial increase
in DPP-IV potency, and actually had an adverse effect
on inhibition of dofetilide binding (see compound 52
in Table 4). m-Substituted benzyl derivatives 53–56 were
prepared and analogs 53 and 54 had excellent DPP-IV
inhibitory potency, with 53 exhibiting a �3.4-fold de-
creased dofetilide binding relative to the unsubstituted

p-cyano derivative 24. Interestingly, diethyl analog 55
had decreased inhibition of dofetilide binding but exhib-
ited a >3-fold loss in DPP-IV potency relative to com-
pound 53.18 In addition, 57 had �4-fold increased
inhibition of dofetilide binding compared to 56 (62%
vs 17% inhibition of dofetilide binding). Other examples
of minor structural changes that decreased dofetilide
binding are found by comparing 49 (88%) with 51
(18%) and 57 (62%) with 25 (40%).


Compounds 48 and 53 were selected for further evalua-
tion based upon their in vitro profiles: rat PK data are
summarized in Table 5. Triazolyl analog 48 had a longer
t1/2 but a lower %F than 53. Maximal DPP-IV inhibition
in rats (5 mg/kg po dose) was more robust for 53 than
for 48, with 53 inhibiting rat DPP-IV >90% beyond
8 h post-dose while maximal DPP-IV inhibition with
48 began to diminish after �4 h.


The decision was made to progress compound 53 owing
to improved synthetic accessibility and since compound
48 had a more pronounced positive effect in an in vitro







Table 4. Biological activity of benzyl-substituted analogs


Compound R1 R2 Human DPP-4


IC50 (nM)


Human DPP-8


IC50
a (nM)


Percent dofetilide binding


inhibition (10 lM)


48 H 3 586 7


49 H 3.4 258 88


50 H 3.5 1150 7


51 H 5.5 1040 18


52 F 5.3 332 17


53 H 1.3 460 14


54 H 1.1 346 21


55 H 4.7 417 3


56 H 46 ND 17


57 H 3.8 203 62


a ND, no data.
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micronucleus assay. Compound 53 subsequently tested
negative in a human lymphocyte aberration (HLA)
assay implying less potential for cytotoxicity. Com-
pound instability in human and dog plasma, but not
in rat, became apparent during further analysis of 53
(Table 6). Compound 53 was also unstable in fresh
rat, dog, and human blood. The reasons for instability
were not apparent since 2-cyanopyrrolidides are not

inherently prone to human plasma instability. For
example, vildagliptin (1b) is currently in Phase III clini-
cal trials. The chemical reasons behind plasma instabil-
ity are unknown and a decision was made to not pursue
this series of DPP-IV inhibitors.


In summary, cis-3-amino-4-(2-cyanopyrrolidide)-pyrrol-
idines were shown to be a unique scaffold from which
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Figure 6. Synthesis of benzyl halides.


Table 5. Rat PK and PD (5 mg/kg po) for 48 and 53


Parameter Compound


48 53


Cmax (ng/mL)a 1400 (±264) 1785 (±827)


AUCinf (h ng/mL)a 7703 (±1452) 3130 (±1160)


CL (mL/min/kg) 2.2 (±2.6) 21.8 (±3.0)


t1/2 (h)a 4.3 (±2.6) 2.3 (±0.4)


%Fa 30.6 (±5.7) 81 (±19)


Rat plasma protein binding (% free) 23 (±0.3) 34 (±0.3)


Maximal DPP-IV inhibition 86% 95%


a Values are means of two experiments, standard deviation is given in


parentheses.


Table 6. Stability of compound 53 in rat, dog, and human plasma


% Drug remaining


Time (h): 0 2 4 6


Species


Rat 100 93 98 117


Dog 100 85 84 83


Human 100 49 27 13


Control 100 99 108 127
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potent DPP-IV inhibitors could be obtained. Careful
analysis of the SAR enabled the design of compounds that
exhibited low displacement of dofetilide in a binding assay
while human DPP-IV inhibition was improved. Concom-
itant risk management of micronucleus positive data, via
selection of a weakly positive micronucleus compound
and subsequent testing in a HLA assay, enabled the selec-

tion of compound 53 having an improved cytotoxicity
profile. Unexpected plasma instability led to the cessation
of work with this series of DPP-IV inhibitors.
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Abstract—A series of 17 symmetrical substituted imidothiocarbamate and imidoselenocarbamate derivatives has been synthesized
by reacting appropriately substituted acyl chlorides with alkyl imidothiocarbamates and alkyl imidoselenocarbamates. The antitu-
moral activities of the compounds were evaluated in vitro by examining their cytotoxic effects against human prostate cancer cells
(PC-3). Five compounds showed interesting activity levels and 3p (IC50 = 1.85 lM) was 7.3 times more active than the standard eto-
poside used in the treatment of prostate cancer and emerges as the most interesting compound.
� 2007 Elsevier Ltd. All rights reserved.

Numerous observations in the epidemiological literature
have linked various dietary, lifestyle, genetic, and non-
traditional factors with the risk of developing prostate
cancer.1 Prostate cancer is the most common cancer in
men and the second highest cause of male cancer deaths
in the United States and the United Kingdom. In recent
years, many epidemiological studies2–5 have suggested
that an essential trace element, such as selenium (Se),
acts to protect against cancer, particularly prostate can-
cer.6 There is a marked geographic variability of Se in
food and this is related to local soil content. Se is also
widely available in over-the-counter supplements and
multivitamins. There is increasing evidence to suggest
that Se works by inhibiting important molecular path-
ways of the early carcinogenesis in a variety of experi-
mental models and that the anticancer activity is
dependent on its chemical form. Se occurs in both or-
ganic and inorganic forms. The organic form is found
predominantly in grains, fish, meat, poultry, eggs, and
dairy products and enters the food chain through plant
consumption.7,8 A number of potential mechanisms
have been proposed for its antitumorigenic effects and
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these include antiandrogen activity.9,10 It has also been
suggested that selenium may exert growth inhibitory ef-
fects by regulation of p53,11,12 by antioxidant function,13


DNA damage,14 and numerous pathways involve apop-
tosis15–19 as a critical event. The regulatory mechanisms
of apoptosis are extremely complex and for selenium
compounds they mainly involve mitochondrial path-
way,15,16 protein kinases,17 tumor necrosis factor,18


and reactive oxygen species.19 A survey of the diverse lit-
erature in this field shows that very few organoselenium
compounds have been described, but those that have do
show promising activities. Among them are the seleno-
proteins,20 such as selenomethionine and methylseleno-
cysteine, and a number of synthetic derivatives such as
p-xylylbismethylselenide, sodium selenite,21 and methyl-
seleninic acid.22 In addition, the combination of some of
these derivatives with chemotherapeutic agents shows
synergistic activity in prostate cancer. For instance,
methylselenocysteine enhances the effect of docetaxel,23


whereas methylseleninic acid improves substantially
the therapeutic effect of etoposide in vivo.24


In recent reports, we have described25–28 the synthesis,
cytotoxicity, and apoptotic evaluation of a series of sym-
metrical diaryl derivatives. We observed that symmetry
is a structural property that is frequently present in
cytotoxic and proapoptotic drugs.29 In addition, some
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Scheme 1. Synthesis of bisacylimidocarbamates 3a–q.
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reported selenium derivatives have this property: 1,
4-phenylenebis(methylene)selenocyanate,30 1,2-[bis(1,
2-benzoiso selenazolone)-3(2H)-ketone]ethane,31 and
alkyl32 and biscyclodextrin33 diselenides.


Based on these findings we planned to undertake the
synthesis of new symmetrical compounds that contain
selenium. The rationale behind the design of these com-
pounds was to maintain the general structural pattern
described in our previous studies,25–28 which in this pa-
per corresponds to molecules with a central nucleus con-
sisting of an alkyl imidothiocarbamate (alkyl
isothiourea) or alkyl imidoselenocarbamate (alkyl iso-
selenourea) connected by a carbonyl group onto two
identical lateral aromatic or heteroaromatic rings. The
sulfur and selenium substituents were varied between
methyl, ethyl, and isopropyl in order to determine the ef-
fect of the alkyl chain length and its ramifications on the
activity.34 In addition, the differences in the anticarcino-
genic activity between two similar chemical elements,
selenium and sulfur,35 were studied. The lateral rings
in these systems are aromatic rings bearing one or more
electron-donating (methoxy, methyl, tert-butyl) or elec-
tron-withdrawing (nitro, trifluoromethyl, cyano, chloro)

Table 1. Synthesis of title compounds 3a–q


Compound From Time (h) Yie


3a (1a + 2a) 38 38


3b (1b + 2a) 30 35


3c (1a + 2b) 48 67


3d (1b + 2b) 48 86


3e (1c + 2b) 48 50


3f (1d + 2b) 48 56


3g (1b + 2c) 52 45


3h (1d + 2c) 48 40


3i (1a + 2d) 15 60


3j (1b + 2d) 40 35


3k (1d + 2d) 36 89


3l (1b + 2e) 15 33


3m (1b + 2f) 33 26


3n (1b + 2g) 24 26


3o (1a + 2h) 48 35


3p (1b + 2h) 48 77


3q (1b + 2i) 60 65

groups. In some examples the ring system is a heteroar-
omatic unit such as pyridine.


The synthesis of the bisacylimidocarbamates 3a–q36 was
carried out according to Scheme 1, starting from the
appropriate S-alkyl imidothiocarbamate (1a) or Se-alkyl
imidoselenocarbamate (1b–d) hydroiodides and the cor-
responding acyl chloride (2a–i) in a 1:2.1 molar ratio,
respectively, in chloroform in the presence of pyridine
as a catalyst at room temperature. The compounds were
obtained in yields ranging from 26% to 89%. The
scope and generality of this procedure are illustrated
in Table 1. The purity of the compounds was assessed
by TLC and elemental analyses and their structures were
identified from spectroscopic data.36


New compounds (3a–q) were evaluated for their in vitro
cytotoxic activity against a human prostate cancer cell
line (PC-3, ATCC, Manassas, VA) using the MTT as-
say.37 Results are tabulated as IC50 values. All experi-
ments were independently performed at least three
times and the values were calculated after 72 h exposure
(compound concentrations of 2, 5, 7, and 10 lM). The
results are shown in Table 2 and in Figure 1. High cyto-

ld (%) Mp (�C) Recrystallization solvent


191–192 EtOH/N,N-DMF


176–177 EtOH/N,N-DMF


147–148 EtOH


137–138 EtOH


104–105 EtOH


97–98 EtOH


160–162 EtOH/N,N-DMF


149–151 EtOH/N,N-DMF


174–175 EtOH


177–178 EtOH


155–156 EtOH


214–215 EtOH/N,N-DMF


164–165 EtOH


179–180 EtOH


152–153 EtOH/N,N-DMF


159–160 EtOH


141–142 EtOH







Table 2. Cytotoxic activity of the compounds 3a–q


Y


N
H


N


Y


O OX
R


R'R'


Compound X Y R R0 IC50
a (lM) LD50


b (lM)


3a S N Methyl 2-Cl >10 ndc


3b Se N Methyl 2-Cl 9.14 >10


3c S C Methyl H >10 nd


3d Se C Methyl H 2.50 4.1


3e Se C Ethyl H >10 nd


3f Se C Isopropyl H >10 nd


3g Se C Methyl 3,5-diOCH3 6.50 nd


3h Se C Isopropyl 3,5-diOCH3 >10 nd


3i S C Methyl 4-Cl >10 nd


3j Se C Methyl 4-Cl 7.60 nd


3k Se C Isopropyl 4-Cl >10 nd


3l Se C Methyl 4-NO2 >10 nd


3m Se C Methyl 4-CF3 >10 nd


3n Se C Methyl 4-CN >10 nd


3o S C Methyl 4-CH3 >10 nd


3p Se C Methyl 4-CH3 1.85 >10


3q Se C Methyl 4-C(CH3)3 >10 nd


MSAd — — — — 8.3837


Etoposide — — — — 13.6 ± 2.238


a Cell line PC-3.
b Cell line RWPE-1.
c nd, no data.
d MSA, methylseleninic acid.
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toxic activity values were found for five compounds (3b,
3d, 3g, 3j, and 3p) and these ranged from 1.85 to 10 lM.
Comparison of these results with the standards used
showed that five of the compounds are more active than
methylseleninic acid and all of them have IC50 values
lower than that of etoposide. Compound 3p was the
most potent (IC50: 1.85 lM) and was 4.5 times more ac-
tive than standard methylseleninic acid
(IC50 = 8.38 lM38) and 7.3 times more active than eto-
poside (IC50 = 13.6 lM39), a drug currently used in the
treatment of prostate cancer.


In the present study a precise structure–activity relation-
ship cannot be defined, although it is possible to high-
light some general trends. A relationship seems to
exist between the presence of substituents with strongly
deactivating electron-withdrawing groups (e.g., nitro
and trifluoromethyl) in the phenyl ring and reduced
activity (3l, 3m) and this is followed closely by the cyano
group (3n). However, electron-donating groups like
methoxy and methyl appear to increase the activity
(3g, 3p). On the other hand, the biological results for
the tert-butyl derivative (3q), an electron-donating but
voluminous substituent, showed this to be inactive and
this result suggests that the size of R 0 is also important
for activity.


The effect of changing the alkyl chain length was also
investigated and the order of activity was found to be

methyl > ethyl > isopropyl (3d > 3e > 3f, 3g > 3h, and
3j > 3k). The cytotoxic activity assay for four pairs of
sulfur and selenium analogs (3a–3b, 3c–3d, 3i–3j, and
3o–3p) was also investigated. Replacement of sulfur with
selenium in 3a, 3c, 3i, and 3o had a positive effect on the
activity. S and Se are similar in some aspects but differ-
ent in others. In essence, the trends for oxidized and re-
duced Se and S species are similar, but the proportions
differ quite significantly, suggesting important differ-
ences in the biochemistry of S and Se.40 Ip35 reported
comparative studies between analogous sulfur and sele-
nium compounds and demonstrated that selenium is
much more active than sulfur in inhibiting cancer cell
growth. Furthermore, selenium may have a multi-modal
mechanism in preventing cellular transformation. El-
Bayoumi41 later found evidence to support this idea by
extending the studies to other analogous sulfur and sele-
nium derivatives.


Some of the compounds (3b, 3d, and 3p) that showed
good in vitro activity were examined in more detail for
toxicity with regard to selectivity and, as an orientative
measure, in a cell culture of one non-tumoral prostate
line (RWPE-1). Drug concentrations studied ranged
from 2 to 10 lM. The results are reported in Table 2
and in Figure 2 and expressed as DL50. All the com-
pounds showed low toxicity with DL50 > 10 lM except
for 3d, whose DL50 was only 1.6 times higher than its
IC50. For this reason, and for its low solubility it has







Figure 1. Effects of compounds 3a–q on growth of cells. Dose-dependent effect on PC-3 cells. Data are expressed as percent survival and error bars


show SD (n = 4).
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not been selected for studying the mechanism of
action.


In conclusion, it has been shown that the potency and
selectivity of these compounds make them valid leads
for the synthesis of new compounds that possess im-

proved activity. Compound 3p can be highlighted as a
candidate as an antitumoral agent for prostate cancer.
However, further biological work is urgently needed to
elucidate the mechanism of action. Our efforts are now
focused on evaluating its effects on apoptosis, oxidative
stress, and cell cycle. These results have encouraged us







Figure 2. Effects of compounds 3b, 3d, and 3p on non-tumoral


prostate cells (RWPE-1). Data are expressed as percent survival and


error bars show SD (n = 4).
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to carry out further work in the general area of
selenocompounds.
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Methyl imidothiocarbamate hydroiodide, 1a:IR
(KBr):3311–3102, 1638 cm�1; 1H NMR (400 MHz,
DMSO-d6, d):2.57 (s, 3H, S–CH3), 8.97 (br s, 4H, NHÆHI,
NH2). Anal. Calcd for C2H6N2SÆHI (%):C, 15.52; H, 3.88;
N, 12.07. Found:C, 15.65; H, 3.86; N, 12.05.
Methyl imidoselenocarbamate hydroiodide, 1b:IR
(KBr):3319–3102, 1635 cm�1; 1H NMR (400 MHz,
DMSO-d6, d):2.47 (s, 3H, Se–CH3); 6.57 (br s, 1H, NH);
9.00 (br s, 2H, NH2). Anal. Calcd for C2H6N2SeÆ0.8-
HIÆ0.3NH3 (%):C, 9.81; H, 3.14; N, 13.16. Found:C, 10.04;
H, 2.66; N, 13.44.
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Ethyl imidoselenocarbamate hydroiodide, 1c:IR
(KBr):3266–3101, 1636 cm�1; 1H NMR (400 MHz,
DMSO-d6, d):1.42 (t, 3H, Se–CH2–CH3); 3.18 (q, 2H,
Se–CH2-CH3); 6.58 (br s, 1H, NH); 9.06 (br s, 2H, NH2).
Anal. Calcd for C3H8N2SeÆ0.85HIÆ0.55NH3 (%):C, 13.37;
H, 3.90; N, 13.26. Found:C. 13.61; H, 3.59; N, 13.00.
Isopropyl imidoselenocarbamate hydroiodide, 1d:IR
(KBr):3262–3108, 1643 cm�1; 1H NMR (400 MHz,
DMSO-d6, d):1.46 [d, 6H, Se–CH–(CH3)2]; 4.07 [m, 1H,
Se–CH–(CH3)2]; 6.58 (br s, 1H, NH); 9.14 (br s, 2H, NH2).
Anal. Calcd for C4H10N2SeÆ0.9HIÆ0.5NH3 (%):C, 16.62;
H, 3.94; N, 12.12. Found:C, 16.84; H, 3.80; N, 12.36.
General procedure for the synthesis of compounds (3a–
q):A solution of the corresponding acyl chloride 2a–i
(6.87 mmol) in chloroform (10 mL) was slowly added
dropwise to a stirred solution of compounds 1a–d
(3.27 mmol) in dry chloroform (15 mL) and pyridine
(5 mL). The mixture was stirred for 15–60 h at room
temperature. Solvents were removed under vacuum by
rotatory evaporation and the residue was treated with
water (50 mL) and purified as indicated in Table 1.
Methyl N,N 0-bis(2-chloropyridine-3-carbonyl)-imidothioc-
arbamate, 3a:IR (KBr):3426, 1697 cm�1; 1H NMR
(400 MHz, CDCl3, d):2.61 (s, 3H, S–CH3); 7.37 (dd, 1H,
J5–4 = 6.9 Hz, J5–6 = 4 Hz, H5); 7.45 (dd, 1H,
J50–40 ¼ 6:9 Hz, J50–60 ¼ 4 Hz, H50 ); 8.11 (d, 1H, H4); 8.40
(d, 1H, H40); 8.52 (d, 1H, H60 ); 8.61 (d, 1H, H6); 13.72 (br
s, 1H, NH). Anal. Calcd for C14H10Cl2N4O2S (%):C,
45.54; H, 2.73; N, 15.17. Found:C, 45.26; H, 2.78; N,
14.96.
Methyl N,N 0-bis(2-chloropyridine-3-carbonyl)-imidosele-
nocarbamate, 3b:IR (KBr):3419, 1688 cm�1; 1H NMR
(400 MHz, CDCl3, d):2.46 (s, 3H, Se–CH3); 7.37 (dd, 1H,
J5–4 = 7.4 Hz, J5–6 = 4.1 Hz, H5); 7.46 (dd, 1H,
J50–40 ¼ 7:5 Hz, J50–60 ¼ 4:1 Hz, H50 ); 8.14 (d, 1H, H4);
8.43 (d, 1H, H40 ); 8.53 (d, 1H, H60 ); 8.62 (d, 1H, H6); 13.88
(br s, 1H, NH). Anal. Calcd for C14H10Cl2N4O2Se (%):C,
40.41; H, 2.42; N, 13.46. Found:C, 40.23; H, 2.34; N,
13.22.
Methyl N,N 0-bisbenzoylimidothiocarbamate, 3c:IR
(KBr):3430, 1700 cm�1; 1H NMR (400 MHz, CDCl3,
d):2.69 (s, 3H, S–CH3); 7.51 (m, 2H, H3 + H5); 7.58 (m,
3H, H30 þH50 þH4); 7.67 (m, 1H, H40 ); 8.07 (d,
2H,J20–30 ¼ J60�50 ¼ 8:4 Hz, H20 þH60 ); 8.37 (d, 2H, J2–


3 = J6–5 = 8.4 Hz, H2 + H6). Anal. Calcd for C16H14N2O2S
(%): C, 62.54; H, 4.72; N, 9.12. Found: C, 62.54; H, 4.48;
N, 8.99.
Methyl N,N 0-bisbenzoylimidoselenocarbamate, 3d: IR
(KBr): 3446, 1691 cm�1; 1H NMR (400 MHz, CDCl3, d):
2.53 (s, 3H, Se–CH3); 7.51 (m, 2H, H3 + H5); 7.58 (m, 3H,
H30 þH50 þH4Þ; 7.67 (m, 1H, H40 Þ; 8.07 (d, 2H,
J20–30 ¼ J60�50 ¼ 7:1 Hz, H20 þH60 ); 8.38 (d, 2H, J2–


3 = J6–5 = 7.1 Hz, H2 + H6); 13C NMR (100 MHz, CDCl3,
d): 8.9 (Se–CH3); 128.5 (C4 + C6); 128.8 ðC40 þ C60 Þ; 129.6
ðV3 þ C30 þ C7 þ C70 Þ; 130.9 (C5); 131.8 ðC50 Þ; 134.2 (C2);
136.9 ðC20 Þ; 166.3 (C1); 172.8 (C–Se); 176.6 ðC10 Þ. Anal.
Calcd for C16H14N2O2Se (%): C, 55.65; H, 4.06; N, 8.12.
Found: C, 55.57; H, 4.19; N, 8.03.
Ethyl N,N 0-bisbenzoylimidoselenocarbamate, 3e: IR (KBr):
3452,1694 cm�1; 1H NMR (400 MHz, CDCl3, d): 1.62 (t,
3H, J = 7.5 Hz, Se–CH2-CH3); 3.21 (q, 2H, J = 7.5 Hz,
Se–CH2-CH3); 7.51 (m, 2H, H3 + H5); 7.58 (m, 3H,
H30 þH50 þH4); 7.67 (m, 1H, H40 ); 8.07 (d, 2H,
J20–30 ¼ J60�50 ¼ 7:4 Hz, H20 þH60 ); 8.36 (d, 2H, J2–


3 = J6–5 = 7.4 Hz, H2 + H6). Anal. Calcd for
C17H16N2O2Se (%): C, 56.82; H, 4.46; N, 7.80. Found:
C, 56.64; H, 4.46; N, 7.85.
Isopropyl N,N 0-bisbenzoylimidoselenocarbamate, 3f: IR
(KBr): 3430, 1694 cm�1; 1H NMR (400 MHz, CDCl3, d):

1.65 [d, 6H, J = 7.0 Hz, Se–CH–(CH3)2]; 4.26 [sept, 1H,
J = 7.0 Hz, Se–CH–(CH3)2]; 7.51 (m, 2H, H3 + H5); 7.58
(m, 3H, H30 þH50 þH4); 7.67 (m, 1H, H40 ); 8.07 (d, 2H,
J20–30 ¼ J60�50 ¼ 7:2 Hz, H20 þH60 ); 8.36 (d, 2H, J2–3 = J6–


5 = 7.2 Hz, H2 + H6). Anal. Calcd for C18H18N2O2Se (%):
C, 57.91; H, 4.83; N, 7.51. Found: C, 57.70; H, 4.86; N,
7.51.
Methyl N,N 0-bis(3,5-dimethoxybenzoyl)imidoselenocarba-
mate, 3g: IR (KBr): 3417, 1688 cm�1; 1H NMR (400 MHz,
CDCl3,d): 2.51 (s, 3H, Se–CH3); 3.89 (s, 12H, OCH3); 6.70
(s, 1H, H4); 6.72 (s, 1H, H40 ); 7.17 (s, 2H, H20 þH60 ); 7.75
(s, 2H, H2 + H6); 13C NMR (100 MHz, DMSO-d6): d 8.9
(Se–CH3); 56.0 (4[OCH3]); 106.0 ðC50 Þ; 108.1 (C5); 129.2
ðC30 þ C70 Þ; 131.3 (C3 + C7); 133.8 ðC20 Þ; 138.9 (C2); 161.0
ðC4 þ C6 þ C40 þ C60 Þ; 166.2 (C1); 172.5 (C–Se); 176.0
ðC10 Þ. Anal. Calcd for C20H22N2O6Se (%): C, 51.61; H,
4.73; N, 6.02. Found (%): C, 51.29; H, 4.48; N, 5.78.
Isopropyl N,N 0-bis(3,5-dimethoxybenzoyl)imidoselenocar-
bamate, 3h: IR (KBr): 3414, 1689 cm�1; 1H NMR
(400 MHz, CDCl3, d): 1.64 [s, 6H, Se–CH–(CH3)2]; 3.89
(s, 12H, O–CH3); 4.21 [m, 1H, Se–CH–(CH3)2]; 6.69 (d,
1H, J4–2 = J4–6 = 2 Hz, H4); 6.72 (d, 1H,
J40–20 ¼ J40�60 ¼ 2 Hz;H40 ); 7.17 (d, 2H, H20 þH60 ); 7.52
(d, 2H, H2 + H6). Anal. Calcd for C22H26N2O6Se (%): C,
53.55; H, 5.27; N, 5.68. Found: C, 53.23; H, 4.98; N, 5.58.
Methyl N,N 0-bis(4-chlorobenzoyl)imidothiocarbamate, 3i:
IR (KBr): 1703 cm�1; 1H NMR (400 MHz, CDCl3, d):
2.67 (s, 3H, S–CH3); 7.47 (d,2H, H3 + H5J3–4 = 8.6 Hz);
7.55 (d, 2H, H30 þH50 ); 7.99 (d, 2H, H20 þH60 ); 8.28 (d,
2H, H2 + H6). Anal Calcd for C16H12Cl2N2O2S (%): C,
52.32; H, 3.27; N, 7.63. Found: C, 52.41; H, 3.26; N, 7.78.
Methyl N,N 0-bis(4-chlorobenzoyl)imidoselenocarbamate,
3j: IR (KBr): 3413, 1691 cm�1; 1H NMR (400 MHz,
CDCl3, d): 2.51 (s, 3H, Se–CH3); 7.47 (br s, 2H, H3 + H5);
7.54 (br s, 2H, H30 þH50 ); 7.99 (br s, 2H, H20 þH60 ); 8.27
(br s, 2H, H2 + H6); 13C NMR (100 MHz, CDCl3, d): 9.0
(Se–CH3); 129.3 ðC30 þ C70 þ C4 þ C6 þ C40 þ C60 Þ; 129.9
(C3 + C7); 132.2 (C2); 135.2 ðC20 Þ; 140.0 (C5); 140.8 ðC50 Þ;
165.2 (C1); 173.6 (C–Se); 175.7 ðC10 Þ. Anal. Calcd for
C16H12Cl2N2O2Se (%): C, 46.38; H, 2.90; N, 6.76. Found:
C, 46.06; H, 2.81; N, 6.72.
Isopropyl N,N 0-bis(4-chlorobenzoyl)imidoselenocarbamate,
3k: IR (KBr): 3414, 1692 cm�1; 1H NMR (400 MHz,
CDCl3, d): 1.64 [d, 6H, Se–CH–(CH3)2, J = 7.0 Hz]; 4.21
[m, 1H, Se–CH–(CH3)2]; 7.48 (d, 2H, J3–2 = 6.6 Hz,
H3 + H5);7.55 (d, 2H, J 30–20 ¼ 6:6 Hz, H30 þH50 ); 7.99 (d,
2H, H20 þH60 ); 8.26 (d, 2H, H2 + H6). Anal. Calcd for
C18H16Cl2N2O2Se (%): C, 48.87; H, 3.62; N, 6.33. Found:
C, 48.60; H, 3.47; N, 6.21.
Methyl N,N 0-bis(4-nitrobenzoyl)imidoselenocarbamate, 3l:
IR (KBr): 3414, 1691, 1529 cm�1: 1H NMR (400 MHz,
DMSO-d6, d): 2.55 (s, 3H, Se–CH3); 8.11 (m, 4H,
H3 þH5 þH30 þH50 ); 8.36 (br s, 4H,
H2 þH6 þH20 þH60 ). Anal. Calcd for C16H12N4O6-


SeÆHCl (%): C, 40.72; H, 2.76; N, 11.88. Found: C,
40.73; H, 2.57; N, 11.78.
Methyl N,N 0-bis(4-trifluoromethylbenzoyl)imidoselenocar-
bamate, 3m: IR (KBr): 3451, 1692 cm�1; 1H NMR
(400 MHz, CDCl3, d): 2.54 (s, 3H, Se–CH3); 7.76 (d, 2H,
J3–2 = J5–6 = 7.3 Hz, H3 + H5); 7.86 (d, 2H,
J30–20 ¼ J50�60 ¼ 7:5 Hz, H30 þH50 ); 8.17 (d, 2H,
H20 þH60 ); 8.45 (d, 2H, H2 + H6). Anal. Calcd for
C18H12F6N2O2Se (%): C, 44.92; H, 2.51; N, 5.82. Found:
C, 44.96; H, 2.56; N, 5.92.
Methyl N,N 0-bis(4-cyanobenzoyl)imidoselenocarbamate,
3n: IR (KBr): 3416, 2230, 1697 cm�1; 1H NMR
(400 MHz, CDCl3, d): 2.56 (s, 3H, Se–CH3); 7.81 (d, 2H,
J3–2 = J5–6 = 8.0 Hz, H3 + H5); 7.90 (d, 2H,
J30–20 ¼ J50�60 ¼ 8:0 Hz, H30 þH50 ); 8.16 (d, 2H,
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H20 þH60 ); 8.45 (d, 2H, H2 + H6). Anal. Calcd for
C18H12N4O2Se (%): C, 54.70; H, 3.06; N, 14.18. Found:
C, 54.74; H, 3.24; N, 14.13.
Methyl N,N 0-bis(4-methylbenzoyl)imidothiocarbamate, 3o:
IR (KBr): 3450, 1688 cm�1; 1H NMR (400 MHz,
CDCl3,d): 2.46 (s, 6H, Ph–CH3), 2.66 (s, 3H, S–CH3),
7.29 (d, 2H, J3–2 = 8.2 Hz, H3 + H5), 7.36 (d, 2H,
J 30–20 ¼ 8:2 Hz, H30 þH50 ), 7.95 (d, 2H, H20 þH60 ), 8.25
(d, 2H, H2 + H6). Anal. Calcd for C18H18N2O2S (%): C,
66.26; H, 5.52; N, 8.59. Found: C, 66.01; H, 5.64; N, 8.37.
Methyl N,N 0-bis(4-methylbenzoyl)imidoselenocarbamate,
3p: IR (KBr): 3446, 1679 cm�1; 1H NMR (400 MHz,
CDCl3, d): 2.46 (s, 6H, Ph–CH3); 2.51 (s, 3H, Se–CH3);
7.30 (d, 2H, J3–2 = 7.4 Hz, H3 + H5); 7.36 (d, 2H,
J 30–20 ¼ 7:4 Hz, H30 þH50 ); 7.96 (d, 2H, H20 þH60 ); 8.27
(d, 2H, H2 + H6). Anal. Calcd for C18H18N2O2Se (%): C,
57.92; H, 4.86; N, 7.51. Found: C, 58.33; H, 4.64; N, 7.56.
Methyl N,N 0-bis(4-tert-butylbenzoyl)imidoselenocarba-
mate, 3q: IR (KBr): 3448, 2957–2867, 1692 cm�1. 1H
NMR (400 MHz, CDCl3, d): 1.38 [s, 18H, C-(CH3)3]; 2.51
(s, 3H, Se–CH3); 7.53 (d, 2H, J3–2 = 8.1 Hz, H3 + H5); 7.59
(d, 2H, J30–20 ¼ 8:1 Hz, H30 þH50 ); 8.00 (d, 2H, H20 þH60 );
8.31 (d, 2H, H2 + H6). Anal. Calcd for C24H30N2O2Se (%):
C, 63.02; H, 6.61; N, 6.12. Found: C, 62.97; H, 6.74; N, 6.07.


37. Materials and methods for cytotoxicity assay (MTT assay):
PC-3 cells were seeded in 96-well plates (Millipore, Eschborn,
Germany) at a density of 5 · 103 cells per well in 200 lL
of complete medium and the samples were incubated at
37 �C under 5% CO2 overnight prior to the addition of the

compounds. After 72 h of incubation with the compounds,
10 lL MTT solution (5 mg/mL in PBS) was added to each
well and these were stored for an additional 4 h at 37 �C, 5%
CO2. The absorbance of formazan at k = 570 nm was
measured on a Polarstar Galaxy plate reader (BMG
LabTechnologies GmbH). The percentage of viable cells
was calculated to obtain IC50-values in comparison to
untreated control cells. PC-3 cells (human tumorigenic and
metastatic prostate cancer cells) were obtained from Amer-
ican Type Culture Collection (ATCC), Manassas, USA, and
cultured under standard conditions (Dulbecco’s RPMI
1640 medium, with GlutamaxTM 1, Invitrogen) supple-
mented with 10% fetal bovine serum (Fetalclone III,
SH30109.03, HYCLONE) and 1% Penicillin–Streptomycin
(Invitrogen). RWPE-1 cells (non-tumorigenic human pros-
tate cells) were also obtained from ATCC and cultured in
keratinocyte-SFM Kit (Invitrogen) supplemented with 1%
fetal bovine serum, Fetalclone III, SH30109.03,
HYCLONE, and 1% Penicillin–Streptomycin (Invitrogen).
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Abstract—In our continuing study of biologically active compounds from Korean medicinal plants, we investigated the hepatopro-
tective constituents of the aerial parts of Lactuca indica L. (Compositae), since the methanolic extract of L. indica has hepatopro-
tective activity against hepatitis B virus (HBV) production. The bioactivity-guided separation of the methanolic extract of the aerial
parts of L. indica resulted in the isolation of seven quinic acid derivatives (1, 3–4, 6, and 10–12), along with five flavonoids (2, 5, and
7–9). All the isolated compounds were evaluated for hepatoprotective activity by the HBV assay in vitro. In the human HBV-trans-
fected liver cell line HepG2.2.15, all the compounds except 2 and 5 effectively reduced HBV DNA level in the release of mature HBV
particles from HepG2.2.15 cultivation. Of the ten active compounds, treatment with 1, 3, and 12 led to significant reduction in the
extracellular HBV DNA level, suggesting that they could be potent phytochemical agents against hepatitis B virus.
� 2007 Published by Elsevier Ltd.

Hepatitis B virus (HBV) infection in humans is still a
major medical problem worldwide. Although the rate
of new infections has decreased due to vaccination with
recombinant subunit vaccines and several new antiviral
targets, an estimated 500 million affected individuals
need treatment.1,2 Early vaccination against chronic
infection of HBV has been effective in the reduction of
new infections. Chronic viral hepatitis infections can
progress to cirrhosis, which may ultimately lead to hepa-
tic failure or the development of hepatocellular carci-
noma.3 During chronic infection, treatment with
nucleoside analogs and/or interferon-a may decrease
the virus titer or prevent the development of chronic vir-
al liver disease. However, there are problems such as the
development of drug resistant HBV mutants after pro-
longed treatment and adverse side-effects.4 Thus, better
therapeutic regimens are still needed for afflicted indi-
viduals. The use of alternative therapies to complement
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existing antivirals for chronic viral infections is generally
recognized.5,6 The investigation of medicinal plant ex-
tracts that exhibit antiviral properties may lead to the
development of compounds to complement conven-
tional therapies.7,8


In our continuing study of biologically active com-
pounds from Korean medicinal plants, we investigated
the hepatoprotective constituents of the aerial parts of
Lactuca indica L. (Compositae), since the methanolic ex-
tract of L. indica was found to be hepatoprotective
against HBV production (Fig. 2). L. indica is widely dis-
tributed throughout Korea. This indigenous herb is an
edible wild vegetable that is traditionally used as a folk
medicine for the treatment of inflammation, bacterial
infection, and intestinal disorders.9 Various biological
activities have been reported, including antimutagenic
activity against indirect-acting mutagens (AFB1 and
B(a)P)10 and stimulation of differentiation of the mouse
melanoma cell line, B16 2F2.11 Although there have
been several studies of the constituents and biological
activities of this plant, the hepatoprotective constituents
have seldom been investigated. A bioassay-guided
column chromatographic separation of the methanolic
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Figure 1. The structures of the isolated compounds 1–12 from L. indica.


Figure 2. Amplification of extracellular HBV DNA fragment by PCR.


HepG2.2.15 cells were treated with MeOH extract (I), hexane fraction


(II), chloroform fraction (III), and butanol fraction (IV) or were not


treated (C). After 4 days cultivation of the cells, 10 ll medium for each


sample was used to amplify the 336-bp length of the HBsAg region of


HBV DNA.
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extract of this plant led to the isolation of seven quinic
acid derivatives (1, 3–4, 6, and 10–12), together with five
flavonoids (2, 5, and 7–9) (Fig. 1). The hepatoprotective
activity of all the isolated compounds was assessed using
an in vitro HBV assay.


The aerial parts of L. indica were collected at Suwon
city, Korea, in May, 2005. A voucher specimen (SKKU
2005-5) of the plants was deposited at the herbarium of
the College of Pharmacy at Sungkyunkwan University
(Korea). The aerial parts of L. indica (5.0 kg) were ex-
tracted three times with 80% MeOH at room tempera-
ture for 72 h. The concentrated methanolic extracts
(200 g) were suspended in distilled water (800 mL) and
successively partitioned with n-hexane, CHCl3, and n-
BuOH yielding 20 g, 12 g, and 45 g, respectively. Since
the n-BuOH-soluble fraction showed hepatoprotective
activity against HBV production (Fig. 2), this active
fraction (45 g) was subjected to silica gel column chro-
matography using a stepwise gradient solvent system
of CHCl3:MeOH:H2O (from 30:10:1 to 13:7:1) to give
six fractions (B1–B6). Fr. B4 (7.0 g) was purified by pre-
parative reversed-phase HPLC, using a solvent system
of 30% MeOH over 30 min at a flow rate of 2.0 mL/
min (Econosil� RP-18 10 lm column; 250 · 22 mm;
10 lm particle size; Shodex refractive index detector)
to yield compounds 1 (8 mg), 2 (12 mg) and 3,
(20 mg). Fr. B5 (5.0 g) was also separated by repeated
RP-C18 silica gel column chromatography and re-
versed-phase MPLC on LiChroprep� RP-18 column
(25 · 310 mm; 40–63 lm particle size; 5 ml/min; eluted
with 30% MeOH), and, finally, purified by preparative
reversed-phase HPLC, using a solvent system of 30%

MeOH over 30 min as described above, to afford com-
pounds 4 (10 mg), 5 (31 mg), 6 (10 mg), 11 (7 mg), and
12 (12 mg), respectively. Fr. B3 (7.5 g) was further puri-
fied by preparative reversed-phase HPLC, using a sol-
vent system of 45% MeOH over 30 min as described
above, to yield compound 9 (32 mg). Fr. B6 (3.0 g)
was chromatographed over a RP-C18 silica gel column
chromatography and a Sephadex LH-20 column chro-
matography, using a solvent system of 80% MeOH,
and purified by preparative reversed-phase HPLC, using
a solvent system of 25% MeOH over 30 min as described
above, to yield compound 10 (55 mg), and then purified
by preparative HPLC, using a solvent system of EtOAc–
MeOH–H2O (15:7:1) over 30 min at a flow rate of
2.0 mL/min (Apollo Silica 5 lm column; 250 · 22 mm;
5 lm particle size; Shodex refractive index detector) to
yield compounds 7 (8 mg) and 8 (15 mg). The isolated
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compounds were identified as 3,4-di-O-caffeoylquinic
acid (1),12 quercetin 3-O-a-LL-rhamnopyranosyl(1! 6)-
b-DD-glucopyranoside (2),13 3,5-di-O-caffeoyl-muco-quinic
acid (3),14 3,5-di-O-caffeoylquinic acid (4),15 quercetin
5-O-b-DD-glucopyranoside (5),16 4,5-di-O-caffeoylquinic
acid (6),15 luteolin 7-O-b-DD-glucuronide (7),17 5,2 0-dihy-
droxy-7-O-b-DD-glucuronylflavone (8),18 quercetin 3-O-b-
DD-glucopyranoside (9),19 5-O-caffeoylquinic acid (10),20


3-O-caffeoylquinic acid (11),21 and 5-O-(E)-p-couma-
roylquinic acid (12)22 by comparison of their physical
and 1H, 13C NMR, and MS data reported in the
literature.


The hepatoprotective activity of the isolated compounds
was investigated using the HBV assay in vitro. The
HepG2.2.15 cell line constitutively expresses HBV via
an integrated HBV genome and is used extensively for
drug evaluation.23 Cultures of HepG2.2.15 cells grown
in DMEM were supplemented with whole crude-ex-
tracts and/or purified compounds from plant extracts.
On days 4 or 8 of treatment the presence of released
HBV particles in the culture media (10 lL) was deter-
mined by PCR techniques and compared to untreated
controls, positive control with 1-deoxynojirimycin,24


and plant extract or purified compounds. Intracellular
HBV-specific RNAs were extracted from the harvested
HepG2.2.15 cells and could be also determined by RT-
PCR techniques.25


To monitor the inhibition of HBV secretion from
HepG2.2.15 cells, the target region of the HBV surface

Figure 3. Twelve compounds isolated from the active n-BuOH fraction were


About 0.39 mM of each compound was added and tested by PCR. M lane: 1


mock as control, respectively. PC lane is treated with 1-deoxynojirimycin as


Figure 4. Serially diluted molecules of each selected active constituent (exce


after 4 days treatment (upper half gel) and 8 days treatment (lower half gel)

antigen was amplified in a PCR or RT-PCR. The fol-
lowing set of primers was employed to amplify the
HBsAg sequences: forward primer, 5 0-TGC CTC ATC
TTC TTG TTG GTT CT-3 0; backward primer,
5 0- CCC CAA TAC CAC ATC ATC CAT ATA-3 0


amplifying a 336-nt length of DNA products. The
amplified DNA fragments at the HBsAg sequences were
then revealed by conventional agarose gel electrophore-
sis. In order to identify intracellular HBV-specific RNA
expression in the HepG2.2.15 cells during treatment, the
same target region of HBV surface antigen was ampli-
fied in a RT-PCR with the primer sets used above. Since
n-BuOH-soluble fraction of the methanolic extract
showed the most effective antiviral activity compared
to other fractions (Fig. 2), this fraction was purified by
column chromatography resulting in the isolation of
twelve compounds. The effect of these twelve isolated
compounds on HepG2.2.15 cells was assessed in order
to explore their antiviral properties (Fig. 3). After each
compound was added to the culture media and incu-
bated for 4 days, 10 lL medium was used for HBV
DNA amplification by PCR. The release of virus parti-
cles or the expression of HBV-specific RNAs was posi-
tively inhibited by most of the tested compounds at
micromolar concentrations after 4 days of treatment.
No amplified DNA or a very weak DNA band at the
position of 336 bp after agarose gel electrophoresis
indicated a positive result, that is, inhibition of virus
production. No inhibitory effect on virus production
or viral gene expression resulted in a unique DNA band
at the 336 bp position of the agarose gel. The lack of

assayed for amplification of 336-bp length of HBsAg DNA fragment.


kb size marker; C1 and C2 lanes: untreated mock and butanol treated


a positive control for HBV inhibition.


pt compounds 2 and 5) were confirmed by HBsAg PCR amplification


. Each component was serially diluted 10 times.
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amplification of viral DNA meant that a specific inhib-
itory molecule had interrupted the processes of viral
DNA replication or transcription. From analysis of
these PCR products on the agarose gel electrophoresis,
we found 10 compounds (1, 3–4, and 6–12) of the 12
tested that had stronger antiviral activity than that of
the control molecule of 1-deoxynojirimycin,24 as shown
in Figure 3. Of the compounds tested, the quinic acid
derivatives (1, 3–4, 6 and 10–12) and three flavonoids
(7–8 and 9) showed significant hepatoprotective activity
against hepatitis B virus replication, while two flavo-
noids (2 and 5) had little hepatoprotective activity.


We further assayed the ten active compounds with
stronger antiviral activity on the inhibition of HBV viral
particle production (1, 3–4, and 6–12) using serially
diluted concentrations in order to quantitate their
hepatoprotective activity (Fig. 4). We found that 3,4-
di-O-caffeoylquinic acid (1), 3,5-di-O-caffeoyl-muco-qui-
nic acid (3), and 5-O-(E)-p-coumaroylquinic acid (12)
were the most effective antiviral compounds as assayed
by the inhibition of HBV viral particle production in
HepG2.2.15 cells, as shown in Figure 4. The quinic acid
derivatives and flavonoids isolated from this plant may
inhibit the HBV DNA replication, so that the formation
of pol-primer complex was inhibited by their binding to
the pol protein or to the chaperoning proteins such as
HSP90. On the epsilon structure, the pol-primer was
not properly formed in order to synthesize the negative
strand of HBV DNA, resulting in the absence of re-
leased virion into the HepG2.2.15 medium. It was con-
firmed that the formation of pol-primer was inhibited
in the HBV priming reaction by using a functional pol
protein expressed in the recombinant baculovirus
expression system.8 Some compounds may inhibit the
priming reaction by inhibition of pol-binding to epsilon
and/or chaperone protein such as hsp90, resulting in the
absence of HBV DNA replication. The isolated quinic
acids and flavonoids inhibited the release of HBV viral
virion particles in the treatment of HepG2.2.15 cells.
This inhibition of release of HBV virion from
HepG2.2.15 cells may be directly related to the forma-
tion of pol-primer complex. We need to further investi-
gate how they interfere with viral multiplication steps to
explore whether they inhibit the activities of polymeriz-
ing enzyme or any other cellular factors involved in the
replication mechanism.


It was recently reported that a mixture of medicinal
plant extracts showed antiviral potency against HBV,
woodchuck hepatitis virus (WHV), and bovine viral
diarrhea virus (BVDV).8 It was also reported that immi-
nosugar derivatives could prevent the replication of
HBV, WHBV, and BVDV.26 The mechanism of the
hepatoprotective effect of the active compounds needs
to be elucidated by investigating their effect on the
HBV polymerase priming reaction, HBV viral DNA
replication, and at the transcriptional and translational
levels. It is known that HBV DNA replication is initi-
ated on the epsilon-structure of the pregenomic RNA
molecules by pol-priming reaction.27 The pol-primer
complex may be composed of pol protein and some cel-
lular factors such as hsp90, which is known to be the

chaperone of the priming reaction of HBV pol pro-
teins.28 Thus, compounds 1, 3, and 12 are promising
candidates for chemotherapeutic agents, especially
against HBV, and might be involved in the formation
or reaction of the pol-primer complex. If this is the case,
the pol-primer complex formation would be negatively
inhibited so a protein-primed primer would not be
formed. This would prevent viral DNA production by
HBV pol proteins. We need to determine which steps
are specifically inhibited during viral multiplication by
these compounds. Although the mechanism of hepato-
protective action of the active compounds has not been
directly elucidated yet, our results suggest that active
quinic acid derivatives might be associated with the
HBV inhibition caused by plant, which contains abun-
dant quinic acid derivatives.


Future experiments will be done to see if the quinic acid
derivatives (1, 3, and 12) inhibit the viral release through
HepG2.2.15 cell membrane or the HBV DNA replica-
tion, and their gene expression in the cytoplasm of
HepG2.2.15. These would be assayed by isolation of cel-
lular RNAs and analysis of their PCRs.
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Abstract—A benzopyranopyridine inhibitor of mitogen-activated protein kinase-activated protein kinase 2 (MK2) is prepared rap-
idly and efficiently in one step using microwave dielectric heating, whereas a substrate-selective p38 MAPK inhibitor was prepared
using conventional heating techniques. The former had MK2 inhibitory activity above 2.5 lM concentration, whereas the latter
showed no MK2 inhibition at 10 lM. However, rather than rescuing the reduced cellular growth rate and aged morphology of
hTERT-immortalised WS dermal fibroblasts, both induce a state resembling stress-induced cellular senescence, suggesting that these
inhibitors may have limited therapeutic use.
� 2007 Elsevier Ltd. All rights reserved.

Werner syndrome (WS) is a genetic disorder resulting
from mutation in the RecQ helicase-encoding WRN
gene.1 WS individuals show premature onset of many
clinical features of old age, show early susceptibility to
a number of major age-related diseases and have a
greatly abbreviated median life expectancy (47 years)
as a consequence of malignancy and myocardial infarc-
tion.1 WS is widely used as a model disease to investigate
normal human ageing processes.2 Several observations
suggest that accelerated cellular senescence may underlie
several features of accelerated ageing in WS, as cells
from a dividing tissue (e.g., skin fibroblasts) that shows
premature in vivo ageing also show accelerated in vitro
ageing,3,4 whereas cells from a dividing tissue (e.g., T
cells) that does not manifest premature ageing in vivo
do not.5 Whether cellular senescence plays a role in
organismal ageing has been hotly disputed;6 however,
recent observations demonstrate that senescent fibro-
blasts accumulate in the skin during ageing.7 Normal
and WS fibroblasts use telomere erosion as a cell divi-
sion ‘counter’ and senesce with short telomeres.8 How-

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.


doi:10.1016/j.bmcl.2007.10.036


Keywords: Werner syndrome; Inhibitors; Heterocycles; Microwaves;


Inflammation; p38 MAP kinases; Senescence.
* Corresponding authors. Tel.: +44 29 2087 4029; fax: +44 29 2087


4030 (M.C.B.); e-mail: Bagleymc@cardiff.ac.uk

ever, unlike normal fibroblasts, WS fibroblasts show
activation of the stress-associated MAPK p38a (herein
p38), and studies using the p38 inhibitor SB203580 res-
cued the features of accelerated replicative decline and
allowed the WS cells to attain a normal lifespan.4 These
data suggest that WS cells show premature senescence
via activation of a ‘stress signal’, possibly due to the
stalled DNA replication forks that are characteristic of
cells deficient in the WRNp helicase,9 leading to a phe-
nomenon known as replication stress.10 This replication
stress synergises with telomere erosion to limit WS cell
lifespan. If accelerated ageing in WS is related to p38
activation and to accelerated cell ageing, then WS pro-
vides a powerful model to link cellular signalling events
to the ageing of mitotic tissues in vivo, and also may
provide opportunities for therapeutic intervention.
However, p38 regulates many cellular processes making
p38 inhibitors problematical for therapeutic use due to
the possibilities of deleterious side effects.11


Many young WS cells are enlarged with prominent F-
actin stress fibres and resemble aged normal cells.4 The
p38 pathway is involved in stress fibre production via
activation of MK2 that then phosphorylates HSP27.12


In addition, recent data suggest that MK2 acts as a
checkpoint kinase that can lead to cell-cycle arrest.13


Moreover, MK2 activity up-regulates the expression of



mailto:Bagleymc@cardiff.ac.uk





i,ii


90%


6


OHHO


HO
H


O


OHO


HO


N NH2


NH2


CN


2·TFA


Scheme 2. Synthesis of MK2 inhibitor 2. Reagents and conditions: (i)


malonitrile dimer, EtOH–AcOH (1:1), microwaves, 140 �C (initial


power 120 W, which was moderated to maintain a constant reaction


temperature), 1 h; (ii) Et3SiH, TFA, 0 �C, 4 h.


T. Davis et al. / Bioorg. Med. Chem. Lett. 17 (2007) 6832–6835 6833

inflammatory pathways,14 and WS is associated with
inflammatory diseases.15 These data suggest the possibil-
ity that MK2 may be involved in the phenotypic charac-
teristics seen in WS. If so, then therapeutic targeting of
MK2 may help surmount complications in the use of
p38 inhibitors, as the number of pathways inhibited will
be reduced. The recent disclosure of small molecule
inhibitors of MK2 makes this approach possible.16,17


We synthesized two different MK2 inhibitors (see
Schemes 1 and 2). The first biphenyl 1 is a substrate spe-
cific inhibitor that actively prevents the activation of
MK2 by p38, while leaving p38 activation of other tar-
gets alone (e.g., ATF2).16 The second, diaminocyano-
pyridine 2, is an ATP-competitive inhibitor of MK2
that is effective in attenuating TNFa production in cel-
lular assays with established in vivo activity.17


Our route to the substrate-selective inhibitor 1 involved
the Friedel–Crafts acylation of fluorobiphenyl 3 using
succinic anhydride/AlCl3, followed by Clemmensen
reduction of ketoacid 4 to give carboxylic acid 5, suitable
for amide formation with 4-aminophenol (Scheme 1).
Benzotriazol-1-yloxytripyrrolidino-phosphonium hexa-
fluorophosphate (pyBOP)-mediated coupling gave the
inhibitor 1,18 albeit it in very poor (15%) yield. This
unoptimized process, undoubtedly a consequence of
low aniline reactivity, did provide sufficient quantity on
small scale (0.2 mmol) for biological evaluation.


The synthesis of inhibitor 2 from salicylaldehyde 6 by con-
densation with malonitrile dimer in EtOH–AcOH was
first investigated under traditional conductive heating
methods at reflux for 21 h, followed by evaporation, addi-
tion of trifluoroacetic acid (TFA) and reduction with tri-
ethylsilane. However, under these conditions,17 the TFA
salt of 2 did not precipitate and only unreacted starting
material was obtained so recourse was made to more forc-
ing conditions. Microwave irradiation at 140 �C for 1 h in
a sealed tube using a single-mode microwave synthesizer
(CEM DiscoverTM), followed by triethylsilane reduction
in TFA, precipitated the TFA salt of 219 in 90% yield
(Scheme 2), which could be liberated as the free base by
treatment with ethanolic ammonia.
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H2O, reflux, 30 h; (iii) PyBOP, dry CH2Cl2, 0 �C; 4-aminophenol,


Et3N, rt, 24 h.

MK2 inhibitory activity was assessed by the ability to
prevent the anisomycin-induced phosphorylation of
HSP27 in human hTERT-immortalised HCA2 cells
using an ELISA system as previously described.20 In
addition, the inhibitors were tested for their ability to
modify the growth rate and morphology of immorta-
lised HCA2 and WS cells using daily replaced drug sup-
plemented growth medium as previously described.4


Finally, their effects on p38 activation were assessed by
immunoblots.20 For inhibitor 2, the same results were
found using either the free base or the TFA salt.


Inhibitor 1 prevents the ability of p38 to activate MK2
using an in vitro kinase assay with a Kapp


i of 330 nM,
by binding in the vicinity of the p38 active site causing
subtle structural perturbations that result in suboptimal
positioning of substrates and cofactors.16 However,
inhibitor 1 at 10 lM has, at best, only a small effect
on the anisomycin-induced phosphorylation of HSP27
in HCA2 cells (Fig. 1a), or in WS cells (Fig. 1c).
SB203580, a p38 inhibitor, prevents HSP27 phosphory-
lation in WS cells under similar conditions (Fig. 1c). As
the reported inhibition of MK2 at 10 lM is an in vitro
assay with purified proteins,16 it is possible that we find
little inhibition of MK2 due to the cellular context. Such
effects have been seen for other kinase inhibitors.22


Inhibitor 1 and SB203580 have only a small effect on
the anisomycin-induced activation of p38 in WS cells
as expected, as these inhibitors act to affect p38 activity,
not its activation. Continuous treatment of WS cells
with inhibitor 1 above 200 nM resulted in complete ces-
sation of growth (Fig. 1b).


In contrast, inhibitor 2 prevents the anisomycin-in-
duced phosphorylation of HSP27 above 2.5 lM in
HCA2 cells, with the maximal inhibition achieved at
25 lM (Fig. 2a). The IC50 seems to be between 2.5
and 10 lM, higher than the reported IC50 of
0.92 lM to attenuate LPS-induced TNFa production
in U937 cells.17 However, this agrees with data show-
ing that inhibitor 2 prevents the arsenite-induced
phosphorylation of HSP27 in mouse embryonic fibro-
blasts and HeLa cells at 15 lM.21 Inhibitor 2 at
25 lM has no effect on the activation of p38 in con-
trol HCA2 cells, but may accentuate p38 activation
in anisomycin-treated cells (Fig. 2b). Additionally,
inhibitor 2 does not prevent the p38 phosphorylation
of MK2, whereas SB203580 does. Similar effects were
seen in WS cells (Fig. 3a). Continuous treatment of
HCA2 and WS cells with inhibitor 2 at concentrations
above 2.5 lM caused a complete cessation of growth
(Fig. 3c).







Figure 1. (a) Effects of inhibitor 1 on MK2 activity in HCA2 cells


assessed by ELISA. White bars indicate total HSP27, dark grey bars p-


HSP27 and black bars the p-HSP27/HSP27 ratio. D are DMSO-


treated cells, An are anisomycin-treated cells, 10.0 are cells pre-treated


with 10 lM inhibitor 1 followed by anisomycin treatment. (b) Effects


of inhibitor 1 on the growth rate of WS cells: *zero growth rate.


Growth rates are measured as population doublings (PD) per day with


cells grown in standard EMEM in tissue culture flasks: PD = log(Nf/


Ni)/log2 where Nf is the number of cells counted and Ni is the number


of cells seeded. (c) Immunoblot showing effect of inhibitor 1 (10 lM)


on the anisomycin-induced activity of the p38 pathway in WS cells.


SB203580 (2.5 lM) is used as a control. p-HSP27 and p-p38 are the


phosphorylated forms of HSP27 and p38.


Figure 2. (a) ELISA results for the effects of inhibitor 2 base on MK2


activity in HCA2 cells. The key is as for Figure 1a. 1.0–50.0 are cells


pre-treated with inhibitor 2 followed by anisomycin treatment. (b)


Effects of inhibitor 2 (25 lM) and SB203580 (2.5 lM) on the activation


of p38 and MK2. For MK2 the upper band is phosphorylated MK2


(p-MK2).


Figure 3. (a) Effects of inhibitor 2 (25 lM) and SB203580 (2.5 lM) on


the activation of MK2 and HSP27 in WS cells. (b) Effects of inhibitor 2


(25 lM) on HSP27 phosphorylation in WS cells over 6 d. (c) Growth


rate of WS and HCA2 cells in the presence of increasing concentra-


tions of inhibitor 2: *zero growth rate. (d) WS cells stained with


phalloidin-FITC to visualize F-actin. Bar = 50 lm. (e) Effects of 25 lM


inhibitor 2 on activation of cofilin.
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The WS cells used in this work have been immortalised
using human telomerase expression;4 however, these
cells retain the slow growth and stressed morphology

seen in primary WS cells, in that many are enlarged with
prominent F-actin stress fibres (Fig. 3d). These fibres are
associated with elevated p-HSP27 levels that are reduced
by SB203580 (Fig. 1c) and inhibitor 2 (Fig. 3b). Treat-
ment with inhibitor 2 at 10 lM or above accentuated
this phenotype, with more cells having increased levels
of stress fibres, indeed they now resembled senescent
cells (Fig. 3d). Similar effects are seen with inhibitor 1
(not shown). Inhibitor 2 shows similar effects on
HCA2 cells (not shown).


The growth arrest caused by these inhibitors is unlikely
to be related to MK2 inhibition, as it appears to occur at
inhibitor 2 levels insufficient to inhibit MK2 by more
than 50%, and inhibitor 1 shows no MK2 inhibitory
activity. Likewise, the increased levels of stress fibres
are unlikely to result from MK2 activity, as inhibitor 2
at 25 lM results in decreased p-HSP27 levels in WS cells
that are maintained over 6 days (Fig. 3b). These inhibi-
tors may be targeting a second kinase, although as these
inhibitors work in very different ways, the probability
that they would hit the same off-target seems small.
One possible off-target may be the stress kinase JNK;
however, we have shown that these inhibitors have no
effects on JNK in a cell-based assay (not shown). Alter-
natively, these effects may simply be due to cell toxicity.
If so, then unlike other cell toxic chemicals such as arse-
nite, their effects are not transduced via the p38- or
JNK-signalling pathways. A further possibility is that
these inhibitors may increase F-actin stress fibre produc-
tion by activating the lim kinase (LIMK) pathway
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resulting in phosphorylation of the actin depolymerising
protein cofilin.23 It has previously been shown that cofi-
lin is phosphorylated in young primary WS cells and
also in senescent WS and normal cells.4 Indeed, inhibi-
tor 2 treatment increases the level of phosphorylated
cofilin in HCA2 cells, although not in WS cells
(Fig. 3e); however, cofilin may already be maximally
activated in the WS cells. Finally, an ironic conclusion
would be that, as MK2 inhibition in WS cells does not
duplicate what is seen using p38 inhibitors,4 these data
may actually suggest that MK2 is not involved in the
WS phenotype, although this is speculative. The devel-
opment of new MK2 inhibitors with much lower IC50


values in cell-based systems would be needed to show
this. In conclusion, two MK2 inhibitors have been pre-
pared and tested for their effects on WS cells. The herein
reported effects of these inhibitors suggest that despite
the observed activity of inhibitor 2 in a 2-h rat LPS chal-
lenge assay (20 mpk, IP, 68% inhibition),17 they would
be unsuitable for long-term therapeutic use due to toxic-
ity issues and the possibility of deleterious side effects.
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Abstract—This paper reports the synthesis and biological activity of a novel series of aryl-morpholine dopamine receptor agonists.
Several compounds show high levels of functional selectivity for the D3 over the D2 dopamine receptor. Compound 26 has >1000-
fold functional selectivity and has been successfully progressed in vivo using an intranasal delivery route.
� 2007 Elsevier Ltd. All rights reserved.

The dopaminergic system is characterised by 5 receptor
subtypes, which cluster into 2 families. The D1-like
receptors (D1 and D5) and the D2-like receptors (D2,
D3 and D4). Non-selective dopamine agonists, includ-
ing Apomorphine and Pramipexole, have been investi-
gated for the treatment of male erectile dysfunction
(MED) (Table 1).1 Apomorphine has been shown to
facilitate penile erection in clinical studies in men.2 Upri-
maTM (apomorphine in the form of a sublingual tablet)
was marketed for the treatment of MED; however, poor
efficacy3 and competition from ViagraTM were cited
amongst the reasons for its withdrawal. The efficacy of
apomorphine is compromised by dose-limiting side
effects (e.g., nausea, dizziness and hypotension)4 and
by a relatively short duration of exposure in man
(T1/2 = 35 min). We set out to examine the hypothesis
that whilst both the D2 and D3 receptors may be in-
volved in the erectile process, D2 receptor activation is
responsible for the dose-limiting side effects of non-
selective dopamine agonists.
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doi:10.1016/j.bmcl.2007.10.059


Keywords: Dopamine D3 receptor agonist; Arylmorpholine; Synthesis;


Intranasal delivery.
* Corresponding author at present address: Cancer Research UK


Centre for Cancer Therapeutics, The Institute of Cancer Research,


15 Cotswold Road, Sutton, Surrey SM2 5NG, UK. Tel.: +44 (0)20


8722 4051; fax: +44 0208 722 4126; e-mail: julian.blagg@icr.ac.uk
� Present address: Serentis Ltd, 23 Cambridge Science Park, Milton


Road, Cambridge CB4 0EY, UK.

We hypothesised that a selective D3 agonist would
prove effective in the treatment of MED whilst reducing
the levels of nausea, emesis and cardiovascular effects
observed with non-selective agents. Dopamine agonists
exemplified in the literature demonstrated marginal
selectivity for D3 over D2 receptor activation in our
functional assays, whilst Apomorphine and Quinelorane
demonstrated essentially balanced activity (Table 1).
The marginal in vitro functional selectivity of Pramipex-
ole for the D3 receptor translated to an equivalent pro-
erectile efficacy in in vivo animal models of MED to
Apomorphine. In addition, there was some indication
of a better therapeutic ratio over nausea, emesis and
blood pressure effects.5 These preliminary findings
prompted our search for a tool compound with signifi-
cantly greater functional selectivity for activation of
the D3 over the D2 receptor. Such a tool compound
would enable definitive in vivo demonstration of efficacy
with a widened therapeutic index. Literature reports of
dopamine subtype selective agonists have been exten-
sively reviewed.6 However, many disclosures have been
supported by in vitro binding as opposed to in vitro
functional data. Herein we report the discovery of a ser-
ies of aryl-morpholines, several of which show impres-
sive levels of in vitro functional selectivity for D3 over
D2 receptor activation in the same assay format and
conditions where literature agents (Table 1) show mar-
ginal or no functional selectivity. In addition, the com-
pounds described here show good selectivity over a
range of other aminergic GPCR targets.
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Table 1. D3/D2 Selectivity data for some literature dopamine agonists


Compound Structure Average functional EC50


(nM)


D3/D2


D2 D3


Apomorphine 20 7 3


Pramipexole 27 1 27


Ropinerole 83 4 21


Quinelorane 2 1 2
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Our initial starting point was to carry out a mini-high
throughput functional screen versus the D3 receptor.
In vitro functional potency was determined by inhibition
of forskolin stimulated cAMP accumulation in recombi-
nant cell lines expressing either the human D3 receptor
(expressed in CHO cells) or the human D2 receptor (ex-
pressed in rat pituitary cells).5 The compounds screened
comprised a subset of the Pfizer compound file chosen
for their propensity to interact with aminergic GPCR
targets. Selectivity versus the D2 receptor was subse-
quently used to triage the hits. The most promising hit
matter discovered from this screening campaign con-
tained the aryl morpholine template and included the
racemic compounds 1, 2 and 3 (Table 2). The optimal
N-alkyl chain was quickly established as n-propyl 6 by
in-house screening of analogues bearing varied substitu-
ents on the morpholine nitrogen and by reference to lit-
erature SAR from N-propyl-3-hydroxyphenyl piperidine

Table 2. Mini-HTS results and subsequent SAR


Compound R group Functional


D3 EC50


Functional


D2 EC50 (lM )


1 H 864 nM 7.2


2 Et 547 nM >30


3 Allyl 1312 nM >100


4
*


NHAc >10 lM >10


5
*


OMe >3000 nM >10


6 n-propyl 27 nM >10

(3-PPP)7 and tricyclic dopamine agonists8 where an N-
propyl chain favoured dopamine activity. Compounds
with longer or shorter alkyl chains had significantly re-
duced functional activity. Compounds 1, 2, 3 and 6 all
triggered a full agonist response at the human recombi-
nant D3 receptor. Compound 1 displayed weak agonism
at the D2 receptor; no evidence for switching to func-
tional antagonism at either the D3 or D2 receptors
was observed.


Synthesis of the racemic aryl morpholines was achieved
according to the route exemplified for compound 6
(Scheme 1). Aryl aldehyde 7 was converted to the ami-
no-alcohol 8 via intermediate cyanohydrin formation.
Preparation of the amide 9 using propionyl chloride
was followed by borane reduction to give the propyl
amino-alcohol intermediate 10. Cyclisation was carried
out with chloro-acetylchloride, followed by reduction
to the target morpholine ring system. Deprotection of
the phenol in refluxing HBr gave the racemate 6
(Scheme 1). The route depicted in Scheme 1 was also
used as the basis for synthesis of potential replacements
for the phenol (Table 3). These compounds were pre-
pared by incorporation of the appropriate aromatic
functionality into the starting aldehyde 7 or by func-
tional group manipulation of the phenol 6 (routes not
shown).9


The phenol proved essential for potent and full agonism
at the D3 receptor. None of the replacements described
here that bear polar groups, H-bond donor or H-bond
acceptor functionality designed to mimic the phenol re-
tained significant functional activity.


Separation of the racemate 6 by chiral HPLC (Chir-
alpak AD column)10 gave the enantiomers 26 and 27







Scheme 1. Reagents and conditions: (a) 2 M HCl, Na2SO3, KCN,


THF, rt, 30 min; (b) BH3-THF (1 M in THF), reflux, 1.5 h under N2


69% combined yield for a and b; (c) Propionyl chloride, Et3N, DCM,


rt, 5 h 67%; (d) BH3.SMe2, THF, 93%; (e) chloro-acetyl chloride,


NaOH, H2O, DCM, rt, 30 min; then aqKOH, IPA, rt, 2 h, 90%; (f)


BH3-THF, (1 M in THF) reflux, 3 h 93%; (g) aqHBr, reflux, 1 h, 85%.


Table 3. D3 and D2 functional assay results for compounds 6–25


Compound R group Functional


D3 EC50 (nM)


Functional


D2 EC50


6 OH 27 >10 lM


11 H >1000 >10 lM


12 Cl >2800 >10 lM


13 OMe >1000 >10 lM


14 OCF3 >1000 >1000 nM


15 SMe >1000 >10 lM


16 SO2Me >1000 >10 lM


17 CO2Me >1000 NTa


18 CO2H >1000 >10 lM


19 CH2OH >1000 NTa


20 CN >1000 NTa


21 CONH2 >1000 NTa


22 NH2 >1000 >1000 nM


23 NHSO2Me >1000 >1000 nM


24 >1000 NTa


25 >1000 >10 lM


a Not tested.


Figure 1. Profile of individual enantiomers 26 and 27.


Figure 2. X-ray structure of active phenol enantiomer 26.11
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which demonstrated that all activity resides in the R-
enantiomer (26), (Fig. 1). The absolute configuration
of the active enantiomer (crystallized as its HCl salt)
was confirmed by small molecule X-ray analysis
(Fig. 2).9,11

Compound 26 met our potency and selectivity criteria.
It is a moderately lipophilic base (LogD7.4 octanol = 1;
pKa = 7.4), with high aqueous solubility (>1 g/ml),
good Caco-2 flux (Papp = 38 · 10�6 cm s�1 at 1 lM)
and low plasma protein binding (41%, 76% and 65%
in rat, dog and human plasma, respectively). Com-
pound 26 displayed minimal binding activity
(IC50 > 10 lM) against a wide panel of targets (Cerep
wide ligand profile) including dopamine D1 and D5
receptors. Weak binding activity was observed at the
human 5HT1A receptor (16% at 100 nM and 95% at
10 lM). The lack of significant 5HT1A activity was fur-
ther confirmed using human recombinant assays to de-
tect antagonism (IC50 > 20 lM) and agonist activity
(inactive at 1 lM). In addition, compound 26 displayed
weak binding activity at a range of other selectivity tar-
gets; for example: Rat 5HT2A receptor: Ki = 970 nM;
rat alpha1A receptor: Ki > 1 lM, human alpha2A recep-
tor: Ki > 1lM; human histamine H1 receptor:
Ki > 2 lM; human muscarinic M1 receptor: Ki > 1lM;
dofetilide binding: Ki > 4 lM. The promising pharma-
cology and physiochemical properties prompted
in vivo evaluation to explore the efficacy-toleration
profile. Multiple dose evaluation in animal models of
MED via subcutaneous administration gave an ED50


of approximately 0.2 to 0.5 nM free drug concentra-
tion. No nausea, emesis or hypotensive effects were







Figure 3. Data for separated enantiomers of compound 29.
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seen at these efficacious exposure levels or at signifi-
cantly higher exposures (up to 2.7 lM free drug con-
centrations following subcutaneous dosing in the dog)
indicative of a much wider therapeutic index than
non-selective dopamine agonists.5 However, compound
26 suffered from poor oral bioavailability due to clear-
ance at, or greater than, liver blood flow in rat and
dog. Unsurprisingly, glucuronidation of the phenolic
group was the major contributor to the rapid first pass
clearance. A programme was initiated to reduce the
rate of phenol conjugation by modulating the phenolic
pKa and by introduction of proximal steric bulk to dis-
rupt interaction of the phenol with the glucuronidase
active site.12,13 Maintaining functional D3 potency
whilst altering the pharmacokinetic profile proved diffi-
cult. Di-substituted compounds for example 30, 31 and
38 resulted in significant loss of potency (Table 4).
Compound 41, a potent full agonist; contains the
well-known ortho-hydroxyaniline toxicophore which
limited its potential for further investigation. Substitu-
tion ortho- to the morpholine ring (positions R1 and
R5) significantly reduced activity possibly due to
restriction of the torsional rotation between the aryl
moiety and the morpholine ring. However, compound
29 demonstrated that an R3 fluoro group is well toler-
ated and we further examined the effect of an ortho-flu-
oro substituent on the pharmacokinetic profile.


Compound 29 was separated into enantiomers 44 and 45
(Chiralpak AD column),14 again all activity resided in
one isomer 44. However, the poor stability of 44 in
human hepatocytes, coupled with its stability in micro-
somal preparations, indicated that stability to glucuron-
idation or other Phase II conjugative pathways was
unlikely to have been improved. This compound was
not progressed further (Fig. 3).

Table 4. D3 functional assay results for compounds 28–43


Compound R1 R2 R3


28 Me OH H


29 H OH F


30 H OH Cl


31 H OH CH2OH


32 H OH H


33 H OH H


34 H OH H


35 H OH H


36 H H OH


37 H CN OH


38 H CONH2 OH


39 H COMe OH


40 H CH2OH OH


41 H NH2 OH


42 H NHSO2Me OH


43 H OH

There is precedent in the literature from Terbutaline15


and Phenylephrine16 (Fig. 4) that conjugative clearance
of a mono-phenol can be improved by addition of a sec-
ond phenolic group in the meta position. Application of
this strategy to compound 26 resulted in compound 32
with maintained activity (Table 4). Separation of 32 into
enantiomers 46 and 47 (Chiralpak AD column)17 again
showed that all activity resides in one isomer. In this
case improved rat and human hepatocyte stability was
achieved; however, in vivo clearance in rat significantly
exceeded rat liver blood flow indicating that the im-
proved in vitro stability was unlikely to translate
in vivo in human (Fig. 4).


The programme of phenol replacements and aryl ring
modifications described here did not solve the issue of
the high first pass clearance for compound 26. One solu-
tion was to opt for a non-oral delivery route following
the precedented bioavailability improvements observed
with, for example, intranasal Apomorphine.18 Advanta-
ges of the intranasal dosing route include the avoidance
of first pass metabolism, consequent improved bioavail-
ability and a rapid onset of action.19,20 Intranasal

R4 R5 Functional D3 EC50


H H >1000 nM


H H 35 nM


H H >688 nM


H H >5900 nM


OH H 37 nM


CN H >10 lM


CONH2 H >10 lM


H Br >10 lM


H H >1000 nM


H H >1000 nM


H H 427 nM


H H >1000 nM


H H >1000 nM


H H 40 nM


H H >1000 nM


H H >1000 nM







Figure 4. The effect of an additional meta-phenol on clearance.
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delivery is greatly facilitated for highly soluble com-
pounds and the aqueous solubility of compound 26
(>1 g/ml) was very favourable in this regard. Rat and
dog intranasal pharmacokinetics (Table 5) gave encour-
agement that the intranasal route would indeed be a via-
ble development option.21


Based upon these in vivo animal data, the predicted hu-
man intranasal bioavailability was an encouraging 25%
compared to a predicted 0% oral bioavailability. The
disappearance half-life values in rat, dog and human
hepatocytes for compound 26 were 28, 18 and 61 min,
respectively, indicative of high hepatic extraction in all
species. In vivo pharmacokinetic studies in rat and dog
demonstrated plasma clearance close to hepatic blood
flow as expected. Thus, compound 26 was predicted to
exhibit plasma clearance values approximating to liver
blood flow in humans. The volume of distribution in hu-
mans was predicted to be in the range 1.4–6.6 L/kg. To-
gether these figures predict a half-life in humans in the
range of 0.6–3 h.


In conclusion, we have described the synthesis and prop-
erties of the first potent, full D3 agonist with high func-
tional selectivity over D2 receptor agonism. High first
pass clearance of the lead compound, 26, could not be
overcome by the structural modifications presented
here. However, intranasal administration enabled signif-
icant systemic exposure to be achieved in rat and dog.
The absence of nausea, emesis and hypotensive effects
in preclinical animal models with compound 26 at free
drug concentrations, significantly exceeding those re-

Table 5. Intranasal pharmacokinetics of compound 26


Rat 2 mg/kg Dog 0.3 mg/kg


Tmax 5 min 5 min


T1/2 0.3 h 1.6 h


Intranasal bioavailability 20% 33%

quired for erectile efficacy in the same species, indicates
that these adverse events may be linked to D2 receptor
activation. The efficacy of compound 26 in animal mod-
els of male erectile dysfunction indicates that activation
of the D3 receptor may play a significant role in male
erectile dysfunction. However, the hypothesis that selec-
tive activation of the D3 receptor in man will demon-
strate efficacy in the absence of dose limiting side
effects remains to be proven.
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Abstract—From Toki-shakuyaku-san, an herbal formulation for ‘cleansing stagnated blood,’ a key gene regulatory compound was
purified and identified through a screening based on DNA microarray and real-time PCR.
� 2007 Elsevier Ltd. All rights reserved.

An Oriental herbal formulation, Toki-shakuyaku-san
(TSS), has long been used for the treatments of various
diseases related to circulation problems, including gyne-
cological and obstetric disorders.1,2 The formulation is
made from six different herbs: Hoelin (Fu ling), Cnidium
Rhizome (Chuan xiong), Angelica Sinensis (Dang gui),
Peony Root (Shao yao), Atractylodes Rhizome (Bai
zhu), and Alisma Rhizome (Ze xie). In the parlance of
the Oriental medicine, TSS is a formulation to ‘cleanse
stagnated blood,’ thereby nourishing the ‘yang’ of
blood. In fact, this somewhat nebulous claim is scientif-
ically supported by the beneficial effects of TSS. The for-
mulation exhibits therapeutic effects for various
disorders associated with poor blood circulation, such
as hot flashes,2 and preeclampsia.3 Clearly, TSS contains
compounds that can improve blood circulation,
although their identities have not been fully clarified.


Here, we conducted a screening of TSS to uncover pre-
viously overlooked bioactive compounds. To this end,
this study employed a protocol called ‘genomic screen-
ing,’ which was recently established in our group.4 In
genomic screening, biologically active compounds are
detected and purified based on their ability to regulate
cellular messenger RNA (mRNA) expression. DNA
microarray is used first to identify the most prominent
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cellular transcriptional responses to a mixture of com-
pounds, such as herbal formulations. Real-time PCR
of the identified genes is then used to guide the purifica-
tion of active compounds. Although DNA microarray
has been employed for the analyses of natural products,5


what sets this study apart from others is the employment
of DNA microarray for the purpose of purifying biolog-
ically active compounds. The current screening uncov-
ered a polyacetylene compound capable of regulating
genes associated with blood coagulation in endothelial
cells.


As the first step of genomic screening, we determined
the genes most distinctly regulated by TSS. Human
umbilical vein endothelial cells (HUVEC) were treated
with 100 lg/ml of TSS for 4 h. Expression profiling
with Affymetrix GeneChipTM Human Genome U133
Plus 2.0 array revealed that, out of over 47,000 tran-
scripts on the array, 92 genes were differentially regu-
lated by TSS. Table 1 summarizes the most distinctly
regulated genes (see also Supplementary data). Among
these genes was SerpinB2, which is also known as plas-
minogen activator inhibitor type 2 (PAI-2). Since Ser-
pinB2 is a well-characterized gene in terms of its
roles in blood coagulation and circulation disorders,6,7


we decided to pursue the TSS component that induces
this gene.


The real-time PCR assay of SerpinB2 was used to guide
the purification of active compound(s). Fractionation of
TSS was carried out as outlined in Figure 1a. Individual
fractions were submitted to the real-time PCR assay to
examine their ability to induce SerpinB2. Activity was
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Table 1. Endothelial genes most distinctly regulated by TSS (100 lg/ml, 4 h)


UniGene ID Gene Log ratioa Fold change Changeb Change p-valuec


Hs.12813 TCDD-inducible poly(ADP-ribose) polymerase 0.7 1.6 I 0.00002


Hs.196384 Prostaglandin–endoperoxide synthase 2 (COX2) 1.0 2.0 I 0.00002


Hs.594481 Serpin peptidase inhibitor, clade B, member 2 (SerpinB2) 1.0 2.0 I 0.00002


Hs.433791 Transmembrane protein 46 0.9 1.9 I 0.00002


Hs.326035 Early growth response 1 0.8 1.7 I 0.00002


Hs.651231 Heparan sulfate proteoglycan 2 (perlecan) �0.7 �1.6 D 0.99904


Hs.594486 Unknown �1.9 �3.7 D 0.99944


Hs.29055 Guanine nucleotide binding protein-like 3 �0.8 �1.7 D 0.99955


Hs.557980 Unknown �0.7 �1.6 D 0.99996


Hs.355753 1-Acylglycerol-3-phosphate O-acyltransferase 6 �1.2 �2.3 D 0.99998


a Log2 (signal in TSS-treated HUVEC/signal in control HUVEC).
b Direction of change determined by Affymetrix Microarray Suite Version 5.0 (MAS5) Software.
c Logp-values are calculated using the Wilcoxon signed rank test and Tukey Biweight on MAS5. MAS5 calls a gene ‘decreased (D)’ when its p-value


between control and drug-treated groups is between 1 and 0.997, whereas a gene is considered ‘increased (I)’ when its p-value is between 0 and


0.003. Shown on Table 1 are the top five up- and down-regulated genes based on the Change p-values.


Figure 1. (a) Real-time RT-PCR (SERPINB2) guided purification of a gene regulatory compound from TSS. (b) LC/MS positive ion profile of the


purified active compound. (c) SerpinB2 real-time PCR assay of the active compound (5 lg/ml). GAPDH was used as the endogenous control.


Log2(RQ) corresponds to the Log Ratio value in the expression profile (Table 1). RQ stands for relative quantitation (i.e., the fold-change ratio) in


real-time PCR analysis.
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observed in the fractions indicated by the red arrows in
Figure 1a. After several steps of fractionation, the active
compound was isolated by reversed phase HPLC. The
purified compound gave a single LC/MS peak
(Fig. 1b). At the concentration of 5 lg/ml, the purified
compound caused approximately 2-fold induction (log2 -
RQ � 1) of SerpinB2 in HUVEC (Fig. 1c).


The identity of the active compound was determined by
spectroscopic analyses using high resolution mass spec-
trometry (HRMS) and NMR. Briefly, the molecular for-
mula of the active compound was determined to be

C18H22O4 based on HRMS. A partial structure was de-
duced by 1H, HSQC, and COSY (Fig. 2a and b). Sci-
Finder search identified one compound with a
matching molecular formula (C18H22O4) and the partial
structure (Fig. 2b). This compound, (6E,12E)-tetradeca-
diene-8,10-diyne-1,3-diol diacetate (TDEYA), is a
known component in Atractylodes Rhizome (Fig. 2c).8


The 13C NMR spectrum of the purified compound con-
firmed its identity to be indeed TDEYA. Little is known
about the biological properties of TDEYA, except for a
modest inhibitory activity against xanthine oxidase
(IC50 = 1.0 · 10�4 M).9







Figure 2. (a) COSY correlations of the purified active compound. (b) The partial fragment structure deduced based on 1H NMR, HSQC, and COSY


spectra. (c) The identified structure of the active compound.
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The identification of TDEYA as the regulator of Ser-
pinB2 made us wonder whether TDEYA regulates addi-
tional genes, especially those observed in the original
expression profile of TSS (Table 1). To address this
issue, we conducted mRNA expression profiling of
TDEYA. Table 2 summarizes the most distinctly regu-
lated genes by TDEYA in HUVEC. It turned out that
many genes overlapped between the TSS and TDEYA
profiles (e.g., the genes highlighted in bold in Table 2;
also see Supplementary data), indicating that TDEYA
is a key gene regulatory compound in TSS. Among the
overlapped genes, regulation of perlecan, COX2, and
TI-PARP by TDEYA was further validated by real-time
PCR (see Supplementary data).


Since TSS is a putative ‘blood cleansing’ formulation,
we looked into the literature to see if the overlapped
genes have any links to blood coagulation. It turned
out that three genes, that is, SerpinB2, perlecan, and
COX2, are indeed associated with blood coagulation.
SerpinB2 is sometimes considered as a ‘coagulation fac-
tor’ because of its ability to inhibit plasminogen activa-
tor. However, insufficient SerpinB2 is actually linked to
disorders associated with poor blood circulation; for
example, low plasma level of SerpinB2 in pregnant wo-
men is a prognostic marker for decreased placental func-
tion and intrauterine growth retardation.7,10 Perlecan is
an extracellular matrix protein involved in various vas-

cular processes, such as angiogenesis and wound heal-
ing.11 A recent study found that perlecan is down-
regulated in endothelial cells treated by antithrombin,
which inactivates several enzymes of the coagulation
system.12 COX-2 is a pro-inflammatory gene involved
in the biosynthesis of prostaglandins. However, the anti-
thrombotic function of COX-2 was revealed recently
through the increased risk of thrombotic cardiovascular
events among the patients treated with COX-2 inhibi-
tors.13 Taken together, the links of these genes to blood
coagulation suggest that the putative ‘blood cleansing’
activity of TSS is mediated, in part, at the transcrip-
tional level.


Among the known constituents in TSS, paeoniflorin and
ferulic acid have been reported to slow thrombosis in
animal models.14 Behind these compounds, however,
TDEYA has been quietly regulating the genes related
to blood coagulation. The current finding warrants fur-
ther studies to define the biological properties of
TDEYA, which, in turn, can provide novel insights into
the roles of the observed genes in thrombosis.


In conclusion, genomic screening identified TDEYA, as
a key gene regulatory compound in TSS. TDEYA regu-
lates the expression of genes associated with blood coag-
ulation. Further studies are needed to determine the
therapeutic utilities of TDEYA.







Table 2. Endothelial genes most distinctly regulated by the purified active compound (TDEYA; 5 lg/ml, 4 h)


UniGene ID Gene Log ratioa Fold Change Changeb Change p-valuec


Hs.12813 TCDD-inducible poly(ADP-ribose) polymerase (TI-PARP) 1.2 2.3 I 0.00002


Hs.196384 Prostaglandin–endoperoxide synthase 2 (COX2) 1.0 2.0 I 0.00002


Hs.594481 Serpin peptidase inhibitor, clade B, member 2 (SerpinB2) 1.0 2.0 I 0.00002


Hs.154654 Cytochrome P450, family 1, subfamily B, polypeptide 1 2.7 6.5 I 0.00002


Hs.390594 Solute carrier family 7, member 11 1.2 2.3 I 0.00002


Hs.591945 Zinc finger and BTB domain containing 16 �1.0 �2.0 D 0.99992


Hs.124649 ATP-binding cassette, sub-family G, member 1 �0.9 �1.9 D 0.99995


Hs.651231 Heparan sulfate proteoglycan 2 (perlecan) �0.8 �1.7 D 0.99996


Hs.170355 Mesenchyme homeobox 2 �1.1 �2.1 D 0.99997


Hs.468972 AT rich interactive domain 1A (SWI-like) �0.9 �1.9 D 0.99998


Bold: these genes were also seen in the list of the most distinctly regulated genes by TSS (Table 1).
a Log ratio, bChange, and cChange p-value: explained under Table 1. The top five up- and down-regulated genes are shown (based on the Change


p-value).
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Abstract—We report the synthesis, antiproliferative activity, and SAR of novel 3-(2 0-bromopropionylamino)-benzamides. Many of
the benzamide compounds showed potent cytotoxicities against Molt-3 leukemia cells. Several compounds exihibited cytotoxicities
(under 6.5 lM) against five solid tumor cell lines. The mechanism of action of the most potent benzamide 10l does not involve tar-
geting on tubulin but it causes cell cycle S-phase arrest. This active S-phase arrest agent merits further investigation.
� 2007 Elsevier Ltd. All rights reserved.

Cell cycle control is crucial for error-free transmission of
the entire genetic material to subsequent generations.
Defective regulatory function results in genetic modifi-
cations that contribute to tumorigenesis. The loss of cell
cycle control leading to deregulated cell proliferation is a
hallmark of cancer. Many chemotherapeutic agents in
clinical use kill rapidly dividing cancer cells by inducing
cell cycle arrest at various phases and subsequently lead
to apoptosis. For example, antitubulin agents, taxanes,
and vinca alkaloids target tubulin dynamics which in-
duce G2/M phase arrest; on the other hand, DNA topo-
isomerase I inhibitors, camptothecin analogues, cause
the S-phase arrest of cancer cells.1,2 However, multi-
drug resistance (MDR) and undesired side effects have
limited their clinical use.3 Thus, it is very important to
develop effective anticancer agents with both improved
safety profiles and novel mechanism of actions.


We have recently reported a small molecule compound 3-
(20-bromopropionylamino)-benzoylurea(JIMB01) (Chart
1, 1) which has strong antiproliferative activities in a

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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panel of thirteen human tumor cell lines including
MDR B-cell lymphoma.4 JIMB01 interferes with the
assembly of microtubules, arrests the cell cycle at G2/
M phase, and induces apoptotic cell death in a variety
of cancer types. Moreover, JIMB01 has shown promis-
ing in vivo efficacy in a hepatocarcinoma (Bel-7402) tu-
mor model.4 With the goal to elucidate the SAR and
further enhance the anticancer activity of JIMB01, we
synthesized a series of novel 3-(2 0-bromopropionylami-
no)-benzamides, which display more potent antiprolifer-
ative activity and a different mechanism of action is
shown for 10l.


The SAR studies of 3-haloacetamido benzoylurea com-
pounds (Chart 1, 2–5) have shown that the 3-haloace-
tamido group and the acylurea unit must be in a meta-
relationship for potent cytotoxicity and antitubulin
activity.5 In the original work, replacement of the acylu-
rea group with an ethyl ester group resulted in 3-halo-
acetamido benzoyl ethyl ester compounds (Chart 1, 6–
9).6,7 The 3-iodo or bromoacetamido benzoyl ethyl es-
ters displayed improved solubility and maintained the
inhibitory effect on microtubule assembly. However, this
modification induced different effects on the tumor cell
cycle: 3-iodoacetamido benzoyl ethyl ester blocked at
the G1–S transition in addition to its activity in G2/M
phase. A related simple benzamide, 3-aminobenzamide,
a poly (ADP-ribose) polymerase (PARP) inhibitor, was
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Scheme 2. Reagents and condition: (a) NEt3, DMF; (b) SnCl2, EtOH,


reflux; (c) 2-bromopropionyl bromide, DMF.


Scheme 3. Reagents and condition: (a) NEt3, DMF; (b) SnCl2, EtOH,


reflux; (c) 2-bromopropionyl bromide, DMF.


Scheme 4. Reagents and condition: (a) NEt3, DMF; (b) SnCl2, EtOH,


reflux; (c) 2-bromopropionyl bromide, DMF.


Chart 1. Small molecule antiproliferative agents: benzoylurea, ethyl


ester and benzamides.
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shown to affect DNA synthesis and to inhibit DNA re-
pair.8,9 Additionally, several other classes of benzamides
or pyridinyl amides have been reported such as tubulin,
protein tyrosine kinase, or NF-jB inhibitors.10–13 Thus,
we explored the replacement of the acylurea group with
the amide group in the lead compound JIMB01. Here,
we report the synthesis, cytotoxicity, SAR analysis,
and preliminary mode of action information for this ser-
ies of novel benzamide compounds.


The synthesis of 3-(2 0-bromopropionylamino) benzam-
ides is shown in Schemes 1–4. The benzoyl chlorides
(either commercially available or directly prepared from
the corresponding benzoic acid) were allowed to react
with alkyl or arylamines in the presence of triethylamine
in DMF to yield the nitrobenzamides. Then reduction of
the nitro group by SnCl2Æ2H2O in ethanol at reflux
yielded the corresponding amino compounds.14 Finally,
acylation with 2-bromopropionyl bromide afforded the
desired benzamides.5 The corresponding sulfonamide
compound 24 was prepared from 3-nitrobenzenesulfo-
nyl chloride 23 by reaction with 3,4,5-trimethoxyaniline
16, followed by our general reduction and acylation pro-

Scheme 1. Reagents and conditions: (a) SO2Cl, EtOAc, reflux; (b) R3-


NH2, NEt3, DMF; (c) SnCl2, EtOH, reflux; (d) 2-bromopropionyl


bromide, DMF; (e) HCl (gas), EtOAc.

cedure, as shown in Scheme 5. Condensation of 3-nitro-
benzoylisocyanate 25 with aniline 16 following reported
procedures gave the benzoylurea compound and ulti-
mately the final compound 26 (see Scheme 6).15


The novel series of 3-(2 0-bromopropionylamino) benz-
amides and their analogues were evaluated for their
antiproliferative activity against the Molt-3 leukemia
cell line and were compared with the lead compound
JIMB01, as shown in Table 1.16 Fourteen of the 28

Scheme 5. Reagents and condition: (a) NEt3, DMF; (b) SnCl2, EtOH,


reflux; (c) 2-bromopropionyl bromide, DMF.


Scheme 6. Reagents and condition: (a) 1,4-dioxane; (b) SnCl2, EtOH,


reflux; (c) 2-bromopropionyl bromide, DMF.







Table 1. Antiproliferative activity of new compounds in Molt-3 T-cell leukemia cells


Compound R1 R2 X R3 IC50 (lM)a


JIMB01 H H –CONHCONH2 — 1.60


10a H H –CONH– –CH2CH2CH3 8.94


10b H H –CONH– –CH2CH2CH2CH3 >10


10c H H –CONH– –CH2CH2NMe2ÆHCl >10


10d H H –CO– 1-MePiperizine-4-ylÆHCl >10


10e H H –CONH– 3,4,5-OMe3Ph 0.67


10f OMe H –CONH– 3,4,5-OMe3Ph 4.24


10g F H –CONH– 3,4,5-OMe3Ph 2.20


10h Cl H –CONH– 3,4,5-OMe3Ph 2.25


10i H OH –CONH– 3,4,5-OMe3Ph 1.08


10j H F –CONH– 3,4,5-OMe3Ph 0.42


10k H H –CONH– 4-MeOPh 0.80


10l H H –CONH– 3,4-OMe2Ph 0.12


10m H H –CONH– 4-OH-3-OMePh 0.51


10n H H –CONH– 3,4-O–CH2–O–Ph 0.62


10o H H –CONH– 3,5-OMe2Ph 0.61


10p H H –CONH– 4-FPh 2.00


10q H F –CONH– 4-OMePh 0.25


10r H F –CONH– 4-OEtPh >10


10s H F –CONH– 3,4-OMe2Ph 0.47


10t H F –CONH– 4-OH-3-OMePh 0.85


10u H F –CONH– 2-OMePy-4-yl 0.50


10v H H –CONH– 6-OMebenzothiazole-2-yl 1.66


10w H H –CONH– Carbazole-3-yl 1.51


22 H H –NHCO– 3,4,5-OMe3Ph 5.66


24 H H –SO2NH– 3,4,5-OMe3Ph 1.27


26 H H –CONHCONH– 3,4,5-OMe3Ph 4.22


17 5.72


19 1.79


Podophyllotoxin 0.014


CA-4 0.09


a Values were determined in duplicate as described in Ref. 16.
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compounds prepared were more active than lead com-
pound JIMB01. Eleven compounds showed IC50 values
under 1 lM.


We first evaluated the cytotoxic effect of N-alkyl substi-
tution of benzamide. The synthesized compounds 10a
and 10b showed decreased potency by more than five-
fold compared to lead compound JIMB01. In order to
improve water solubility, we also introduced dimethyl-
aminoethyl and N-methylpiperizine groups and evalu-
ated the cytotoxicies of their hydrochloride salt. While
the compounds 10c and 10d were more water-soluble,
unfortunately, they showed lower activity. These results
demonstrated that N-alkyl group and cation containing
side chains were not suitable for potent antiproliferative
activity.


Replacement of the N-alkyl group with N-aryl group
yielded novel N-aryl benzamides. Because the 3,4,5-tri-

methoxyphenyl group is found in many antitubulin
compounds, such as colchicine, podophyllotoxin, and
combretastatin A-4 (CA-4),17 we first evaluated the
influence of 3,4,5-trimethoxyphenyl group on this series
of 3-(2 0-bromopropionylamino) benzamide compounds.
The 3,4,5-trimethoxyphenyl compound 10e (IC50 value
0.67 lM) is 2.3 times more potent than JIMB01.


The effect of various substitutions on the benzene ring in
the benzamides was also examined. Substitution of R1 of
10 with methoxy, fluoro, or chloro (10f–10h) reduced
cytotoxicity by 3–7 times. However, when R2 was substi-
tuted with hydroxy (10i), inhibitory activity comparable
to compound 10e was observed. Substitution of R2 with
a fluorine atom (10j) led to a modest increase in antipro-
liferative activity.


We further evaluated the influence of various substitu-
tions on the N-phenyl ring of the benzamide. A single
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methoxy substitution of the phenyl ring (10k) led to a
slight loss of potency. However, 3,4-dimethoxy substitu-
tion of the phenyl ring (10l) led to a 5.5-fold increase in
activity relative to 10e. 4-Hydroxy-3-methoxy, 3,4-O–
CH2–O, and 3,5-dimethoxy phenyl substituted benzam-
ides (10m–10o) showed similar cytotoxicities to that of
the 3,4,5-trimethoxyphenyl compound 10e, all showed
greater activity than the lead compound JIMB01. These
results suggest that mono, di, or trimethoxy substitu-
tions on the 3, 4, or 5 position of phenyl ring are all well
tolerated and increase the activity. The 3,4-dimethoxy
substitution seems to be the most effective. However,
changing 4-methoxy to a 4-fluoro (10p) yielded a three-
fold loss of activity.


Although introduction of a fluorine ortho to the acetam-
ide (R1) did not improve potency, we synthesized com-
pounds 10q–10u with an ortho-fluorine to the
benzamide (R2). The results were different compared
to the corresponding non-ortho-fluorine compounds.
ortho-Fluorine substitution improved activity for 3,4,5-
trimethoxyphenyl and 4-methoxyphenyl compounds
and reduced it for 3,4-dimethoxy and 4-hydroxy-3-
methoxy substituted compounds. It is also surprising
to note that replacement of 4-methoxyphenyl by 4-eth-
oxyphenyl led to a dramatic loss of activity. The 2-
methoxypyridine-4-yl substituted ortho-fluorine com-
pound 10u displayed similar activity to that of the 3,4-
dimethoxyphenyl compound 10s. The 4-methoxyphenyl
compound 10q exihibited the most potent activity in this
series of ortho-fluorine substituted benzamides.


Replacement of the N-phenyl ring with 2-(6-methoxy)-
benzothiazolyl (10v) and 3-carbazolyl groups (10w) gave
2- to 2.5-fold loss in activities as compared to compound
10e; however, these two compounds are still as potent as
the lead compound JIMB01. In order to understand the
importance of the amide linkage, we further synthesized
the benzamide 22, the phenylsulfonamide 24, and the
benzoylurea 26. All of these compounds displayed re-
duced cytotoxicities. Moving the amide group from
meta to para or ortho position (17, 20) also resulted in
loss of inhibitory activity. These results revealed that
the amide linkage and the position on the phenyl ring
are important for antiproliferative activity.


We further evaluated the antiproliferative activities of
several potent compounds 10e, 10j, 10l, 10m, 10q, 10u
against a panel of five human solid tumor cell lines
in vitro. Table 2 contains these results along with com-
parative data for CA-4 and podophyllotoxin.16

Table 2. Antiproliferative activities of 10e, 10j, 10l, 10m, 10q, 10u, CA-4, an


Cell line Human tumor


10e 10j 10l


Molt-3 T-cell leukemia 0.67 0.42 0.12


MCF-7 Breast cancer 1.47 2.11 1.23


Bel-7402 Hepatoma 2.64 2.05 2.33


DU-145 Prostate cancer 1.93 2.03 1.87


PC-3 Prostate cancer 2.46 2.18 2.36


DND-1 Melanoma 2.26 4.16 1.40


a Values were determined in triplicate as described in Ref. 16.

Although these compounds’ activities against solid tu-
mor cell lines are less potent than against Molt-3 leuke-
mia cell line (IC50 < 0.67 lM), the IC50 values of these
most potent N-aryl benzamides were between 0.86 and
6.48 lM. The 3,4-dimethoxy substituted benzamide
compound 10l is slightly more active than the 3,4,5-tri-
methoxyphenyl substituted compound 10e against these
human solid tumor cell lines. However, the 4-hydroxy-3-
methoxy compound 10m showed different sensitivities
compared to the 3,4-dimethoxy and 3,4,5-trimethoxy
substitutions inhibiting these solid tumor cells. The com-
pound 10j with ortho-fluorine substitution showed simi-
lar activities with non-fluorine compound 10e. The 4-
methoxyphenyl and 2-methoxy pyridine-4-yl com-
pounds 10q, 10u with ortho-fluorine substitution also
displayed comparable activities with 3,4,5-trimethoxy
substituted compound 10e. These results suggest that
the substitutions with various methoxy groups and
ortho-fluorine are of little influence on the cytotoxicities
against these five solid tumor cell lines, which is different
from that of the Molt-3 leukemia cell line.


The lead compound JIMB01 has shown complete inhibi-
tion of free tubulin assembly at a concentration of
4 lM.4 The mechanism of action of JIMB01 involves
targeting on tubulin which blocks the cell cycle at the
G2/M phase. To investigate whether the antiproliferative
activities of the novel N-aryl benzamide compounds in-
volved interaction with tubulin, the most active com-
pound 10l was evaluated for inhibition of
polymerization of purified tubulin in a cell-free system.
The results are shown in Figure 1. Vincristine was used
as a positive control. Inhibition of tubulin assembly was
examined by compound 10l at concentrations of 0.5–
10 lM. Surprisingly, the results showed that the com-
pound 10l does not significantly interfere with the
assembly of microtubules. Then, we further examined
the influence of 10l on the cancer cell cycle using flow
cytometric analysis with T-cell leukemia cells (Fig. 2).
Treatment with 10l at a concentration of 6.14 lM for
6 h induced a major shift from G0/G1 to the S-phase
(52.9%) compared to control (32.2%). The S-phase peak
increased continuously from 6 to 12 h (62.7%) and
maintained a high level at 24 h (61.9%). However, the
G2/M phase proportion of cells was little changed under
treatment with 10l. These results further confirmed that
the mechanism of action of the benzamide compound
10l was different from the lead compound JIMB01 and
that it is a novel S-phase arrest agent. As mentioned pre-
viously, replacement of the acylurea group with an ethyl
ester group resulted in 3-iodoacetamido benzoyl ethyl

d podophyllotoxin in human cancer cell lines


IC50 (lM)a


10m 10q 10u CA-4 Podophyllotoxin


0.51 0.25 0.50 0.009 0.014


0.86 1.39 2.20 0.012 0.015


5.26 3.37 2.70 0.010 0.009


6.48 6.45 2.35 0.009 0.052


3.13 2.43 2.42 0.003 0.010


1.22 2.56 2.57 0.003 0.012
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Figure 1. Effect of 10l on tubulin assembly.16 Free purified b-tubulin


from bovine brain (1 mg/mL) in reaction buffer was incubated with


GTP and Mg2+ at 37 �C for assembly in the absence or presence of 10l


(0.5–10 lM), vincristine (20 lM) or paclitaxel (20 lM). Tubulin


assembly was determined every 2 min by OD at 340 nm. Each point


represents the mean of two independent experiments.
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Figure 2. Cell cycle block at the S-phase in T-cell leukemia cells treated


with 10l. CEM cells treated with 10l (6.14 lM) were analyzed for cell


cycle distribution using flow cytometry. The major block at S-phase


appeared between 6 and 24 h post-treatment.
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ester which blocked the G1–S transition in addition to its
activity in the G2/M phase. However, the ethyl ester still
inhibited microtubule polymerization at a concentration
of 7.5 lM.7 It is unclear whether the mechanism of ac-
tion has an intrinsic linkage between benzoyl ethyl esters
and benzamides or not.


Compounds which have been clearly shown to cause ar-
rest in the S-phase are uncommon. Camptothecin ana-
logues, several of clinical significance, are perhaps the
best known small molecules to cause S-phase arrest.2


Others include noscapine analogues,18 resveratrol,19 7-
hydroxystaurosporine,20b-lapachone,21 beicalein,22 and
deguelin.23 The mechanism of action of this series of
benzamides as novel S-phase arrest agents merits further
investigation.


In conclusion, a series of novel 3-(2 0-bromopropionyla-
mino)-benzamides were synthesized by replacing the
acylurea with an amide group in the lead antitubulin

compound JIMB01. Many new benzamide compounds
showed more potent antiproliferative activities against
Molt-3 leukemia cells than the lead compound JIMB01.
Several compounds showed effective activities against
five solid tumor cell lines. Preliminary mechanism of ac-
tion studies demonstrated that the most potent benzam-
ide compound 10l does not inhibit tubulin
polymerization and arrests the cancer cell cycle at S-
phase, which is different from the lead compound
JIMB01. This series of benzamide compounds merits
further studies as novel S-phase arrest agents.
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Abstract—A novel neurokinin-1 receptor antagonist, (±)-(1R*,3S*,4S*,5S*)-4-[(N-(2-methoxy-5-trifluoromethoxybenzyl)amino]-3-
phenyl-2-aza-7-oxabicyclo[3.3.0]octane (1), was synthesized stereoselectively using Padwa’s intramolecular 1,3-dipolar cycloaddition
methodology as the key step. Compound (±)-1 showed high affinity for the NK-1 receptors in human IM-9 cells with an IC50


value of 0.22 nM. This new structural scaffold demonstrated significant in vivo antagonistic activity in the guinea pig ureter
capsaicin-induced plasma extravasation model with an ED50 value of 1–10 mg/kg, po.
� 2007 Elsevier Ltd. All rights reserved.

The neurokinin-1 (NK-1) receptor is a member of the
seven-transmembrane G-protein coupled family of recep-
tors and is associated with sensory neurons in the
peripheral and specific areas of the central nervous sys-
tem. The neuropeptide ‘Substance P’ and its human neu-
rokinin-1 (hNK-1) receptor have been associated to
various biological disorders such as anxiety, depression,
emesis, asthma, and inflammatory bowl disease (IBD).1


Recently, the brain transitional NK-1 receptor antago-
nists, Aprepitant (Merck; Emend�)2 for the treatment
of chemotherapy (cisplatin)-induced emesis in human
and Maropitant (Pfizer; Cerenia�)3 for motor sickness
in animals, have been launched (Fig. 1).


In the course of a Pfizer program geared at developing
NK-1 receptor antagonists as anti-inflammatory and
analgesic drugs, it was hypothesized that incorporation
of a heteroatom into the prototype NK-1 antagonist,4,
the ethylenediamine-based (±)-2, would promote the
penetration to peripheral tissues by the decrease of
logD7.4 and lead to compounds with higher binding
affinity and superior pharmacological properties as
anti-inflammatory and analgesic agents. We also antici-
pated that the newly designed compound (±)-1 would fit
the NK-1 antagonistic pharmacophore model, similarly

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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to the modifications (4, 5, and Aprepitant) made by the
Merck group2,5 from the CP-99,994 (3) lead discovered
at Pfizer,6 as shown in Figure 2.


The novel (±)-4-[(N-(2-methoxy-5-trifluoromethoxyben-
zyl)amino]-3-phenyl-2-aza-7-oxabicyclo[3.3.0]octane)
(1) was thus synthesized stereoselectively employing
Padwa’s intramolecular 1,3-dipolar cycloaddition meth-
odology7 on intermediate 6 as the key step (Fig. 3).


Aziridine (±)-6, a logical substrate for the intramolecu-
lar 1,3-dipolar cycloaddition reaction, was provided in
quantities only after minor modifications of the original
procedure of Padwa (Scheme 1).7 Commercially avail-
able dibromide 8 was dehydrobrominated8 to give
bromoolefin 9 in quantitative yield as a 1:5 mixture of
the E- and Z-isomers. Without separation, the mixture
was subjected to the Harada conditions for stereocon-

Figure 1. NK-1 receptor antagonists as anti-emetic drugs in animals


and humans.
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Figure 2. Design of compound (±)-1 based on CP-99,994.


Figure 3. Synthetic strategy of compound (±)-1.


Scheme 1. Reagents and conditions: (a) N-methylpiperidine, PhH,


reflux, 99%; (b) BnNH2, MeOH, rt, 79%; (c) allyl alcohol, 5% KCN, rt,


4 days, 95%; (d) O3, MeOH then Me2S; (e) Ph3P@CHCO2Me, PhH,


88% in two steps.
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trolled aziridine formation9 to afford cis-aziridine 10 in
79% yield. However, the transesterification of 10–11
was difficult to perform in a reproducible manner when
the reaction was run according to Padwa’s protocol
[catalytic sodium allyloxide, allyl alcohol, rt].7 As an
alternative method, the Mori protocol for mild transe-
sterification10 was applied: ethyl ester 10 was converted
into allyl ester 11 by the catalytic action of potassium
cyanide in allyl alcohol in a high and reproducible yield.
Ozonolysis of 11 followed by reductive workup and
Wittig olefination of the crude aldehyde resulted in the
formation of the required a,b-unsaturated ester (±)-6
in 88% yield from 11.


The intramolecular 1,3-dipolar cycloaddition was carried
out by thermolysis of 6 in refluxing toluene to give bicyclic
c-lactone (±)-7 in 42% yield via formation of an azome-
thine ylide 12 (Scheme 2). Since hydrogenolysis of the

N-benzyl group of 7 proved difficult even under acidic
conditions and medium pressure of hydrogen, reductive
cleavage of the lactone ring in 7 was undertaken prior
to the deprotection: being activated by the a-nitrogen of
the pyrrolidine moiety, the lactone carbonyl could be
reduced selectively by LiBH4 in tetrahydrofuran to give
diol derivative 14 in 89% yield without affecting the
methyl ester function. N-Debenzylation of the monocy-
clic pyrrolidine 14 proceeded smoothly using Pearlman’s
catalyst to furnish 15a, probably because the newly
generated hydroxyl group(s) of 14 facilitated its adsorp-
tion to the catalyst surface. Following re-protection11 of
the nitrogen moiety on 15a with benzyl chloroformate
(Cbz-Cl), the diol was cyclized using triphenylphosphine
and diethyl azodicarboxylate (DEAD)12 to form tetra-
hydrofuran derivative 16 in 64% yield.


Direct conversion of the methyl ester 16 to carboxamide
17 using the reagent derived from the reaction of trim-
ethylaluminum with ammonium chloride (the Weinreb
protocol)13 resulted in the recovery of 16 (Scheme 2).
Thus, carboxamide 17 was obtained via a three step
sequence as shown in Scheme 3: (1) LiAlH4 reduction of
16 to alcohol 18; (2) ruthenium(III) chloride-catalyzed
oxidation of 18 to carboxylic acid 1914 under the Sharp-
less conditions;15 (3) treatment of 19 with ethyl chloro-
formate followed by concd NH3 solution to give 17 in
62% yield from 16. Hoffman rearrangement of 17 pro-
ceeded smoothly in tert-butyl alcohol in the presence
of a catalytic amount of tin(IV) chloride16 to afford
tert-butylcarbamate 20a, while in the absence of the
tin catalyst, this reaction produced a complex mixture
with a low yield of 20a. Acid hydrolysis of the N-Boc
group in 20a liberated primary amine 20b, which was
subjected to NaBH3CN-mediated reductive N-alkyl-
ation17 with 2-methoxy-5-trifluoromethoxybenzalde-
hyde to give 21 in 54% yield from 20a. In the final
step, catalytic transfer hydrogenolysis18 of the N-Cbz
group followed by treatment with 10% methanolic
hydrogen chloride furnished the desired compound
(±)-1Æ2HCl as a crystalline solid. The structure of
(±)-1, particularly the relative stereochemistry, was







Scheme 2. Reagents and conditions: (a) toluene, reflux, 42%; (b) LiBH4, THF, rt, 89%; (c) H2, 20% Pd(OH)2–C, MeOH, 97%; (d) Cbz-Cl, aq NaOH,


EtOH, 55%; (e) Ph3P, DEAD, CH2Cl2, 94%.


Scheme 3. Reagents and conditions: (a) LiAlH4, THF, 82%; (b) RuCl3–nH2O (cat.), NaIO4, CCl4–MeCN–H2O (2:2:3), quant; (c) EtO2COCl, Et3N,


concd NH3 aq, 76%; (d) Pb(OAc)4, SnCl4 (cat.), t-BuOH, reflux, 96%; (e) concd HCl aq, EtOAc, rt, 90%; (f) 2-methoxy-5-trifluoromethoxybenz-


aldehyde, NaBH3CN, AcOH, MeOH, 60%; (g) HCO2NH4, 20% Pd(OH)2–C, MeOH, 82%; (h) HCl–MeOH, 87%.


Table 1. IM-9 binding and Ca2+ channel affinity of compound (±)-1


Compound IM-9 bindinga


(IC50, nM)


Calcium


channel affinityb


(IC50, nM)


(±)-1 0.22 >1000


(±)-2 3.4 >1000


CP-99,994 0.63–3.0 —


Substance P 0.57


a IC50 value versus 0.56 nM 3H-substance P.
b Affinity to the verapamil binding site at the L-type Ca++ channel


labeled by [3H]desmethoxyverapamil.
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verified using 1H and 13C NMR (d, ppm, JCF, Hz) and
some key NOEs in CDCl3.19


The (±)-7-oxa-2-azabicyclo[3.3.0]octane derivative (1)
showed remarkably high affinity for the NK-1 receptor
in human IM-9 cells with an IC50 value of 0.22 nM
(Table 1). This new structural scaffold demonstrated
significant po in vivo antagonistic activity in the guinea

pig ureter capsaicin-induced plasma extravasation mod-
el with an ED50 between 1 and 10 mg/kg (10% and 94%
inhibitions at 1 and 10 mg/kg, po, respectively) while
showing poor affinity for the verapamil receptor
(IC50 > 1 lM, a L-type calcium channel receptor in rat
heart) with the potential to cause deleterious effects on
the cardiovascular system.

Acknowledgments


The authors thank Mr. Shinichi Sakemi for NMR anal-
ysis, Dr. Bernard Hulin of ChemWrite for the editing of
the manuscript, and Dr. Kunio Satake for providing
helpful advice.

References and notes


1. (a) Gale, J. D.; O’Neill, B. T.; Humphrey, J. M. Expert
Opin. Ther. Patents 2001, 11, 1837; (b) Lecci, A.; Maggi,







6890 Y. Shishido et al. / Bioorg. Med. Chem. Lett. 17 (2007) 6887–6890

C. A. Expert Opin. Ther. Targets 2003, 7, 342; (c) Albert,
J. S. Expert Opin. Ther. Targets 2004, 14, 1421.


2. Hale, J. J.; Mills, S. G.; MacCoss, M.; Finke, P. E.;
Cascieri, M. A.; Sadowski, S.; Ber, E.; Chicchi, G. G.;
Kurtz, M.; Metzger, J.; Eirmann, G.; Tsou, N. N.;
Tattersall, F. D.; Rupniak, N. M. J.; Williams, A. R.;
Rycroft, W.; Hargreaves, R.; MacIntyre, D. E. J. Med.
Chem. 1998, 41, 4607.


3. Ito, F.; Kondo, H.; Shimada, K.; Nakane, M.; Lowe, J. A.
III; Rosen, T. J.; Yang, B. V. WO 9221677 A1.


4. Desai, M. C.; Lefkowitz, S. L.; Bryce, D. K.; McLean, S.
Bioorg. Med. Chem. Lett. 1994, 4, 1865.


5. (a) Harrison, T.; Williams, B. J.; Swain, C. J.; Ball, R. G.
Bioorg. Med. Chem. Lett. 1994, 4, 2545; (b) Harrison, T.;
Owens, A. P.; Williams, B. J.; Swain, C. J.; Baker, R.;
Hutson, P. H.; Sadowski, S.; Cascieri, M. A. Bioorg. Med.
Chem. Lett. 1995, 5, 209; (c) Hale, J. J.; Mills, S. G.;
MacCoss, M.; Shah, S. K.; Qi, H.; Mathre, D. J.; Cascieri,
M. A.; Sadowski, S.; Strader, C. D.; MacIntyre, D. E.;
Metzger, J. M. J. Med. Chem. 1996, 39, 1760; (d)
Ashwood, M. S.; Cottrell, I. F.; Davies, A. J. Tetrahedron:
Asymmetry 1997, 8, 957; (e) Ladduwahetty, T.; Baker, R.;
Cascieri, M. A.; Chambers, M. S.; Haworth, K.; Keown,
L. E.; MacIntyre, D. E.; Metzger, J. M.; Owen, S.;
Rycroft, W.; Sadowski, S.; Seward, E. M.; Shepheard, S.
L.; Swain, C. J.; Tattersall, F. D.; Watt, A. P.; Williamson,
D. W.; Hargreaves, R. J. J. Med. Chem. 1996, 39, 2907; (f)
Williams, B. J.; Cascieri, M. A.; Chicchi, G. G.; Harrison,
T.; Owens, A. P.; Own, S. N.; Rupniak, N. M. J.;
Tattersall, D. F.; Williams, A.; Swain, C. J. Bioorg. Med.
Chem. Lett. 2002, 12, 2719.


6. Desai, M. C.; Lefkowitz, S. L.; Thadeio, P. F.; Longo, K.
P.; Snider, R. M. J. Med. Chem. 1992, 35, 4911.


7. Padwa, A.; Ku, H. J. Org. Chem. 1979, 44, 255.
8. Woller, P. B.; Cromwell, N. K. J. Org. Chem. 1970, 35,


888.
9. Nakamura, I.; Harada, K. Heterocycles 1978, 9, 473.


10. Mori, K.; Tominaga, M.; Takigawa, T.; Matsui, M.
Synthesis 1973, 790.


11. O-protection of diol 15a using TBDMS-Cl, N-protection
using Cbz-Cl followed by O-deprotection under acidic
condition also provided 15b in a higher yield.


12. Carlock, J. I.; Mack, M. P. Tetrahedron Lett. 1978, 9, 473.
13. Levin, J. I.; Turos, E.; Weinreb, S. M. Synth. Commun.


1982, 12, 989.
14. The alkali hydrolysis of 16 using lithium hydroxide


resulted in epimerization at the C4-position, as determined
by 1H NMR analysis after esterification of 19 using
trimethylsilyldiazomethane.


15. Carlsen, P. H. J.; Katsuki, T.; Martin, V. S.; Sharpless, K.
B. J. Org. Chem. 1981, 46, 3936.


16. Baumgarten, H. E.; Smith, H. L.; Staklis, A. J. Org. Chem.
1975, 40, 3554.


17. Borch, R. F.; Bernstein, M. D.; Durst, H. D. J. Am. Chem.
Soc. 1971, 93, 2897.

18. Anwer, M. K.; Spatola, A. F. Synthesis 1980, 929.
19. (1R*,3S*,4S*,5S*)-4-[(N-(2-methoxy-5-trifluoromethoxyben-


zyl)amino]-3-phenyl-2-aza-7-oxabicyclo[3.3.0]octane) (com-
pound (±)-1). 1H NMR (600 MHz) d (CDCl3): 2.05 (br s,
2H), 2.86 (td, J = 7.8, 3.6 Hz, 1H), 3.02 (d, J = 4.5 Hz,
1H), 3.50 (d, J = 14.2 Hz, 1H), 3.56 (s, 3H), 3.69 (d,
J = 14.2 Hz, 1H), 3.74 (dd, J = 9.5, 3.6 Hz), 3.78 (dd,
J = 9.7, 2.7 Hz, 1H), 3.81 (dd, J = 9.7, 5.7 Hz, 1H), 3.85
(dd, J = 9.5, 7.8 Hz, 1H), 4.18–4.24 (m, 1H), 6.71 (d,
J = 8.8 Hz, 1H), 6.90 (d, J = 2.5 Hz, 1H), 7.04 (dd, J = 8.8,
2.5 Hz, 1H), 7.23–7.29 (m, 3H), 7.31–7.36 (m, 2H) ppm.
13C NMR (125 MHz) d (CDCl3): 46.4, 49.5, 55.3, 62.6,
65.3, 67.0, 72.8, 76.5, 110.4, 120.5 (q, J = 125 Hz), 120.6,
122.6, 126.9 (two carbons), 127.1, 128.2 (two carbons),
129.5, 138.1, 142.3, 155.9 ppm. IR mmax (film): 3340, 1496,
1457, 1248, 1163, 1032, 917, 700 cm�1. MS (ESI) m/z 409
(M+H)+.


HN


O MeO


OCF3


H
N


H


H


7.34 7.27


7.24


7.04


6.90


6.71


4.45


4.21


3.85 α/3.74 β


3.81 α/3.78 β


3.69/3.50


3.56


3.02


2.86
155.9


142.3


138.1


129.5


128.4 127.1


126.9


122.6


120.6


110.4


120 5 (q,
256 Hz)


76.5


72.8


67.0


65.3


62.6


55.3


49.5


46.4


2.05 br


2.05 br


The structure of (±)-1 including the relative stereochem-
istry was verified using 1H and 13C NMR (d, ppm, JCF-Hz)
and some key NOEs in CDCl3.
(1R*,3S*,4S*,5S*)-4-[(N-(2-methoxy-5-trifluoromethoxy-
benzyl)amino]-3-phenyl-2-aza-7-oxabicyclo[3.3.0]octane)Æ
dihydrochloride (1Æ2HCl). White solid; mp 203–205 �C. 1H
NMR (270 MHz) d (DMSO-d6): 3.30–4.46 (10H, m), 3.74
(3H, s), 4.67 (1H, br s), 4.96 (1H, br s), 7.08 (1H, d,
J = 9.2 Hz), 7.32–7.82 (7H, m) ppm. IR mmax (film): 3450,
1582, 1563, 1504, 1457, 1278, 1261, 1244, 1217, 1174, 1032,
695 cm�1. Anal. Calcd for C21H23N2O3F3Æ2HCl: C, 52.40;
H, 5.24; N, 5.82. Found: C, 52.43; H, 5.35; N, 5.75. HPLC
purity: 99.8% area at 215 mm. Conditions: Apparatus,
Alliance 2695 with 996 PDA detector, Waters; Column,
XTerra MS C18, 3.5 lm, 2.1 · 100 mm, Waters; Mobile
phase: A: CH3CN/B: CH3CN/10 mM CH3CO2NH4 (5/95,
v/v) (ca. pH7) = 5/95–95/5; Flow rate, 0.25 mL/min; Col-
umn temperature, 40 �C.
The gradient program was as follows: initially A:B (5/95,
v/v), then 8 min linear gradient to A:B (95/5, v/v) and 5
min isocratic with A:B (95/5, v/v); then an additional
period of 7 min linear gradient to the initial conditions.
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Abstract—A series of potent amide linked PPARc/d dual agonists (1a) has been discovered through rational design. In the ZDF rat
model of type 2 diabetes, compound (R)-3-[4-(3-{1-[(5-chloro-1,3-dimethyl-1H-indole-2-carbonyl)-amino]-ethyl}-5-fluoro-phen-
oxy)-2-ethyl-phenyl]-propionic acid (42) from this series has demonstrated glucose lowering efficacy comparable to the marketed
PPARc agonist rosiglitazone with less weight gain.
� 2007 Elsevier Ltd. All rights reserved.

The peroxisome proliferator-activated receptors (PPARs)
belong to the nuclear receptor superfamily of ligand-mod-
ulated transcription factors. There are three PPAR sub-
types, namely PPARa, c, and d. PPARs play a central
role in regulating the storage and catabolism of dietary
fats.1 PPARa agonists, such as fenofibrate, are effective
at lowering serum triglycerides and raising high-density
lipoprotein (HDL) cholesterol.1,2 The role of PPARc
has been extensively studied and is known to be involved
with glucose homeostasis, insulin sensitization, and fat
storage. PPARc agonists, such as rosiglitazone, 5-{4-[2-
(methyl-pyridin-2-yl-amino)-ethoxy]-benzyl}-thiazolidine-
2,4-dione, increase insulin sensitivity and have been ap-
proved for the treatment of type 2 diabetes.3 While not
as extensively studied as the other subtypes, the role of
PPARd has become clearer recently with the generation
of potent, selective ligands for this PPAR subtype. As
exemplified in studies with GW501516, {2-methyl-4-[4-
methyl-2-(4-trifluoromethyl-phenyl)-thiazol-5-ylmethylsul-
fanyl]-phenoxy}-acetic acid, PPARd activation appears to
increase fatty acid b-oxidation, insulin sensitivity, and
HDL cholesterol.4,5


The primary goals of the present work were to develop a
PPAR agonist to treat type 2 diabetes and to prevent

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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associated cardiovascular disease while reducing the
weight gain typically observed with PPARc activation.
We hypothesized that a PPARc/d dual agonist could
effectively lower glucose and hemoglobin A1c levels
while improving the dyslipidemia commonly seen in dia-
betic patients by simultaneously activating both receptor
subtypes.6 In addition, we hypothesized that beneficial
effects could be achieved with a reduced weight gain pro-
file due to PPARd induced activation of fatty acid b-oxi-
dation and a reduced need to drive efficacy solely
through PPARc activation. Recently, we reported the
design and synthesis of a series of novel ether linked
PPARc/d dual agonists, analogs of compound 1b
(Fig. 1), and showed that a PPARc/d dual agonist with
a properly controlled c/d ratio can be efficacious on glu-
cose control while producing less weight gain than rosig-
litazone in animal models of diabetes.6,7


In an earlier effort to identify structurally novel PPAR
ligands, PPARc, d dual agonist 5 was discovered.
Through extensive SAR studies around 5, we identified
molecules with a wide range of PPARc/d in vitro activ-
ity. Herein, we report the design, synthesis, and biolog-
ical evaluation of these novel amide linked PPARc/d
dual agonists (1a, Fig. 1).


A general synthetic scheme is illustrated in Scheme 1.
Nitriles 28 were hydrogenated in the presence of 5%
Pd/C or Raney nickel to give the corresponding amines
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Figure 1. Amide linked series 1a and ether linked compound 1b.
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(3). Coupling 3 with a variety of aryl carboxylic acids
(4)8 and subsequent hydrolyses afforded carboxylic acids
5–24. Indole derivatives 25–33 were prepared in an anal-
ogous fashion starting from 3 and various indole-2-car-
boxylic acids.8


Pure more active enantiomers of benzyl-substituted
compounds 42 and 43 were prepared as described in
Scheme 2. Commercially available 1,3-dibromo-5-flu-
oro-benzene 34 and 3-(2-ethyl-4-hydroxy-phenyl)-propi-
onic acid ethyl ester 358 were subjected to a 2,2,6,6,-
tetramethylheptane-3,5-dione accelerated Ullmann reac-
tion to give diaryl ether 36.9 Stille coupling of 36 and
tributyl (1-ethoxyvinyl) tin in the presence of dichlorobis
(triphenylphosphine) palladium (II) and subsequent
hydrolysis provided ketone 37. The ketone was reduced
enantioselectively to the corresponding alcohol (38)
using N,N-diethylaniline-borane and a catalytic amount
of (R)-2-methyl-oxazaborolidine (MeCBS).10 Treatment
of alcohol 38 with diphenyl phosphorazidate (dppa) and
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) afforded a
mixture of the desired azide (39) and a phosphate inter-
mediate, which was also converted to azide 39 using tri-
methylsilyl azide in the presence of fluoride anion.
Reduction of azide yielded amine 40. This enatiomeri-
cally enriched compound (R configuration, 67–85% ee)
was purified by chiral chromatography with a Chiralcel
OD column (eluent: 0.2% DMEA in MeOH) to give 40
as a single enantiomer (100% ee). Coupling amine 40
with 5-chloro-1,3-dimethyl-1H-indole-2-carboxylic acid8


or commercially available 5-chloro-3-methyl-benzo
[b]thiophene-2-carboxylic acid 41 and subsequent
hydrolyses provided carboxylic acids 42 and 43,
respectively.


The final compounds were tested for PPAR binding
(IC50)11 and receptor transactivation (EC50)12 activities
(Tables 1–3). Based on the SAR results from our pre-
viously reported ether linked series (1b),2,3 we exam-
ined the effects of ortho substitution on the tailpiece
phenyl of 5 (Table 1). Substitutions of Me, Et, Cl, F,
Br, and OMe were all well tolerated for PPARc/d
activities (6–10 and 13). Fluorine (9) and methoxy
(13) substitution led to increased PPARa activities.
While a strong electron withdrawing group, CF3, was

detrimental to all PPAR activity (11), the sterically
demanding phenoxy group (12) attenuated only
PPARc/d activities.


Compound 6 was identified as a potent and selective
PPARc/d dual agonist. Replacement of the CF3 substi-
tuent in 6 by Me, Cl, and OMe resulted in compounds
14, 15, and 17, which had significantly reduced PPARd
functional activities (EC50d = 286, 254, and 376 nM,
respectively). The OCF3 analog (16) showed attenuated
PPARc/d affinity (IC50c = 47 nM; IC50d = 54 nM).
Removing the CF3 group from 6 was detrimental to
PPARd potency (18, EC50d = 1878 nM).


Substitution on the spacer phenyl ring resulted in com-
pounds 19–23. Compared to parent compound 9
(EC50d = 22 nM), PPARd functional activity was im-
proved by 5-Me substitution (20, EC50d = 4 nM). The
5-F substituted compound (22) had comparable
PPARa, c, and d activities to 9. Substitution at C-4
and C-6 on the spacer phenyl ring (19, 21, and 23)
reduced PPARd functional activity.


Variation at the carboxylic acid headpiece influenced the
PPAR activity of these ligands. With the dihydrocin-
namic acid headpiece, 24 showed comparable PPARd
activity and reduced PPARa and c activities versus
fibrate-based 6.


To further reduce PPARa activity and increase PPARd
activity, we examined the tailpiece SAR through a set of
substituted indoles (25–33) using the dihydrocinnamic
acid headpiece (Table 2). Among the monosubstituted
indoles, 5-Cl substitution afforded the most potent
and selective PPARc/d dual agonist (26). The 5,6-di-
chloro-indole 30 showed attenuated PPARc activity.
With 5-Cl substitution, N-methylation (31) tended to
further reduce PPARa and c activity. Methylation at
C-3 (32) increased PPARa activity, maintained PPARc
activity, and significantly improved PPARd functional
activity. The combined trisubstituted indole compound
(33) proved to be a potent and selective PPARc/d dual
agonist as shown in Table 2, especially showed im-
proved d activity compared with substituted phenyl
compounds.
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Further modifications included substitution at the ben-
zylic carbon of the linker and evaluation of the benzo-
thiophene tailpiece (Table 3). We used the ethyl instead
of methyl substituted dihydrocinnamic acid headpiece
to hinder b-oxidation.6 Benzothiophene 43 exhibited a
similar in vitro profile compared with indole 42, both
being potent and selective PPARc/d dual agonists with
more relaxed c activity compared with compound 33.


Compound 42 (�99% ee) was studied for in vivo eval-
uation in the male ZDF rat, a model of type 2 diabe-
tes.6 As shown in Figure 2, 42 dose-dependently
lowered plasma glucose levels in this model. Com-

pound 42 demonstrated 50% glucose normalization
(ED50) at 0.82 mg/kg compared to 1 mg/kg for rosig-
litazone. Moreover, compound 42 showed significantly
(p < 0.05) less weight gain than rosiglitazone at the







Table 1. Binding IC50
11 and receptor transactivation EC50


12 data13 on human PPARs of compounds 5–24


Compound hPPARa
IC50 (nM)


hPPARa
EC50 (nM)


hPPARc
IC50 (nM)


hPPARc
EC50 (nM)


hPPARd
IC50 (nM)


hPPARd
EC50 (nM)


5 3487 1253 18 42 6 95


6 1763 921 9 24 3 38


7 1127 828 10 57 4 81


8 1230 836 15 49 3 59


9 640 466 12 24 4 22


10 1594 590 12 43 3 36


11 10,313 n.a. 203 1058 40 2870


12 1483 706 114 479 32 409


13 463 329 7 16 4 30


14 1749 1042 7 25 4 286


15 7154 2205 9 28 6 254


16 4850 420 47 10 54 50


17 4200 1504 8 26 12 376


18 n.b. 2727 20 125 64 1878


19 188 792 5 24 3 96


20 313 544 12 37 5 4


21 331 877 17 43 6 86


22 728 754 8 22 3 48


23 384 1053 8 28 3 119


24 n.b. 2888 126 345 5 33


Rosiglitazone n.b. n.a. 67 308 n.b. n.a.


Table 2. Binding IC50
11 and receptor transactivation EC50


12 data13 on human PPARs of compounds 25–33


O


H
N


O


N


R2


OH


OR3


R1


Compound R1 R2 R3 hPPARa
IC50 (nM)


hPPARa
EC50 (nM)


hPPARc
IC50 (nM)


hPPARc
EC50 (nM)


hPPARd
IC50 (nM)


hPPARd
EC50 (nM)


25 H H 4-Cl n.b 2997 258 1088 12 1300


26 H H 5-Cl 10,034 2459 13 25 3 47


27 H H 6-Cl 1132 588 233 348 3 80


28 H H 5-Br 7457 2770 8 32 4 93


29 H H 7-Br 4865 2404 37 158 9 527


30 H H 5,6-di-Cl 4352 1887 95 238 5 59


31 Me H 5-Cl n.b. 2735 98 135 3 87


32 H Me 5-Cl 2104 558 27 24 3 6


33 Me Me 5-Cl n.b. 2654 35 44 3 4


Table 3. Binding IC50
11 and receptor transactivation EC50


12 data13 on human PPARs of compounds 42 and 43


Compound X hPPARa
IC50 (nM)


hPPARa
EC50 (nM)


hPPARc
IC50 (nM)


hPPARc
EC50 (nM)


hPPARd
IC50 (nM)


hPPARd
EC50 (nM)


42 MeN 10,257 2824 39 116 5 1


43 S 9336 n.a. 50 163 5 7
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same doses (Fig. 3). Additionally, compound 42 signif-
icantly lowered plasma triglycerides and plasma free
fatty acids at 3 mg/kg dose compared with the control
group (Figs. 4 and 5).


In summary, we have presented the synthesis and
in vitro characterization of a novel series of potent
and selective PPARc/d dual agonists. In the ZDF rat

model, 42 demonstrated efficacy in lowering plasma glu-
cose levels comparable to rosiglitazone with a signifi-
cantly reduced weight gain side effect at the same
doses. These results further supported our initial
hypothesis that a PPARc/d dual agonist with a properly
controlled PPARc/d in vitro profile can reduce the
weight gain side effect associated with marketed PPARc
agonists.







Figure 2. Dose–response for effects of compound 42 and rosiglitazone


on glucose normalization in ZDF rats after 7 days of oral gavage


dosing.


Figure 3. Dose–response for effects of compound 42 and rosiglitazone


on body weight in ZDF rats after 7 days of oral gavage dosing.


Figure 4. Dose–response for effects of compound 42 on plasma


triglycerides in ZDF rats after 7 days of oral gavage dosing.


Figure 5. Dose–response for effects of compound 42 on fatty acids in


ZDF rats after 7 days of oral gavage dosing.
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Abstract—A series of nucleoside phosphonate reverse transcriptase (RT) inhibitors have been synthesized and their anti-HIV activ-
ity and resistance profiles evaluated. The most potent analog [5-(6-amino-purin-9-yl)-2,5-dihydro-furan-2-yloxymethyl]-phosphonic
acid (d4AP) demonstrated a HIV EC50 = 2.1 lM, and the most favorable resistance profile against HIV-1 variants with K65R,
M184V or multiple thymidine analog mutations in RT.
� 2007 Elsevier Ltd. All rights reserved.

The recommended first line therapy for treatment-naı̈ve
HIV-infected patients includes a combination of two
nucleos(t)ide reverse transcriptase inhibitors (N(t)RTIs)
and one non-nucleoside RT or protease inhibitor. There
are 8 licensed N(t)RTIs for the treatment of HIV, with
most of the drugs exhibiting some limitations due to
clinical resistance, toxicities or drug–drug interactions.1


Consequently, there is continued interest in developing
new N(t)RTIs with improved cross-resistance and toxi-
cological profiles.


Nucleotide, 9-R-(2-phosphonomethoxypropyl)adenine
(tenofovir) 1,2 the phosphonate component of tenofovir
disoproxil fumarate (tenofovir DF, Viread�), stands out
amongst the N(t)RTI for two reasons (Fig. 1). First, it is
a nucleoside phosphonate and second, it does not have a
formal 5-membered ring ribose core. The phosphono-
methoxy group is a bioisostere of the a-phosphate group
of nucleotide monophosphates but differs in that it is
more enzymatically stable than the a-phosphate group.3


A limiting property of the phosphonate diacids is that
they are charged at physiological pH and therefore exhi-
bit poor membrane permeability. However, once the

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.


doi:10.1016/j.bmcl.2007.10.038
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diacid is delivered into cells, via a prodrug, the high
polarity and reduced permeability now favor intracellu-
lar accumulation of the diacid and its metabolites. The
bis-isopropyloxymethylcarbonyl (bisPOC) prodrug is
used to deliver tenofovir orally and more recently an
amidate prodrug (GS-7340) has been demonstrated to
be an effective alternative enhancing the nucleotide
delivery into lymphocytes.4,5 Only a handful of reports
have described antiviral activity of phosphonomethoxy
nucleoside analogs on cyclic 5-membered ring ribose
scaffolds, for example, 2–7 (Fig. 1).6–9 Therefore, we
have synthesized a variety of novel NtRTI inhibitors
and compared their anti-HIV activity and resistance
profiles toward several key clinical HIV RT mutants.


Phosphonomethoxy analogs of 2 0,3 0-didehydro-2 0,3 0-
dideoxy (d4) adenosine 2 (d4AP), and 2 0,3 0-dideoxy
(dd) adenosine, 4 (ddAP), were prepared following the
procedures of Kim et al.6 Thymidine analogs 3 (d4TP)
and 5 (ddTP), were prepared according to reported
procedures.6,7 Uridine analogs, 12 (d4UP) and 13 (5-
F-d4UP) were prepared from commercially available
2 0-deoxyuridine 8a and 5-fluoro-2 0-deoxyuridine 8b,
respectively (Scheme 1). Initial oxidation using platinum
oxide10 was followed by decarboxylative dehydration to
the intermediate glycal.11 Subsequent activation of the
glycal with PhSeCl on the least hindered a-face of the ri-
bose ring directed introduction of the dimethyl hydrox-
ymethylphosphonate ester to the b-face.6 Olefin
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formation was effected via hydrogen peroxide-mediated
oxidation of selenium and subsequent elimination.
TMSBr hydrolysis of the phosphonate ester groups pro-
vided compounds 12 and 13.6 Further halogenated uri-
dine analogs, 14 and 15, were prepared from 9 by

O N
HO
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O NO
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X X
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Scheme 1. Reagents and conditions: (i) Pt/C, O2, 70 �C, H2O, NaHCO3, 3 da


�70 �C, CH2Cl2 then HOCH2PO(OMe)2, AgClO4 71%; (iv) H2O2, H2O, dio


pyr, DMF, 90 �C, 50–60%; (vii) Pd/C, H2, EtOH, 75%; (viii) p-ClPhOP(@O

treatment with NCS or NBS, respectively, followed by
TMSBr mediated ester hydrolysis.12 Carbocyclic analog
6 was prepared according to modified literature proce-
dures.13 The dd analog, 16 (ddUP), was prepared from
9, by hydrogen reduction over 10% Pd/C prior to re-
moval of the phosphonate ester groups. Cytidine analog
17 (d4CP) was prepared from uridine analog 9.14 The
procedure for the preparation of 18 (iso-ddAP) has been
briefly described and will be reported in full elsewhere.15


The active diphospho-phosphonate (triphosphate equiv-
alents) metabolites of the phosphonate diacids 2–5, 12,
16, and 18 were prepared by treatment of the phospho-
nates with CDI followed by pyrophosphate.7 Antiviral
testing methods and resistance profiling have been re-
ported previously.7


The wild-type (WT) antiviral activity of the unsaturated
d4 phosphonate analogs is dependent on the nucleobase
(Table 1, entries 2–3, 12–15, and 17). Adenine analog, 2
(d4AP), has the most potent antiviral (EC50) activity,
12-fold more potent than thymidine 3, and significantly
more potent than the uridine analogs 12 and 13. 5-Hal-
ogenated uridines, 14 (5-Cl) and 15 (5-Br), have compa-
rable antiviral activity to thymidine analog 3, but
increased cellular toxicity. The saturated dd analogs, 4,
5, and 16, have weaker antiviral activity than their
corresponding d4 analogs (2, 3, and 12, respectively).
Antiviral activity is dependent on the ability of the phos-
phonate diacid to penetrate cells, become metabolized to
the active diphospho-phosphonate (triphosphate equiv-
alent) species, and inhibit HIV RT. Diphospho-phos-
phonate concentrations, measured in the CEM-CCRF

NH


O O NO


NH


O


OH2O3P


X


, 
, 
e


12 X = H
13 X = F
  3 X = Me


O NO


NH


O


OH2O3P


X


16 X = H
  5 X = Me


O NO


NH


O


OH2O3P


X


14 X = Cl
15 X = Br


N


N


NH2


O


(v)


(vi), (v)


(vii), (v)
X = H, Me


X = H


ys, 45%; (ii) DMF–dineopentylacetal, DMF, 80 �C, 75%; (iii) PhSeCl,


xane, 85%; (v) TMSBr, DMF, 0 �C then NH4OH; (vi) NBS (or NCS),


)Cl2, triazole, pyridine, then NH4OH, 55%.







Table 1. Anti-HIV activity, RT potency, and antiviral resistance profile


Compound Code WT HIVa


EC50/lM


MT-2


CC50/lM


WT RT


IC50/lM


Nucleosidec WT


RT IC50/lM


M184Vb


Fold res.


6TAMsb


Fold res.


K65Rb


Fold res.


2 d4AP 2.1 (1.0) >1000 0.60 (0.16) 0.14 (0.07) 0.9 (0.6) 2.9 (1.0) 2.9 (1.1)


3 d4TP 26 (8.8) >1000 0.39 (0.08) 0.06 (0.03) 1.1 12.7 (3.9) 5.2 (0.3)


17 d4CP >200 — — — — — —


12 d4UP >200 >1000 5.7 0.55 (0.15) — — —


13 5-F-d4UP >200 — — — — — —


14 5-Cl-d4UP 28.5 (16.2) 413 (174) — — 0.8 >10 6.7


15 5-Br-d4UP 15 935 — — 1.3 >10 7.5


6 4 0C-d4AP 51.7 (13.4) — — — — — —


4 ddAP 12 (2.5) >1000 4.1 (1.8) 0.26 (0.14) 1.1 3.4 (0.3) 4.9 (1.4)


5 ddTP >200 — 5.4 (2.1) 0.12 (0.02) — — —


16 ddUP >200 — 31 0.83 (0.28) — — —


18 iso-ddAP 9.5 (5.6) 863 (238) 0.32 (0.14) — 11.0 (3.0) 3.2 (0.6) 2.2 (1.1)


1 Tenofovir 3.6 (1.5) >1000 0.38 (0.20) — 0.7 (0.2) 8.8 (3.7) 4.3 (1.5)


— Abacavir 0.32 (0.15) 190 (45) 0.13 (0.07) — 7.1 (4.4) 5.7 (3.1) 3.8 (1.8)


a Values are results of at least 2 experiments, standard deviation is given in parentheses.
b Resistance determined in MT-2 cell lines.
c Data for the equivalent nucleoside triphosphate analog.
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T-cell line, were shown to be higher for d4 analogs, 2
and 3, compared to dd analogs, 5 and 16 (data not
shown), consistent with the more potent antiviral activ-
ity of the d4 analogs.16


Examination of the RT inhibition trends between
unsaturated d4 and saturated dd phosphonates shows
that the d4 analogs are consistently more potent
inhibitors of RT than the saturated dd analogs. This
trend is also found in the d4 and dd nucleosides
suggesting that the phosphonate bioisostere of the
nucleoside a-phosphate does not lead to grossly differ-
ent binding modes to HIV RT. However, despite this
similar trend, all the phosphonate analogs are weaker
RT inhibitors than their nucleoside counterparts, espe-
cially the dd phosphonate analogs. For example, the
dd phosphonate analogs are 16-fold (A analog 4),
45-fold (T analog 5), and 37-fold (U analog 16) less
potent than the equivalent dd nucleosides (Table 1,
column 6). In contrast, the d4 phosphonates are all
within 10-fold of the d4 nucleosides with respect to
RT inhibition. This more substantial drop in activity
for the dd phosphonates has been noted previously
and hypothesized to be the result of introducing a sec-
ond anomeric center that significantly perturbs the
conformation of the dd phosphonate analogs
compared to their nucleoside dd counterparts.7


Conformational analysis using NMR has shown that
the second anomeric center is more powerful than
the nucleobase anomeric center and drives the confor-
mation to the 3 0-exo, 2 0-endo (Southern) conforma-
tion. This perturbation is minimized in unsaturated
d4 analogs due to the more rigid and planar geometry
of the ribose ring. We therefore sought to evaluate the
effects of reducing the number of anomeric centers by
transposing the 4 0-O around the ring, for example,
iso-analog 18. Inhibition of RT improved by >10-fold
resulting in the most potent phosphonate RT inhibitor
of the series. However, antiviral activity was weaker
than d4 analog 2 due to decreased phosphorylation
relative to 2 (Table 1).16 Replacement of the 4 0-O with

carbon yielded analog 6 (4 0C-d4AP).9 However, this
conversion to the carbocyclic ring led to a 25-fold
drop in the antiviral activity. Nevertheless, the corre-
sponding diphosphate of 6 is reported9 to be a potent
inhibitor of HIV RT, suggesting that, once again the
replacement of the 4 0-O with carbon reduces
phosphorylation.


Antiviral resistance profiles against HIV variants with
the major N(t)RTI mutations M184V, K65R, and
6TAMs were determined for the most active analogs
and compared to tenofovir 1. As anticipated, the d4
and dd phosphonomethoxy analogs, 2–4 and 14–15,
all retain their full activity against HIV strain contain-
ing M184V. In contrast, iso-ddAP 18 suffered a 11-
fold drop in antiviral activity similar to that observed
for abacavir (Table 1). The common feature between
these 2 inhibitors is the replacement of the 4 0-O with
carbon. Recent studies have determined that the
M184V mutation reduces the incorporation efficiency
of abacavir more than the corresponding 4 0-O ribose
analog, d4G triphosphate.17 Thus, the 4 0-O of the ri-
bose ring is critical for optimal binding and incorpora-
tion kinetics toward the M184V mutation. Modeling
of iso-ddAP 18 in HIV RT indicates that the ring
pucker changes to alleviate interactions between the
adenine C-8 hydrogen and 4 0-CH2, thus placing the
4 0-CH2 in closer proximity to residue M184 (Fig. 2).
This explains the susceptibility to the M184V muta-
tion that increases the steric interactions in this part
of the active site.


Pyrimidine analogs, 3, 14, and 15 showed the greatest
loss in susceptibility (>10-fold) due to multiple thymi-
dine analog mutations (6TAMs) whereas purines 2, 4,
and 18 were all superior to tenofovir, 1. The TAM
mutations promote primer unblocking by excision of
the nucleotide chain terminator prior to translocation
from the Nucleotide-site (N-site) to the Primer-site (P-
site).18 The increased effect of 6TAMs on the activity
of thymidine analog 3 compared to adenine 2 clearly







Figure 2. (a) Compound 2 and (b) compound 18 bound in WT HIV RT. M184 interacts more closely to the 4 0-CH2 in (b) due to the different


puckering of the isomeric ribose ring compared to compound 2.
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indicates that the nucleobase has an important role in
reducing the propensity for excision. Comparing the
TAMs profiles for four adenine analogs, acyclic phos-
phonate tenofovir 1 (8.8-fold resistance), d4 analog 2
(2.9-fold resistance), dd analog 4 (3.4-fold resistance),
and iso-analog 18 (3.2-fold resistance), indicates how
differences in the ribose portion of the molecule affect
the antiviral resistance due to TAMs. Further studies
that examined the in vitro removal of the four adenine
analogs from the 3 0-terminated DNA primer by RT
indicated that the cyclic analogs displayed reduced
efficiency of excision compared to tenofovir (data
not shown). These data corroborate the differences
in the TAMs susceptibility observed in the antiviral
assays. Taken together, cyclic ribose phosphonates
containing adenine base exhibit the most favorable
TAMs resistance profile among all tested nucleotide
analogs.


Finally, the lysine 65 residue is located in the finger sub-
domain of RT and donates a hydrogen bond to the c-
phosphate oxygen of the dNTP upon its binding in the
enzyme active site.19 Mutation to arginine at position
65 introduces additional hydrogen bonds that reduce
the conformational mobility of the RT fingers domain
resulting in diminished incorporation and excision of
nucleotide analogs. Compared to tenofovir 1, the purine
analogs, d4AP 2 and iso-ddAP 18, have marginally re-
duced susceptibility due to K65R whereas the pyrimi-
dines 3, 14–15 tended to show more significant loss of
activity. However, the small differences are not substan-
tial enough to draw any firm structural or mechanistic
conclusions.


A series of nucleoside phosphonates that combine differ-
ent ribose modifications and base changes led to the
identification of 2 potent RT inhibitors, d4AP 2 and
iso-ddAP 18. Resistance profiling against HIV strains
with clinically relevant RT mutations determined that

d4AP 2 has a superior resistance profile to both iso-
ddAP 18 and tenofovir 1, the only FDA-approved
NtRTI.
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Abstract—The design and synthesis of a series of highly selective hydroxamate inhibitors of stromelysin-1 (MMP-3) is described.
Substitution of a 4-biaryl piperidine sulfonamide core, which binds at the S1 0 subsite of MMP-3, was optimised to give potent inhib-
itors of MMP-3, with greater than 300-fold selectivity over MMP-1, MMP-2, MMP-9 and MMP-14. Compounds 26 and 27 were
identified as having the best balance of pharmacology and properties required for topical drug delivery.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. MMP pharmacology of UK-370106.

Matrix metalloproteinases (MMPs) are a family of zinc-
dependant endopeptidases which are involved in normal
tissue remodelling and extracellular matrix degrada-
tion.1 The overexpression of MMPs has been implicated
in a number of pathological conditions including can-
cer,2,3 arthritis4 and chronic non-healing wounds.5 In
particular, MMP-3 (stromelysin-1) over-activity has
been implicated in the pathology of chronic non-healing
wounds,6 and therefore selective MMP-3 inhibition rep-
resents an attractive target for the treatment of this
condition.


Co-workers at Pfizer recently described the discovery of
UK-370106 1 (Fig. 1),7 a highly selective peptidic MMP-
3 inhibitor, which was identified as a clinical candidate
for the topical treatment of chronic dermal ulcers. As
part of a multi-template approach to selective MMP-3
inhibitors, we now wish to describe our efforts to dis-
cover non-peptidic MMP-3 inhibitors with good selec-
tivity over other MMPs, which may have utility in the
topical treatment of chronic non-healing wounds.8 In
this paper we describe the SAR for MMP-3 potency,
selectivity over other MMPs along with strategies to de-
liver good physicochemical properties for topical drug
candidates.


With the advent of non-selective MMP inhibitors based
on sulfonamides derived for a-amino acids,9 we pro-
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posed a new sulfonamide template where the nitrogen
and sulfur were reversed (Fig. 2).


This strategy could deliver a template which was
novel,10 synthetically simple to make and lacked chiral
centres. By using the S1 0 SAR for selectivity from the
UK-370106 series combined with in silico modelling,
we hoped to rapidly identify a series of reversed sulfon-
amides with good selectivity for MMP-3 inhibition.


The synthesis of analogues 4–30 was accomplished by
coupling of the appropriate amine with the sulfonyl
chloride 211 to give sulfonamides 3. When the P1 group
remained as hydrogen, direct condensation of the ester
with hydroxylamine then afforded the desired hydroxa-
mic acids 4–23 (Scheme 1). In the case where P1 was
gem-dimethyl, dialkylation of 3 was then followed by
hydrolysis and coupling with hydroxylamine to give
analogues 24–30.


Our initial medicinal chemistry strategy was to find the
optimal sulfonamide linker to extend a lipophilic biphe-
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Table 1. In vitro inhibition of MMP-3 activitya,b for compounds 5–12


O
S


N
H


O


O
N


HO


R1


R2


Compound NR1R2 MMP-3 IC50 (nM)


4 N
Me


378


5


N
Me


164


6
Me


N 174


7 N 26


8 N 6


9 N 161


10 N O 84


11


N


O


205


a See Ref. 12 for description of assay conditions.
b MMP IC50 values are geometric means of at least three experiments.
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nyl unit into the S1 0 pocket (Table 1), as this region of
UK-370106 delivered both MMP-3 potency and
MMP-2 selectivity. Flexible alkyl linkers in compounds
4, 5 and 6 afforded modest MMP-3 potency, with the
chain length having no significant effect on MMP-3 po-
tency. Cyclisation and conformational restriction was
then investigated. Piperidine 7 was significantly more
potent than the acyclic analogue 6, and a further in-
crease in potency was achieved with dihydropiperidine
8. The azetidines 9 and 10 lost MMP-3 potency, indicat-
ing that this linker was either too short, or conforma-
tionally suboptimal, to extend the biphenyl into the
S1 0 pocket. Interestingly a significant degree of potency
was also lost when a phenoxyphenyl substituent was
incorporated (compound 11), indicating the enzyme is
also sensitive to the linearity of the P1 0 group.


Compounds 4–11 were also assessed for their MMP-2
activity,13 however we found no separation of activity.


We then investigated substitution on the biphenyl as a
strategy for delivering selectivity for MMP-3 over
MMP-2 (Table 2). This approach has been successfully
employed during the discovery of UK370106 1. Incor-
poration of an R3 substituent in the 3-position of the
A-ring was initially investigated whilst keeping the distal
B-ring unsubstituted.


The MMP-3 inhibitory potency of compounds 12–17
tended to decrease as the size of the R3-group was in-

creased, but activity against MMP-2 was even more sen-
sitive. Based on its good balance of MMP-3 potency and
MMP-2 selectivity, the methyl derivative 15 was selected
for further investigation of substitution of the distal phe-
nyl, ring B.


Modelling of 15 into the published MMP-2 catalytic do-
main crystal structure14 suggested substitution in the 3-
position of ring B could induce unfavourable interac-
tions with the loop forming the S1 0 pocket and therefore







Table 2. In vitro inhibition of MMP-3 amd MMP-2 activitya,b for


compounds 12–23


O
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N
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O
N


HO


R3


R4


Ring A


Ring B


Compound R3 R4 MMP-3 IC50


(nM)


MMP-2 IC50


(nM)


12 H H 6 9


13 F H 3 17


14 Cl H 55 620


15 Me H 16 320


16 Et H 420 4380


17 CF3 H 960 3080


18 Me Me 4 776


19 Me OMe 5 222


20 Me Et 31 1208


21 Me OEt 4 998


22 Me CH2OMe 3 196


23 Me OCF3 51 173


a See Ref. 12 for description of assay conditions.
b MMP IC50 values are geometric means of at least three experiments.


Table 3. In vitro inhibition of MMP-3 amd MMP-2 activitya,b for


compounds 24–30
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Me Me
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Compound R4 X MMP-3IC50 MMP-2IC50
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reduce MMP-2 enzyme inhibition (Fig. 3). This loop re-
gion is three residues shorter in MMP-2 compared to
MMP-3.


This strategy gave a number of compounds with im-
proved potency and selectivity, that is, substitution not
only reduced inhibition of MMP-2 but also increased
MMP-3 enzyme inhibition. In particular 3-OEt ana-
logue 21 was selected for further evaluation.


Having identified 21 as a highly potent and selective
MMP-3 inhibitor, we used this compound to assess
the series against key topical drug-like properties. We
envisaged that MMP-3 inhibitor drug candidates would
be delivered topically as sterile solution or suspension

Figure 3. Docking of compound 15 (gold) into X-ray structures of


catalytic domain MMP-315 (green) and MMP-2 (blue).

formulations and therefore aqueous solubility and auto-
clave stability were important parameters to measure.16


Compound 21 was found to have very low aqueous sol-
ubility (�1 lg/ml) and poor autoclave solution stability
across a range of pH. Hydrolysis of the hydroxamic acid
was found to be a major degradation pathway, as was
oxidation of the tetrahydropiperidine ring, followed by
fragmentation of the N–S bond of the sulfonamide.
We reasoned that by introducing steric bulk next to
the hydroxamic acid, and by reducing the dihydropiperi-
dine ring to a piperidine we may improve stability. To
increase solubility, we focused on adding polar solubilis-
ing groups onto the 3-OEt group of compound 21.
These design principles led to a series of further ana-
logues (Table 3).


Incorporation of steric bulk adjacent to the hydroxamic
acid increased MMP-3 potency (examples 21 vs 24), and
retained MMP-2 selectivity. Encouragingly this addi-
tional steric bulk also improved solution autoclave sta-
bility. We then investigated polar additions onto the
R4 substituent. Methoxyethoxy, hydroxyethoxy and
aminoethoxy substitutions also increased potency with-
out compromising MMP-2 selectivity. Examples 26
and 27 had improved aqueous solubility (1–2 lg/ml)
and excellent solution stability. Incorporation of a pyr-
idyl ring in example 27 also retained excellent MMP-3
activity and slightly improved MMP-2 selectivity. Solu-
bility was increased significantly for the basic analogues
28–30, however these compounds suffered from poor

(nM) (nM)


24 OEt CH 2 457


25 OCH2CH2OMe CH 3 853


26 OCH2CH2OH CH 1 262


27 OCH2CH2OH N 1 529


28 OCH2CH2NH2 CH 0.4 188


29 OCH2CH2NHMe CH 0.3 196


30 OCH2CH2NMe2 CH 1 534


a See Ref. 12 for description of assay conditions.
b MMP IC50 values are geometric means of at least three experiments.


Table 4. In vitro inhibition of MMP-1, MMP-9 and MMP-14 activitya,b


for compounds 26 and 27


Compound MMP-1 IC50


(nM)


MMP-9 IC50


(nM)


MMP-14 IC50


(nM)


26 3230 406 1710


27 14,000 2420 20,100


a See Ref. 7b for description of assay conditions.
b MMP IC50 values are geometric means of at least two experiments.
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aqueous stability. Further MMP selectivity screening for
examples 26 and 27 demonstrated their excellent selec-
tivity for MMP-3 over MMP-1, MMP-9 and MMP-14
(Table 4).


In summary, we have described the discovery of a no-
vel series of highly selective inhibitors of MMP-3. By
reversing the nitrogen and sulfur of previous non-
selective MMP inhibitor series, we were able to work
in a novel area of chemical space and in a simplified
template without chiral centres. Identification of the
optimal linker for the key pharmacophoric biaryl S1 0


substituent was rapidly achieved, and using learning
and selectivity SAR from an unrelated peptidic series,
we were able to deliver compounds which were highly
selective for MMP-3. Drug-like properties for topical
delivery, namely solution autoclave stability and solu-
bility, were also measured during the evolution of the
series. It was found that steric bulk adjacent to the
hydroxamic acid, and reduction of a tetrahydropiperi-
dine to a piperidine significantly improved aqueous
autoclave stability. Polar groups could be tolerated
on the distal aryl ring of the biaryl which improved
solubility. The combination of these features led to
compounds 26 and 27 which had the best balance of
pharmacological and physicochemical properties as
potential candidates for the topical treatment of
chronic dermal ulcers.
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Abstract—A variety of novel heterocyclic compounds were synthesized and evaluated for MMP inhibition. Broad spectrum inhibi-
tion of MMPs 1, 2, 9, and 12 was found with pyridinone-based compounds while N-heterocyclic triazoles and tetrazoles were largely
ineffective. A highly selective tetrazole inhibitor for MMP-2 was discovered.
� 2007 Elsevier Ltd. All rights reserved.
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Extracellular proteolysis plays a key role in many bio-
logical processes. Angiogenesis, wound healing, inflam-
matory reactions, management of the blood–brain
barrier, general maintenance of joints, organ develop-
ment, ovulation, fetus implantation in the uterus,
embryogenesis, and many others all depend on enzymes
which remodel connective tissues in the extracellular
matrix. A family of enzymes known as the matrix
metalloproteinases (MMPs) are, at least in part, respon-
sible for these functions. The important role of MMPs in
extracellular degradation has been clearly demonstrated
in many diseases including arthritis, multiple sclerosis,
osteoporosis, Alzheimer’s disease, cancer growth and
metastasis, and periodontal disease.1 For example,
MMPs mediate extracellular matrix and basement-
membrane degradation during the early stages of tumor
growth particularly the gelatinases.2 Abnormal levels of
MMPs are observed for patients of these diseases and
thus inhibition of MMPs offers a potential for new ther-
apeutics. There are more than 24 known MMPs. The
MMP family of enzymes is structurally related with a
zinc-containing catalytic site. There are metalloprotein-
ases that utilize a zinc (II) metal for catalysis of the pro-
teolysis, and therefore, zinc binding groups (ZBGs) are
crucial for designing MMP inhibitors (MMPIs). As a
consequence, there has been a great deal of effort in re-
cent years to design and prepare inhibitors of MMPs,
mostly targeted at the prime side of the active site, which
contains a hydrophobic S1 0 pocket (Fig. 1a). Key to the
activity of almost all MMPIs is the functional group
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that binds the zinc atom in the sctive site and the P1 0


substituent.3,4 To date, the only medically approved
MMPI is a tetracycline derivative with lM range inhibi-
tions used in the treatment of periodontal disease. In the
last few decades, hydroxamate-based MMPIs have been
mainly studied and fair amount of structure–activity
data is available on these compounds. Many small mol-
ecule MMPIs with hydroxamic acid as a ZBG have
shown outstanding inhibition in preclinical tests. More-
over, MMPIs with other ZBGS, such as thiols, carbox-
ylates, mercaptoalcohols,1e and dithiols, have shown
good inhibition in vitro.5 However, clinical tests for
these compounds have been disappointing. Some of
the reasons for this include low oral availability, poor
in vivo stability, pharmacokinetic problems,6 and unde-
sirable side effects associated with hydroxamates. There-
fore, the discovery of new MMPIs with better properties
and non-toxic ZBGs is critical. Recent reports demon-
strate a continued optimism that MMPI therapy might
be beneficial.7–9 Thus, we have been focused on the
development of MMPIs with non-hydroxamate ZBGs,
better drug-like properties, and efficient and economical

H
OHis


Fig. 1. (a) MMP-2 catalytic domain.11 (b) Hypothetical binding of


pyridinone-based MPIs.
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synthetic routes.10 Herein, we disclose the synthesis of
novel heterocyclic MMPIs and results of their biological
examination.


Recently, Cohen reported the investigation of pyridi-
none-based ZBGs for MMP inhibition and these poten-
tially have better drug-like properties for MMPIs.11


Based partly on this work and work ongoing in our
laboratories, we envisioned that a strongly basic pyrid-
inone carbonyl oxygen might efficiently coordinate to
the catalytic Zn(II) in the active site of MMPs and
the ester substituent could play the role of a hydro-
phobic P1


0.


In order to provide proof of principle for our proposed
pyridinone ester-based MMPIs, we prepared a library of
pyridinones containing different P1


0 substituents. One of
the important challenges of drug synthesis is how eco-
nomical and simple the synthesis of the target molecule
is. All of our novel pyridinone-ester MMPIs were pre-
pared in one step from commercially available 1. The
results of the biological screening of pyridinone-ester
structures for MMP antagonist activity are summarized
in Table 1.


In general, most pyridinone-based MMPIs showed bet-
ter inhibition for MMP-1 over MMP-2, MMP-9, or
MMP-12. Alkyl R-groups (3–1, 3–2, 3–5) provided good
inhibition (25–32 lM) for MMP-1. In the case of aro-
matic R-groups, simple benzyl R-group (3–6) inhibits
MMP-1 (30 lM). Longer alkyl chains with aromatic
R-group showed diminished inhibitions for MMP-1
(3–7, 3–13, 3–14, 3–30). Electron-rich benzyl R-groups
(3–8, 3–11, 3–12) were also found to be less effective.
Interestingly, placing –CF3 in either the p- or m-position
(3–9 and 3–10) resulted in selective inhibition of MMP-
1. These benzyl R-groups with electron-withdrawing
substitutions showed better inhibition (28 and 24 lM)
over electron-rich benzyl R-groups for MMP-1. Since
3–11 and 3–12 showed good inhibition towards MMP-
1, fluorinated benzyl R-groups were tested. Fluorine
substitution on the o-position (3–15) showed moderate
inhibition for MMPs. Fluorine substitution on both
m- (3–16) and p-positions (3–17) showed good inhibition
for MMP-1 (28, 23 lM). We also tested other fluori-
nated compounds and in particular, 3–21 displayed the
best inhibition toward MMP-1 among all of inhibitors
tested (13 lM). Compound 3–23 also showed good inhi-
bition towards MMP-1 (19 lM). In addition, we tested
other halogen substituted aromatic rings. Chlorinated
groups performed similar to fluorinated compounds
with the o-substituted compound (3–24) less effective.
Chlorine substitution on both m- (3–25) and p-positions
(3–25) afforded good inhibition for MMP-1 (21, 26 lM).
In contrast, the o-brominated benzyl group (3–27)
showed increased inhibition over the m-substituted ana-
log (3–28) for MMP-1 (19, 22 lM). Larger aromatic
R-groups (3–31, 3–32, 3–33) resulted in diminished
inhibition for MMPs. Notably, 3–34 showed good inhi-
bition for MMP-1 (42 lM) and MMP-2 (33 lM). Addi-
tionally, heteroaromatic rings were also tested (3–36, 3–
37, 3–38) and they showed moderate inhibitions for
MMP-1.

Since sulfides are known to be good ZBGs for MMPs,
pyridylthiol-based MMPIs12 (4) were synthesized and
tested (Table 2). Compared to pyridinone-based
MMPIs, the pyridylthiols proved to be generally worse
for inhibition of MMPs. The only exception was ob-
served in 4–25 and 4–26, which inihibited MMP-2 over
MMP-1, MMP-9, or MMP-12.


As histidine imidazoles serve as ligands for the catalytic
zinc in the active site of MMPs, this heterocycle should
be ideal for binding the catalytic Zn. We envisioned the
readily accessible triazole to be similar. Oxazoline hetero-
cycles are also well known as ligands for Lewis acids13 and
we have previously utilized them for MMP inhibition.10


We hypothesized the combination of oxazoline and tria-
zole would be useful for chelating to Zn(II). Thus, oxaz-
olinyl triazole compounds were prepared (Scheme 1).
Their synthesis started from trimethylsilyl propiolic acid
(5). Peptide coupling with the aid of N-hydroxy-
succinimide and DCC was followed by dehydration
facilitated by methanesulfonyl chloride to form trimethyl-
silanylethynyl oxazoline (8). Removal of the silyl protect-
ing group with tetrabutylammonium fluoride was
followed by copper-catalyzed [3+2] cycloaddition14 to af-
ford the desired triazole (12). Results of the biological as-
say are presented in Table 3. To our disappointment, these
compounds were largely ineffective for inhibition of all
four MMPs tested. Only the cinnamyl derivative (12–7)
showed any activity at all with modest inhibition of
MMP-2 and slightly improved inhibition of MMP-12.


We also synthesized and tested tetrazole templates as
well. Using [2+3] cycloaddition mediated by Zn(II), tet-
razoles were prepared in high yields (Scheme 2). Since it
has been shown that bidentate ligands have much better
inhibitory potency than monodentate ligands, an addi-
tional potentially chelating heterocycle was incorpo-
rated into the design. We synthesized furanyl,
thiophenyl, and pyridyl substituted tetrazoles (15 and
18). However, these compounds were completely ineffec-
tive. Interestingly, compound 18a, which possesses a
long flexible substituent, showed selective inhibition
for MMP-2 (32 lM).


We next investigated MMPIs with potentially larger six-
membered ring chelation as illustrated by 19a (Scheme
3). Pyridylmethyl tetrazoles 21 were prepared from
cyanomethyl pyridine (19) in a rapid two-step sequence
of [3+2] cycloaddition followed by alkylation. The bio-
logical assay results are summarized in Table 4. Unfor-
tunately compounds 21–1 through 4 showed no
inhibition of MMPs. Interestingly the unsubstituted pyr-
idylmethyl tetrazole 20 afforded complete selectivity for
MMP-2 with a good level of inhibition.


In conclusion, we have prepared and evaluated novel het-
erocyclic MMPIs with good levels of inhibitory activity
with non-hydroxamate ZBGs. Pyridinone esters afforded
broad spectrum low micro molar inhibition of MMPs 1, 2,
9, and 12. These compounds are advantageous as they are
small and readily accessible in one synthetic step from
commercially available materials. We have also synthe-
sized and tested a variety of chelating bis-heterocycles







Table 1. Inhibition of MMPs with pyridinone-based inhibitors


NHO
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DBU, NaI(5 mol%)


CH3CN, rt, 16 h


+


Br


N
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2a
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R
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HO R


or


2b


Method 1


Method 2


DCC, DMAP (5 mol%)


CH2Cl2, -40 ºC to rt, 16 h


Entry Product R % Yield IC50
a (lM)


MMP-1 MMP-2 MMP-9 MMP-12


1 3–1 Isopropyl 64b 31 67 67 67


2 3–2 Cyclobutyl 76b 25 66 62 51


3 3–3 CH2CHC(CH3)2 71 37 72 69 67


4 3–4 CH2CCCH3 56 50 70 68 71


5 3–5 Cyclohexyl 64b 32 101 94 71


6 3–6 Benzyl 76 30 65 69 69


7 3–7 (CH2)2C6H5 74b 47 69 81 68


8 3–8 4-Me-Benzyl 35 65 73 68 69


9 3–9 3-CF3-Benzyl 73 28 na na 82


10 3–10 3-CF3-Benzyl 51 24 112 101 64


11 3–11 3-OMe-Benzyl 60 69 70 88 69


12 3–12 4-OMe-Benzyl 60 99 110 100 105


13 3–13 (CH2)2OC6H4 35b 59 na 127 79


14 3–14 (CH2)4OC6H4 65b 67 90 94 82


15 3–15 2-F-Benzyl 41 64 71 76 68


16 3–16 3-F-Benzyl 59 28 70 50 16


17 3–17 4-F-Benzyl 66 23 71 3 65


18 3–18 2,6-F-Benzyl 59 35 66 60 60


19 3–19 2,5-F-Benzyl 19 70 70 85 100


20 3–20 3,5-F-Benzyl 67 41 69 71 20


21 3–21 2,4,6-F-Benzyl 13 16 39 33 31


22 3–22 2,4,5-F-Benzyl 40c 30 86 67 56


23 3–23 CH2C6F5 70 19 64 69 63


24 3–24 2-Cl-Benzyl 38 51 69 81 68


25 3–25 3-Cl-Benzyl 47 25 5 67 46


26 3–26 4-Cl-Benzyl 46c 26 69 68 47


27 3–27 2-Br-Benzyl 47 19 57 59 44


28 3–28 3-Br-Benzyl 38 22 68 67 31


29 3–29 4-Br-Benzyl 40 81 107 114 105


30 3–30 Cinnamyl 71 86 90 73 70


31 3–31 1-Napthalyl 36 115 109 109 111


32 3–32 2-Napthalyl 42 75 125 103 97


33 3–33 Piperonyl 60d 128 107 114 105


34 3–34 3-Ph-Benzyl 50 42 33 na 99


35 3–35 3-OPh-Benzyl 78d 68 na na 118


36 3–36 2-Thiophenyl 52d 56 73 70 65


37 3–37 3-Thiophenyl 65d 39 65 67 62


38 3–38 2-Furyl 62d 46 111 90 76


39 3–39 (CH2)4CH3 49 50 103 66 68


a na, not active (IC50 > 150 nM).
b Method 1 under 70 �C.
c Alkyl-Cl was used.
d Method 2.
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possessing triazole and tetrazole functionality with some
displaying highly selective MMP inhibition.


General experimental procedure.15 Thin layer chroma-
tography (TLC) was performed on silica gel What-
man-60F glass plates, and components were visualized
by illumination with UV light or by staining with potas-
sium permanganate solution. Chromatography was per-
formed using silica E. Merck silica gel 60 (230–400
mesh). NMR spectra were recorded in CDCl3 on a Var-
ian Inova 500 MHz, 400 MHz, or Varian Mercury
300 MHz spectrometer. 13C NMR was recorded using

broad band proton decoupling. Chemical shifts are re-
ported in relative to TMS and coupling constants in
Hz. Melting points were determined without correction.
Reactions were carried out under an inert atmosphere of
nitrogen or argon. Solvents were dried using a nitrogen
pressurized alumina column system from Solvtek.


General procedure of biological assay. The compounds
were tested for inhibition on MMP-1, MMP-2, MMP-
9, and MMP-1216 by using the fluorogenic MMP
substrate 7-(methoxycoumarin-4-yl)acetyl-Pro-Leu-
Gly-Leu(N-3-[2,4-dinitrophenyl]-LL-2,3-diamino-propio-







Table 2. Inhibition of MMP’s with pyridithiol-based inhibitors


N
H
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R


Lawson's reagent
NHS


O


O
RTHF


3 4


Entry Product R % Yield IC50
a (lM)


MMP-1 MMP-2 MMP-9 MMP-12


1 4–1 Isopropyl 50 121 na 132 146


2 4–2 Cyclobutyl 60 135 na 137 na


3 4–3 Cyclohexyl 52 102 73 91 87


4 4–4 Benzyl 56 101 85 88 82


5 4–5 (CH2)2C6H5 47 120 119 107 117


6 4–6 (CH2)3C6H5 60 95 100 112 85


7 4–7 3-Me-Benzyl 32 na 7 7 70


8 4–8 4-Me-Benzyl 43 na 98 119 81


9 4–9 3-CF3-Benzyl 11 134 110 126 134


10 4–10 4-CF3-Benzyl 46 na 125 141 94


11 4–11 3-OMe-Benzyl 30 86 90 93 78


12 4–12 4-OMe-Benzyl 30 108 91 95 96


13 4–13 (CH2)4OC6H5 33 138 63 83 78


14 4–14 3-F-Benzyl 20 119 124 107 151


15 4–15 4-F-Benzyl 58 120 108 120 112


16 4–16 2,6-F-Benzyl 32 92 66 101 127


17 4–17 2,5-F-Benzyl 30 114 79 140 17


18 4–18 2,4,5-F-Benzyl 27 124 90 105 106


19 4–19 CH2C6F6 20 78 70 100 81


20 4–20 4-Cl-Benzyl 16 126 96 112 115


21 4–21 2-Br-Benzyl 10 na 108 na na


22 4–22 1-Napthalyl 51 na 98 na na


23 4–23 2-Napthalyl 59 99 100 119 101


24 4–24 4-Ph-Benzyl 65 119 110 150 135


25 4–25 3-Ph-Benzyl 30 75 42 50 52


26 4–26 3-OPh-Benzyl 45 78 46 75 71


27 4–27 4-OPh-Benzyl 44 114 93 110 109


28 4–28 3-Thiophenyl 35 108 77 90 93


29 4–29 (CH)5CH3 60 115 85 109 105


a na, not active (IC50 > 150 lM).
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Scheme 1. Synthesis of oxazolinyl triazoles and their hypothetical


binding to MMPs (12a).
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nyl)-Ala-Arg-NH2 (Biomol International, Plymouth
Meeting, PA), in wellplate experiments with the catalytic
domains (Biomol International, Plymouth Meeting, PA)
in 384-well format. The catalytic domains of MMPs
(MMP-1, final concentration 85 nM; MMP-2, final con-
centration 24 nM; MMP-9, final concentration 18 nM;
MMP-12, final concentration, 84 nM) and various con-
centrations (150 lM to 1.2 lM using 1:2 dilutions) of
the test compounds were pre-mixed and incubated at

37 �C for 30 min prior to start of experiment. To the
mixture of MMP and the test compound was added
the substrate (final concentration 7 lM) in Hepes buffer
(50 mM, 5 mM CaCl2, 0.05% w/w Brij-35 at pH 7.5) and
incubated for 30 min. After incubation fluorescence
intensity measurements were taken by a Molecular De-
vices Gemini EM microplate reader (Sunnyvale, CA),
excitation at 328 nm was used, and the time course of
emission at 393 nm was monitored for 45 min at 50-s
intervals.


General procedure for synthesis of pyridinone-based
MMPIs.


Method 1. DBU (2.4 mmol) was added to a solution of
2-hydroxy-6-picolinic acid (2.0 mmol) and bromide
(2.2 mmol) in CH3CN (10 mL). The mixture was stirred
overnight at the appropriate temperature. When the
reaction mixture was completed (monitored by TLC)
the mixture was quenched by addition of water
(20 mL) and extracted with CH2Cl2 (2· 20 mL). The
combined organic layers were dried over Na2SO4. Re-
moval of the solvent and purification by flash silica gel
chromatography (Hexane–EtOAc 3:7) afforded the de-
sired pyridinones.







Table 3. Inhibition of MMPs with oxazolinyl triazoles based inhibitors


Entry Product R % Yield IC50
a (l/M)


MMP-1 MMP-2 MMP-9 MMP-12


1 12–1 cyclohexene 42 na na na na


2 12–2 hexyl 34 na na na na


3 12–3 heptyl 35 na na na na


4 12–4 benzyl 48 na na na na


5 12–5 (CH2)2C6H5 41 na na na na


6 12–6 (CH2)3C6H5 33 na na na na


7 12–7 cinnamyl 42 na 149 na 61


a na, not active (IC50 > 150 lM).
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Scheme 2. Synthesis of furanyl-, thiophenyl-, and pyridyl-substituted


tetrazoles.
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Scheme 3. Synthesis of pyridylmethyl tetrazoles and its hypothetical


binding to MMPs (19a).
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Method 2. Alcohol (2.0 mmol) was added to the solution
of 2-hydroxy-6-picolinic acid (2.0 mmol), DCC
(2.0 mmol), and DMAP (0.2 mmol) in CH2Cl2 (10 mL)
at �40 �C. The mixture was allowed to warm to room
temperature and stirred overnight. When the reaction
was completed (monitored by TLC) the mixture was
quenched by addition of water (20 mL) and extracted

Table 4. Inhibition of MMPs with pyridylmethyl tetrazoles


Entry Product R % Yield


1 20 H 86


2 21–1 Benzyl 48


3 21–2 (CH2)2C6H5 35


4 21–3 (CH2)3C6H5 38


5 21–4 Cinnamyl 12


a na, not active (IC50 > 150 lM).

with CH2Cl2 (2·20 mL). The combined organic layers
were dried over Na2SO4. Removal of the solvent and
purification by flash silica gel chromatography (Hex-
ane–EtOAc 3:7) afforded the desired pyridinones.


General procedure for synthesis of thiopyridine-based
MMPIs. A mixture of 3 (1.0 mmol) and Lawson’s
reagent (0.6 mmol) was stirred at room temperature in
THF (5 mL) overnight. Upon completion of reaction,
the mixture was quenched with water (10 mL) and
extracted with CH2Cl2 (2·10 mL). The combined organic
layers were dried over Na2SO4. Removal of the solvent
and purification by flash silica gel chromatography (Hex-
ane–EtOAc 8:2) afforded the desired thiopyridines.


General for the synthesis of triazoles. Alkyne (10.0 mmol)
was added dropwise to the solution of organic azide
(10.0 mmol) in t-BuOH/H2O (3:1, 15 mL). Copper metal
was added and the mixture was stirred overnight at
40 �C. Once the reaction was complete, it was quenched
with water (30 mL), extracted with EtOAc (2·30 mL)
and dried over Na2SO4. Removal of the solvent and
purification by flash silica gel chromatography (Hex-
ane–EtOAc 1:1) afforded the desired triazoles.


Synthesis of compound 7. To a solution of 3-(trimethyl-
silyl) propynoic acid (5.0 mmol) in 25 mL of THF, N-
hydrosuccinimide (6.0 mmol and DCC (6.0 mmol) were
added sequentially. After 2.5 h of stirring at room tem-
perature, hydroxylamine (5.0 mmol) was added via a
syringe. Stirring was maintained for additional 10 h un-
til completion of the reaction. The precipitation was
filtered, and the filtrate was evaporated at reduced pres-
sure. The residue was taken up in EtOAc and was
washed with saturated NaCl solution. The aqueous
phase was extracted with EtOAc twice, the combined
organic extracts were dried over Na2SO4 and the solvent

IC50
a (lM)


MMP-1 MMP-2 MMP-9 MMP-12


na 48 na na


na na na na


na na na na


na na na na


na na na na
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removed under reduced pressure. Flash silica gel chro-
matography afforded the product as white solid.


Synthesis of compound 8. To a stirred solution of the
ynamide 7 (3.5 mmol), triethylamine (17.3 mmol) and
DMAP (0.10 mmol) in 1,2-dichloroethane (20 mL) was
added methanesulfonyl chloride (5.2 mmol). The result-
ing mixture was heated to reflux until the disappearance
of the starting amide was noted. After cooling, the sol-
vent and the excess triethylamine were evaporated at
reduce pressure. The residue was purified by flash silica
gel chromatography with hexane/ethyl acetate as eluent.


Synthesis of compound 9. To a stirred solution of 8
(2.05 mmol) in 5 ml of THF was added sequentially a
solution of tetrabutylammonium fluoride in THF
(0.05 mmol) and 0.05-ml distilled water were added.
After 30 min, the reaction mixture was diluted with
20 mL of dichloromethane and washed with 20 mL of
a saturated NaCl solution. The aqueous phase, after
separation, was washed with dichloromethane. The
combined organic extracts were dried over Na2SO4


and the residue was purified by flash silica gel
chromatography.


General procedure for tetrazoles synthesis. A mixture of
nitrile (5.0 mmol), sodium azide (5.5 mmol), zinc bro-
mide (5.0 mmol), and water was refluxed overnight with
vigorous stirring. HCl (9.0 mL, 3N) and ethyl acetate
(25 mL) were added and the mixture was stirred until
no solid was present and the aqueous layer had a pH
of 1. The organic layer was separated and the aqueous
layer extracted with 2·25 mL of ethyl acetate. The com-
bined organic layers were dried over Na2SO4, filtered,
and evaporated. 50 mL of 0.25N NaOH was added
and the mixture was stirred for 30 min until the original
precipitate was dissolved and a suspension of zinc
hydroxide was formed. The suspension was filtered
and the solid washed with 5 mL of 1N NaOH. To the
filtrate was added 10 mL of 3N HCl with vigorous stir-
ring until pH of 3. The precipitate was filtered, collected,
and dried in the oven.


General procedure for alkyl substitution17 A solution of
tetrazole (0.71 mmol) in DMSO was added dropwise
into a suspension of NaH (0.71 mmol) in THF
(10 mL) under nitrogen at room temperature. After
15 min alkyl bromide (1.06 mmol) was added via a syr-
inge. After 5 h, the reaction mixture was quenched with
water and extracted by ethyl acetate twice. The organic
phase was washed by water and brine and dried over
Na2SO4. The solvent was removed under reduced pres-
sure. The product was isolated purified by flash silica
gel chromatography.
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33607 Pessac Cedex, France


Professor Lin Guo-Qiang, Shanghai Institute of Organic Chemistry,
Chinese Academy of Sciences, 354 Fenglin Road, Shanghai 200032, China


Professor Y. Hashimoto, Institute of Molecular & Cellular Biosciences,
The University of Tokyo, III-Yayoi, Bunkyo-ku, Tokyo 113-0032, Japan


Professor T. Hayashi, Department of Chemistry, Faculty of Science,
Kyoto University, Kyoto 606, Japan


Professor S. F. Martin, Department of Chemistry & Biochemistry,
University of Texas, Austin, TX 78712, USA


Professor W. B. Motherwell, Department of Chemistry,
University College, 20 Gordon Street, London WC1H 0AJ, UK


Professor M. Shibasaki, Graduate School of Pharmaceutical Sciences,
The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan


Professor R. J. K. Taylor, Department of Chemistry, University of York,
Heslington, York YO10 5DD, UK


(Associate Editors, Dr P. A. O’Brien and Dr D. K. Smith)


Professor E. J. Thomas, Department of Chemistry, University of Manchester,
Brunswick Street, Manchester M13 9PL, UK


(Associate Editor, Professor J. A. Joule)


Professor H. Waldman, Max-Planck-Inst. für Molekular Physiology,
Department of Chemistry, Otto-Hahn-Strasse 11, 44227 Dortmund,
Germany


Professor H. H. Wasserman, Department of Chemistry, Yale University,
PO Box 208107, New Haven, CT 06520-8107, USA


Professor R. M. Williams, Department of Chemistry,
Colorado State University, Fort Collins, CO 80523


Professor C.-H. Wong, Department of Chemistry, The Scripps Research
Institute, 10550 North Torrey Pines Road, La Jolla, CA 92037, USA


Professor J. Wood, Department of Chemistry, Colorado State University,
Fort Collins, CO 80523-1872


Professor Y. Yamamoto, Department of Chemistry, Graduate School of
Science, Tohoku University, Sendai 980-8578, Japan


(Associate Editor, Professor M. Hirama)


Professor S. Z. Zard, Laboratoire de Synthèse Organique,
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Abstract—Use of ionizing radiation is essential for the management of many human cancers, and therapeutic hyperthermia has been
identified as a potent radiosensitizer. Radiation therapy combined with adjuvant hyperthermia represents a potential tool to provide
outstanding local-regional control for refractory disease. (Z)-(±)-2-(N-Benzylindol-3-ylmethylene)quinuclidin-3-ol (2) and (Z)-(±)-2-
(N-benzenesulfonylindol-3-ylmethylene)quinuclidin-3-ol (4) were initially identified as potent thermal sensitizers that could lower
the threshold needed for thermal sensitivity to radiation treatment. To define the structural requirements of the molecule that
are essential for thermal sensitization, we have synthesized and evaluated a series of (Z)-2-(N-benzylindol-3-ylmethylene)quinucli-
din-3-one (9), and (Z)-(±)-2-(N-benzylindol-3-ylmethylene)quinuclidin-3-ol (10) analogs that incorporate a variety of substituents in
both the indole and N-benzyl moieties. These systematic structure–activity relationship (SAR) studies were designed to further the
development and optimization of potential clinically useful thermal sensitizing agents. The most potent analog was compound 10
(R1 = H, R2 = 4-Cl), which potently inhibited (93% inhibition at 50 lM) the growth of HT-29 cells after a 41 �C/2 h exposure.
� 2007 Elsevier Ltd. All rights reserved.

Hyperthermia is one of the most potent radiosensitizers
identified to date.1 Over the last 30 years extensive
experimentation using cell and animal models has dem-
onstrated that hyperthermia can be an extremely effec-
tive radiation sensitizer, increasing the effectiveness of
the radiation by up to 5-fold.1,2 One important feature
is that thermal radiosensitization does not exhibit cell
type specificity, nor is it limited by hypoxic conditions,
suggesting that hyperthermia has the potential to over-
come significant radiation resistance. These studies have
been complemented by a recent meta analysis of 23 clin-
ical trials involving 1861 patients, which has shown that
radiation therapy administered with adjuvant hyperther-
mia yields highly significant (p < 0.0001) local-regional
control of aggressive tumors located in chest wall, cervi-
cal, bladder, and head and neck.3
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Heat-mediated changes in protein conformation repre-
sent the underlying biophysical/biochemical mechanism
responsible for heat-mediated cytotoxicity.4 Westra
and Dewey5 were the first to hypothesize that cell death
following hyperthermic treatment was a consequence of
protein denaturation. Subsequent investigations have
validated their hypothesis.6–8 Thermal radiosensitization
is also a consequence of protein unfolding and aggrega-
tion,4 and, under most conditions, is directly related to
the degree of thermal sensitization.


However, for many cancers, suboptimal thermal dosing
limits radiosensitization.6 While temperatures of 41 �C
can be achieved clinically, administration of higher tem-
peratures can be challenging. In order to overcome this
problem we have undertaken a chemistry-driven ap-
proach to identify pharmacological agents that enhance
the degree of radiosensitization produced by a moderate
heat shock. The immediate goal was to synthesize small
molecules that could enhance a clinically achievable heat
shock but would not exhibit cytotoxicity at physiologi-
cal temperatures.
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Scheme 1. Reagents and conditions: (a) Ac2O, Et3N, DCM, reflux; (b)


quinuclidin-3-one hydrochloride, THF, LDA, �78 �C; (c) 1 N NaOH


aq, reflux; (d) substituted benzyl halide, 50% NaOH aq, triethylben-


zylammonium chloride, DCM, rt; (e) NaBH4, methanol, rt.
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Previously, we have shown that structural mimics of
indomethacin produced thermal sensitization and ther-
mal radiosensitization of human HT-29 colon carci-
noma cells, MCF7 breast adenocarcinoma cells, and
H460 lung carcinoma cells at 41 �C. Biochemically, this
small molecule enhancement in thermal sensitization
activity induces a loss of mitochondrial membrane
potential, which is subsequently followed by mitotic
catastrophe. The most potent small molecule enhancers
identified were (Z)-2-(N-benzylindol-3-ylmethylene)quinu-
clidin-3-one, (Z)-(±)-2-(N-benzylindol-3-ylmethylene)
quinuclidin-3-ol, (Z)-2-(N-benzenesulfonylindol-3-ylmeth-
ylene)quinuclidin-3-one, and (Z)-(±)-2-(N-benzenesulf-
onylindol-3-ylmethylene)quinuclidin-3-ol (1, 2, 3, and 4,
respectively)9 (Fig. 1). The indole nucleus played an
important role in the activity of these compounds, as lack
of an indole moiety produced inactive compounds. Ab-
sence of N-benzyl substitution also produced inactive or
less active compounds. Also, N-benzenesulfonyl
derivatives (3 and 4) were less potent than the N-benzyl
derivative (2).


These observations prompted us to undertake a more
detailed investigation of the structure–activity relation-
ships of various N-benzyl derivatives related to 1 and
2 (Fig. 1) that incorporate a variety of different substitu-
tions in the phenyl ring of the N-benzyl moiety and in
the indole moiety in these compounds. Thus, the present
study focuses on the synthesis and evaluation of thermal
sensitizing activity of various substituted (Z)-2-(N-ben-
zylindol-3-ylmethylene)quinuclidin-3-ones (9a–9l) and
(Z)-(±)-2-(N-benzylindol-3-ylmethylene)quinuclidin-
3-ols (10a–10l).

Figure 1. Chemical structures of the potent thermal radiosensitizing


agents 1–4.

The synthetic routes to the substituted (Z)-2-(N-benzy-
lindol-3-ylmethylene)quinuclidin-3-ones 9a–9l and the
(Z)-(±)-2-(N-benzylindol-3-ylmethylene)quinuclidin-3-
ols 10a–10l are illustrated in Scheme 1.


The appropriate 1-acetylindole-3-carboxaldehyde 6 was
prepared by N-acetylation of the corresponding indole-
3-carboxaldehyde 5 with acetic anhydride in the pres-
ence of triethylamine in dichloromethane under reflux.
Aldol condensation of 6 with quinuclidin-3-one hydro-
chloride in the presence of lithium diisopropylamide in
tetrahydrofuran at �78 �C afforded the (Z)-2-(N-acety-
lindol-3-ylmethylene)quinuclidin-3-one derivative, 7.11


Subsequent cleavage of the N-acetyl group by refluxing
with 1 N NaOH aqueous solution afforded the appropri-
ate (Z)-2-(1H-indol-3-ylmethylene)quinuclidin-3-one, 8.
The substituted (Z)-2-(N-benzylindol-3-ylmethyl-
ene)quinuclidin-3-one derivatives 9a–9l were prepared
in 85–90% yield by treating 8 with various substituted
benzyl halides under phase-transfer catalytic (PTC) con-
ditions using triethylbenzylammonium chloride and
50% w/v aqueous NaOH solution in dichloromethane.
Reduction of the above substituted (Z)-2-(N-benzylin-
dol-3-ylmethylene)quinuclidin-3-one derivatives 9a–9l
with NaBH4 in methanol afforded the corresponding
(Z)-(±)-2-(N-benzylindol-3-ylmethylene)quinuclidin-
3-ol derivatives 10a–10l in 80–85% yield. All the synthe-
sized compounds were characterized by 1H NMR and
13C NMR spectrometry and HR-MS analysis.10 The
geometry of the double bond in 3, 4, and 8 (R1 = H)
was established from X-ray crystallographic data.11,12







Table 1. Relative survival of cultured HT-29 cells and the relative


potency of the substituted (Z)-2-(N-benzylindol-3-ylmethylene)quinu-


clidin-3-one analogs at 150 lM concentration


Compound Relative survivala


of HT-29 cells at 41 �C


Relative


potencyb


9a 1.00 1.00


9b 1.00 1.00


9c 0.98 1.00


9d 1.00 1.00


9e 1.00 1.00


9f 0.56 1.79


9g 0.71 1.41


9h 0.86 1.00


9i 1.00 1.00


9j 0.81 1.00


9k 0.96 1.00


9l 0.75 1.00


1 0.50 2.00


Vehicle 1.00 1.00


a Relative survival was calculated by correcting for vehicle effects and


effect of drugs at 37 �C.
b Relative potency is equal to the reciprocal value of relative survival


value and is statistically significant from vehicle control (p < 0.05


Student’s t test).


Table 2. Relative survival of cultured HT-29 cells and the relative


potency of the substituted (Z)-(±)-2-(N-benzylindol-3-ylmethylene)


quinuclidin-3-ol analogs at 150 lM concentration


Compound Relative survivala


of HT-29 cells at 41 �C


Relative


potencyb


10a — —


10b 0.59 1.69


10c 1.00 1.00


10d — —


10e 0.78 1.00


10f — —


10g — —


10h 0.61 1.64


10i 0.90 1.00


10j 0.52 1.92


10k 0.58 1.72


10l — —


2 0.06 16.70


Vehicle 1.00 1.00


a Relative survival was calculated by correcting for vehicle effects and


effects of drugs at 37 �C.
b Relative potency is equal to the reciprocal value of relative survival


value, and is statistically significant from vehicle control (p < 0.05


Student’s t test).
Table 3. Relative survival of cultured HT-29 cells and the relative


potency of the substituted (Z)-(±)-2-(N-benzylindol-3-ylmethylene)


quinuclidin-3-ol analogs at 50 lM concentration


Compound Relative survivala


of HT-29 cells at 41 �C


Relative


potencyb


10a 0.59 1.69


10d 0.59 1.69


10f 0.07 14.28


10g 0.70 1.43


10l 0.76 1.00


2 1.00 1.00


Vehicle 1.00 1.00


a Relative survival was calculated by correcting for vehicle effects and


effects of drugs at 37 �C.
b Relative potency is equal to the reciprocal value of relative survival


value and is statistically significant from vehicle control (p < 0.05


Student’s t test).
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Colony formation of tumor cells in culture was used to
assess potency.9 HT-29 cells growing exponentially in
T25 flasks (n = 4) were exposed to DMSO/drug for 2 h
with or without heat treatment (41 �C). Drug was then
washed off, and cells incubated in fresh medium for 14
days. Viable cells formed colonies (defined as greater
than 50 cells) that were stained with crystal violet and
counted. The plating efficiency was defined as the ratio
of the number of colonies counted divided by the initial
number of cells exposed to vehicle control (DMSO) for
2 h at 37 �C, and was typically P90%. The survival of
cells exposed to vehicle alone for 2 h at 41 �C was calcu-
lated from the ratio of the number of colonies counted

divided by initial number of cells heated, corrected for
plating efficiency. Survival following a 2 h, 41 �C heat
shock was not toxic: survival was not significantly differ-
ent from plating efficiency (p > 0.05 Student’s t test) and
was arbitrarily set at 1.0. The surviving fraction of cells
exposed to drug for 2 h at 41 �C was calculated from the
ratio of the number of colonies counted divided by the
initial number of cells treated, corrected for plating effi-
ciency and for survival following a 2h exposure to drug
at 37 �C. Cell survival following a 2h/37 �C exposure to
150 lM of compounds 9a–9l (Table 1) and compounds
10b, 10c, 10e, and 10h–10k (Table 2) was 70% or greater.
However, survival was significantly less than 70%
following a 2h/37 �C exposure to 150 lM of 10a, 10d,
10f, 10g, and 10l. Consequently these compounds were
evaluated at a concentration of 50 lM, a concentration
in which survival was 70% or more following a 2h/37 �C
exposure (Table 3).


Substituents in the indole moiety of (Z)-2-(N-benzylin-
dol-3-ylmethylene)quinuclidin-3-one analogs 9a–e and
9h–l did not increase thermal sensitivity compared to
vehicle control (p > 0.05 Student’s t test). However,
introduction of a 4-chloro or 4-fluoro substituent in
the N-benzyl moiety (compounds 9f and 9g) significantly
increased thermal sensitivity compared to solvent con-
trol (p < 0.05 Student’s t test).


With regard to the (Z)-(±)-2-(N-benzylindol-3-ylmethyl-
ene)quinuclidin-3-ol analogs, compounds 10b, 10h, 10j,
and 10k increased thermal sensitivity relative to vehicle
control (p < 0.05 Student’s t test) but were not as
effective as compound 2 (p > 0.05 Student’s t test) as
thermal sensitizers. (Z)-(±)-2-(N-benzylindol-3-ylmeth-
ylene)quinuclidin-3-ol analogs 10a, 10d, 10f, 10g, and
10l were tested at a concentration of 50 lM and all
but 10l increased thermal sensitivity (p < 0.05 Student’s
t test). Analogs 10a, 10d, 10f, and 10g were significantly
more effective than compound 2 when tested at 50 lM
(p < 0.05 Student’s t test), 10f being the most potent.


Based on the data from the HT-29 cell survival studies,
the following observation can be made. Substituted (Z)-
2-(N-benzylindol-3-ylmethylene)quinuclidin-3-ones are
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less effective sensitizers than the unsubstituted lead com-
pound, (Z)-(±)-2-(N-benzylindol-3-ylmethylene)quinucli-
din-3-ol (2). Introducing a 4-chloro (but not a 4-fluoro)
substituent in the N-benzyl group afforded compound
10f, which exhibited the same magnitude of sensitization
as compound 2, but required only one-third the concen-
tration (50 vs 150 lM) to achieve this effect.


In conclusion, a compound containing an N-benzylin-
dole nucleus linked to a quinuclidin-3-ol moiety via a
double bond with Z-geometry, and incorporating a lipo-
philic chloro substituent at the 4-position of the N-ben-
zyl group, exhibits potent thermal sensitizing properties.
The synthesis of such small molecules may afford prom-
ising tools of value in either clinical hyperthermia as
radiation sensitizers for the treatment of recurrent
tumors, or as enhancers of other cancer therapies that
may be augmented by hyperthermia, such as chemother-
apy and immunotherapy.

Acknowledgment


This research was supported by NIH/National Cancer
Institute Grant PO1 CA104457.

References and notes


1. Kampinga, H. H.; Dikomey, E. H. Int. J. Radiat. Biol.
2001, 77, 399.


2. Nielsen, O. S.; Horsman, M.; Overgaard, J. Eur. J.
Cancer. 2001, 37, 1587.


3. Horsman, M.; Overgaard, J. Clin. Oncol. (R Coll. Radio)
2007, 19, 418.


4. Lepock, J. R. Int. J. Hyperthermia 2005, 21, 681.
5. Westra, A.; Dewey, W. C. Int. J. Radiat. Biol. Relat. Stud.


Phys. Chem. Med. 1971, 19, 467.
6. Lepock, J. R. J. Cell Physiol. 1988, 137, 14.
7. Massicotte-Nolan, P.; Glofcheski, D. J.; Kruuv, J.;


Lepock, J. R. Radiat. Res. 1981, 87, 284.

8. Nguyen, V. T.; Morange, M.; Bensaude, O. J. Biol. Chem.
1989, 264, 10487.


9. Sekhar, K. R.; Sonar, V. N.; Venkatraj, M.; Soumya, S.;
Laszlo, A.; Sawani, J.; Horikoshi, N.; Higashikubo, R.;
Bristow, R. G.; Borrelli, M. J.; Crooks, P. A.; Lepock, J.
R.; Roti Roti, J. L.; Freeman, M. L. Cancer Res. 2007, 67,
695.


10. Analytical data and yields for four of the most active
compounds: (9f): 1H NMR (300 MHz, CDCl3 d): 2.01 (m,
4H), 2.62 (p, J = 3.3 Hz, 1H), 2.98 (m, 2H), 3.18 (m, 2H),
5.35 (s, 2H), 7.03–7.29 (m, 7H), 7.46 (s, 1H), 7.87 (m, 1H),
8.36 (s, 1H); 13C NMR (75 MHz, CDCl3 d): 26.5, 40.6,
47.9, 50.5, 110.3, 110.8, 118.1, 119.4, 121.8, 123.0, 128.2,
129.6, 129.8, 133.8, 134.4, 135.2, 136.0, 140.5, 205.6; HR-
MS (EI+): m/z found: 376.1339, Calcd C23H21ClN2O (EI+)
376.1337; yield: 89%: (10a): 1H NMR (300 MHz, CDCl3
d): 1.45 (m, 2H), 1.70 (m, 1H) 1.94 (m, 2H), 2.08 (m, 1H),
2.28 (s, 3H), 2.85 (m, 1H), 3.07 (m, 3H), 4.42 (br s, 1H),
5.30 (s, 2H), 6.59 (s, 1H), 6.98–7.21 (m, 7H), 7.70 (m, 1H),
8.10 (s, 1H); 13C NMR (75 MHz, CDCl3 d): 19.0, 21.8,
24.6, 30.6, 47.5, 48.2, 50.4, 71.2, 109.8, 113.6, 118.4, 119.8,
121.9, 126.6, 127.5, 128.2, 128.7, 134.4, 135.6, 136.6; HR-
MS (EI+): m/z found: 358.2038, Calcd C24H26N2O (EI+)
358.2039; yield: 82%: (10d): 1H NMR (300 MHz, CDCl3
d): 1.43 (m, 2H), 1.68 (m, 1H) 1.88 (m, 2H), 2.07 (m, 1H),
2.28 (s, 3H), 2.43 (s, 3H), 2.83 (m, 1H), 3.03 (m, 3H), 4.40
(br s, 1H), 5.26 (s, 2H), 6.56 (s, 1H), 6.93–7.08 (m, 6H),
7.50 (m, 1H), 8.04 (s, 1H); 13C NMR (75 MHz, CDCl3 d):
19.2, 21.3, 21.8, 25.3, 31.0, 47.3, 48.2, 50.3, 71.4, 109.7,
113.5, 118.3, 123.4, 126.5, 128.2, 129.0, 129.4, 130.0, 134.1,
134.7, 137.1; HR-MS (EI+): m/z found: 372.2193, Calcd
C25H28N2O (EI+) 372.2196; yield: 84%: (10f): 1H NMR
(300 MHz, CDCl3 d): 1.48 (m, 2H), 1.73 (m, 1H) 1.98 (m,
2H), 2.13 (m, 1H), 2.91 (s, 3H), 3.12 (m, 3H), 4.46 (br s,
1H), 5.31 (s, 2H), 6.66 (s, 1H), 7.03–7.29 (m, 7H), 7.69 (m,
1H), 8.18 (s, 1H); 13C NMR (75 MHz, CDCl3 d): 19.0,
21.8, 24.6, 30.6, 47.5, 48.2, 50.4, 71.2, 109.8, 113.6, 118.4,
119.8, 121.9, 126.6, 127.5, 128.2, 128.7, 134.4, 135.6, 136.6;
HR-MS (EI+): m/z found: 378.1492, Calcd C23H23ClN2O
(EI+) 378.1493; yield: 83%.


11. Sonar, V. N.; Parkin, S.; Crooks, P. A. Acta Cryst. 2004,
C60, o6.


12. Sonar, V. N.; Parkin, S.; Crooks, P. A. Acta Cryst. 2004,
C60, o659.





		Novel substituted (Z)-2-(N-benzylindol-3-ylmethylene)- quinuclidin-3-one and (Z)-( plusmn )-2-(N-benzylindol-3-ylmethylene)- quinuclidin-3-ol derivatives as potent thermal sensitizing agents

		Acknowledgment

		References and notes








Available online at www.sciencedirect.com

Bioorganic & Medicinal Chemistry Letters 17 (2007) 6801–6805

Large-scale synthesis of a persistent trityl radical for use
in biomedical EPR applications and imaging


Ilirian Dhimitruka,a,d Murugesan Velayutham,a,b Andrey A. Bobko,a


Valery V. Khramtsov,a Frederick A. Villamena,a,c


Christopher M. Hadadd and Jay L. Zweiera,b,*


aCenter for Biomedical EPR Spectroscopy and Imaging, The Davis Heart and Lung Research Institute,


The Ohio State University, Columbus, OH 43210, USA
bDivision of Cardiovascular Medicine, Department of Internal Medicine, The Ohio State University, Columbus, OH 43210, USA


cDepartment of Pharmacology, College of Medicine, College of Medicine, The Ohio State University, Columbus, OH 43210, USA
dDepartment of Chemistry, The Ohio State University, Columbus, OH 43210, USA


Received 12 September 2007; revised 9 October 2007; accepted 10 October 2007


Available online 17 October 2007

Abstract—Tetrathiatriarylmethyl radicals are ideal spin probes for biological electron paramagnetic resonance (EPR) spectroscopy and
imaging. The wide application of trityl radicals as biosensors of oxygen or other biological radicals was hampered by the lack of afford-
able large-scale syntheses. We report the large-scale synthesis of the Finland trityl radical using an improved addition protocol of the aryl
lithium monomer to methylchloroformate. A new reaction for the formal one-electron reduction of trityl alcohols to trityl radicals using
neat trifluoroacetic acid is reported as well. Initial applications show that the compound is very sensitive to molecular oxygen. It has
already provided high-resolution EPR images on large aqueous samples and should be suitable for a broad range of in vivo applications.
� 2007 Elsevier Ltd. All rights reserved.

Reactive oxygen species (ROS) in low concentration
play a vital role in the regulation of physiological pro-
cesses and are central in the initiation of pathological
events in unregulated concentrations.1–3 It is well estab-
lished that the generation of ROS in cellular systems is a
result of chemical or enzymatic reduction of molecular
oxygen and is modulated by tissue oxygen levels.4–7


Therefore, it is critical to monitor the degree of intracel-
lular and tissue oxygenation in vitro and in vivo. Con-
ventional methods, such as optical and electrochemical
techniques, have been employed in the monitoring of
oxygen partial pressure (pO2) but are limited by their
invasiveness and the coverage of area being measured.
Electron paramagnetic resonance (EPR) spectroscopy
and imaging using water-soluble paramagnetic probes,
such as nitroxides and trityl radicals, as well as particu-
late-based probes, such as chars, india ink and lithium
phthalocyanine, have been employed for the measure-
ment of pO2 or dissolved O2 in the mouse tumor, brain,
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and heart.8–10 EPR imaging has also been employed in
the investigation of drug delivery, toxicity of xenobiot-
ics, and tissue redox status.11–13 In contrast to conven-
tional methods, EPR spectroscopy and imaging are
non-invasive techniques. Furthermore, these techniques
can be applied to map oxygenation over a predefined
area in various tissues. In particular, trityl radicals have
been demonstrated to be very effective spin probes in
measuring the oxygen concentration in vivo, and
in vitro through line-width broadening analysis.14–17


Nycommed Innovations (now a subsidiary of GE
Healthcare) initially designed the sterically crowded tri-
tyl radicals, otherwise known by the acronym TAM (tet-
rathiatriarylmethyl), for use as contrast agents in
Overhauser Magnetic Resonance Imaging (Fig. 1).18–26


Gomberg’s work over 100 years ago proved that trityl
radicals are persistent at room temperature, hence the
interest in these compounds.27 An ideal spin probe
would exhibit a single, sharp EPR signal in order to
obtain maximum sensitivity under in vivo conditions.
To ensure practical use in biological systems, it is conve-
nient to have trityl radicals that are soluble in water.
By removing all sources of inhomogeneous hyperfine
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Figure 1. Representative trityl radicals used as spin probes.
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couplings, the radicals exhibit extremely narrow signals,
allowing for high sensitivity (i.e. detection of nanomolar
concentration of radicals by EPR spectroscopy in bio-
logical media). The trityl radicals designed by Nycom-
med Innovations are extremely efficient spin probes;
however they are complex molecules, and their synthesis
in large scale has proven challenging.28 This limits their
utility, as biological, and especially in vivo animal stud-
ies and clinical applications require large quantities of
these spin probes. Herein, we report a procedure for
the large-scale synthesis of the Finland trityl radical
(radical 7 in this paper).


Using the patent literature, and the procedure published
by Rawal and co-workers, milligram amounts of radical
7 were produced.29 The scale up of this literature proce-
dure did not give satisfactory results. The synthesis of
compound 2 proceeded as described in the literature
with some minor changes (Scheme 1). It was necessary
to reflux for at least one day, rather than 2 h in order
to synthesize 70 g of compound 2. Compound 3 was ob-
tained in large amount as reported in the literature, with
minor modifications.28,29 Ethanol was used to precipi-
tate pure compound 3 from the crude reaction mixture
instead of acetonitrile and tetrahydrofurane. However,
our attempts to produce the trityl alcohol 5 in large scale
were unsuccessful, resulting in very low yield.
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Scheme 1. Reagents and conditions: (a) Na, DMF, 2-methyl-2-propanethiol


hexane 1 equiv in Et2O; than 0.3 equiv of methyl chloroformate; (d) n-BuLi


70% in two steps; (e) n-BuLi 2.5 M in hexanes and TMEDA 10 equiv than

The direct synthesis of trityl alcohol 5 was extremely
slow because of the steric bulk of the aryl monomers.
The ketone 4 was isolated first, as an intermediate to-
ward the trityl alcohol 5.30 Subsequently it was reacted
with the 3 equiv of the aryl lithium monomer to afford
trityl alcohol 5 in very good yield (method A). This pro-
cedure involved lengthy chromatographic purifications;
however it gave us easy access to gram amounts of the
target compound 5.31 Next, tert-butyl ester 6, rather
than the ethyl ester described in the literature procedure,
was synthesized in good yield.32 The rationale was that
tert-butyl esters are not susceptible to multiple addition
and polymerization. Compound 6 was treated with neat
trifluoroacetic acid over 20 h at rt in order to cleave the
tert-butyl ester, and fortuitously during the same step
the radical 7 was generated in quantitative yield. Evap-
orating the trifluoroacetic acid afforded the pure radical
7 in quantitative yield. This formal one-electron reduc-
tion of the central carbon was quite surprising. Other
trityl alcohols that do not posses, the tert-butyl ester
functionality undergo formal one-electron reduction of
the central carbon using neat trifluoroacetic acid just
as easily and efficiently.33 We are looking into possible
explanations for this particular reaction. In order to
scale up to any desired amount of product, further mod-
ifications were introduced. The extremely slow addition
of methyl chloroformate afforded the trityl 5 from start-
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Figure 3. The dependence of the EPR peak signal intensity of radical 7


on the pH of the sample (50 lM radical 7 in the presence of 1.5 mM


citrate buffer). The symbols (j) and (s) denote the data obtained


upon titration from alkaline pH into the direction of acidic pH and in


reverse direction, respectively.
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ing material 3 in one step, as described in method B.31


The procedures have been optimized, and all products
are purified by precipitation, making possible the scale
up to any desired amount.


The radical 7 is a bulky molecule, surrounded by hydro-
phobic groups on most of its surfaces. However, the
three carboxylic groups render radical 7 to be soluble
in water. Due to aggregation, a lower concentration of
up to 2 mM was found suitable for practical applica-
tions. Three equivalents of hydrochloric acid were re-
quired to neutralize one equivalent of radical 7. This
number was calculated by potentiometric titration using
the amount of HCl used to neutralize the trisodium tri-
carboxylate form of the radical 7 (m(HCl)/7 ml/[radical
7] = 34.3 lmol/7 ml/1.6 mM � 3). The obtained number
supports the independent protonation of all three car-
boxyl groups of the radical 7 with similar pKa values
in agreement with the large distance between these
groups. Titration of the radical 7 was performed using
X-band EPR spectroscopy as well (Fig. 2).


The determination of the exact pKa value by potentio-
metric titration is complicated due to precipitate forma-
tion in acidic medium. Reversible EPR spectral changes
were observed with the appearance of a broad signal
with a line-width of 2.5 G in the acidic medium, appar-
ently due to reversible aggregation of the radical 7
(Fig. 2). To investigate the influence of pH of the solu-
tion on the EPR intensity as a result of aggregation
the experiment in Figure 3 was performed. The solid
lines in Figure 3 represent the best fits for the function
[R�]pH = [R]0 � [R]0/(1 + 10(pH�pKagg)/q), where [R]0 is
total radical 7 concentration, [R�]pH is the concentration
of the anionic form of the radical 7 dissolved at given
pH value, pKagg is the pH value when half of the radical
7 molecules are aggregated, and q is a numerical coeffi-

Figure 2. EPR spectra of 0.05 mM solution of the radical 7 in the


presence of 1.5 mM citrate buffer at different pH values. The


spectrometer settings were: sweep width, 30 G; time constant,


5.12 ms; conversion time, 40.96 ms; scan time, 83.89 s; 2048 points;


modulation amplitude, 0.2 G; and microwave power, 5.0 mW. The pH


of the samples was adjusted to the required value by the addition of


1 M aqueous HCl.

cient. The fittings yield the pKagg and q values to be
equal to 3.7 and 0.37, respectively, for titration from ba-
sic to acidic medium. The corresponding values for titra-
tion from acidic to basic medium are 4.0 and 0.54,
respectively. The data support the conclusion that
[R�]pH = [R]0 if pH > 4.5, while in acidic conditions
[R�]pH decreases exponentially, becoming close to zero
at pH 3. The calculated partition coefficient of the rad-
ical 7 (defined as Kp=[Octanol]/[water]) at pH values
equal to 1, 7.4, and 13 was found to be P4. · 104,
0.27 ± 0.15, and 0.3 ± 0.1, respectively. The Kp values
provide further evidence for the observed low solubility
of the radical 7 in acidic solutions.


The oxygen partial pressure is one of the most important
parameters in the metabolic processes of the cell, thus it
plays a key role in physiological processes. Molecular
oxygen has two unpaired electrons, and the bimolecular
collision with a persistent radical (spin probe) of known
concentration causes the EPR line broadening of the
persistent radical. This line broadening is measured;
thus indirectly the concentration of oxygen in living tis-
sue can be ascertained. At biological pH (pH 7.4) we
estimate from the approximate pKa = 3.7 that the radi-
cal 7 exists in ionized form (7�). The EPR line-width
of the radical 7� was measured at different concentra-
tions of oxygen, diluted with argon. The EPR spectrum
in phosphate buffer (0.1 M, pH 7.4) consists of a single
sharp peak with a peak-to-peak line-width of 210 mG
in room air. The radical 7� exhibited excellent EPR
characteristics with an anaerobic line-width of 90 mG,
and 0.84 mG/mm Hg linear sensitivity to oxygen. The
line broadening effect is reversible upon exclusion of
oxygen by argon, and the line-width is restored to its ori-
ginal value of 90 mG (Fig. 4).


Radical 7� has already been used as a probe for EPR
imaging experiments in large aqueous samples.34 These
imaging experiments were performed in a home-built







Figure 4. The dependency of the EPR line-width for radical 7� on the


concentrations of oxygen.
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1.2 GHz L-band EPR spectrometer. Several phantoms
of defined geometry were used to develop new imaging
software algorithms, and excellent image quality and
fidelity were observed. These experiments indicate that
this compound is suitable for high-quality, EPR imaging
applications.


In conclusion, an efficient synthetic protocol for the
large-scale synthesis of radical 7 is described. Our syn-
thetic protocol involves no column chromatography
and is very reproducible. Within its solubility range,
the ionized form of radical 7 (7�) exhibited excellent
EPR characteristics with an anaerobic line-width of
90 mG, and 0.84 mG/mm Hg linear sensitivity toward
oxygen. Radical 7 was shown to be highly effective for
EPR spectroscopy and imaging and should be well sui-
ted for ex vivo and in vivo biological applications.
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first with hexanes to recover the starting material 3, than
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Abstract—The mechanism for the hepatotoxicity of trovafloxacin remains unresolved. Trovafloxacin contains a cyclopropylamine
moiety which has a potential to be oxidized to reactive intermediate(s) although other putative elements may exist. In this study, a
drug model of trovafloxacin containing the cyclopropylamine substructure was synthesized. Chemical oxidation of the drug model
by K3Fe(CN)6 and NaClO revealed that both oxidants oxidize this drug model to a reactive a,b-unsaturated aldehyde, 11. The
structure of 11 was fully elucidated by LC/MS/MS and NMR analysis. These results suggested that P450s with heme-iron center
and myeloperoxidase generating hypochlorous acid in the presence of chloride ion are capable of bioactivating the cyclopropylamine
moiety of trovafloxacin. This deleterious metabolism may lead to eventual hepatotoxicity.
� 2007 Elsevier Ltd. All rights reserved.
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Trovafloxacin (TrovanTM) 1 is a naphthyridone agent of
the fluoroquinolone antibiotics. Major advantages of 1
over traditional agents such as ciprofloxacin and later
fluoroquinolone sparfloxacin lie in its broader spectrum
and superior pharmacokinetic profiles.1 Since 1’s mar-
keting in 1998, rare but severe hepatotoxicities have
been reported, which ultimately led to Trovan’s with-
drawal in some countries and a black-box warning in
United States since 1999.2 Clinical reports characterized
the hepatotoxicity of trovafloxacin as an idiosyncratic
drug reaction since it was unpredictable and possibly
immunologically based.3


The etiology of idiosyncratic hepatotoxicity involves
multiple factors. It is well recognized that metabolic
activation of some drugs may lead to the formation of
a reactive species capable of covalent binding to pro-
teins, ultimately culminating in a toxic response.4 Struc-
turally, trovafloxacin possesses two elements that have
the potential to generate reactive intermediate(s): a
cyclopropylamine moiety and a difluoroanilino system.
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The cyclopropylamine moiety is the most suspect sub-
structure to induce hepatotoxicity of trovafloxacin. Pre-
vious studies showed that P450s,5–8 monoamine
oxidases (MAOs),9–12 and horseradish peroxidase
(HRP)13 can all oxidize cyclopropylamine to a carbon-
centered radical, which can be subsequently oxidized
to a reactive a,b-unsaturated aldehyde. Although the
difluoroanilino functional group was suggested to gener-
ate reactive metabolites,14 there has been no corroborat-
ing experimental evidence. To exclude interferences
from other possible oxidizable positions, especially the
difluoroanilino moiety, a drug model of trovafloxacin
2 (Fig. 1) containing the cyclopropylamine substructure
was synthesized. Chemical oxidations, which mimic the
oxidation modes of different enzymes, were then per-
formed to help propose responsible enzymes that can
oxidize 2 and also to investigate reactive intermediate(s)
that can be generated from the respective oxidation.
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Figure 1. Structures of trovafloxacin (TrovanTM) 1 and the drug model


of trovafloxacin 2. The bold lines highlight the similarities between


trovafloxacin and the drug model.
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Figure 2. LC chromatogram and mass spectrum of oxidized products by K3


oxidation by K3Fe(CN)6 for 5 h. (b) MS/MS spectrum of 175. (c) LC chrom


spectrum of 193. (e) MS3 spectrum of 175 from MS2 of 193.
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K3Fe(CN)6 was chosen as a single electron transfer
(SET) oxidant, mimicking heme-iron centered enzymes
such as P450s. NaClO was applied to mimic myeloper-
oxidase (MPO), which can generate hypochlorous acid
in the presence of chloride ion. Our interest in the oxida-
tion of 2 by MPO arose from the fact that neutrophils,
which release MPO, have been associated with idiosyn-
cratic drug reaction of trovafloxacin in a LPS-trovaflox-
acin idiosyncrasy animal model.15


Monoamine oxidases (MAOs) should also be considered
for the bioactivation of the drug model, especially con-
sidering that MAOs oxidize a variety of primary cyclo-
propylamines to reactive species.9–12 Some flavin
models, such as 3-methyllumiflavin16 and 3-methyl-5-
ethyllumiflavinium perchlorate,17 have been applied to
mimic the oxidation of MAOs. However, these model
systems failed to fully mimic MAO activity. MAOs cat-
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Table 1. 1H NMR and 13C NMR (CDCl3) assignments for reactive


a,b-unsaturated aldehyde 11


NN


O
H


11


1


2
3


4


5


6


7


8 9
10


Position dC
a dH


a (multiplicities,b J (Hz))


1 148.5 8.12 (d, 5.1)


2 112.6 6.56 (dd, 5.1, 7.2)


3 137.7 7.44 (m)


4 106.4 6.34 (d, 8.7)


5


6 54.8 4.54 (m)


7 145.1 6.96 (m)


8 142.8


9 51.0 4.34 (m)


10 187.7 9.77 (s)


a Chemical shifts in ppm.
b Notations: dd, doublet of doublets; m, multiplet; d, doublet; s,


singlet.
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alyze the oxidation of primary, secondary, and tertiary
amines. The models oxidized primary amines, but not
tertiary amine substrates.16,17 Considering the fact that
there is still some uncertainty about the mechanism of
oxidation by MAOs, the known mimics are not suitable
as oxidation models for mimicking the bioactivation of
MAOs.


The synthesis of 2 is illustrated in Scheme 1. The exo-
nitrocyclopropane derivative 4 was synthesized by reac-
tion of N-benzylmaleimide 3 with bromonitromethane
in the presence of a base. Earlier trials of the same trans-
formation with a variety of bases gave yields lower than
15%.18 A modified method using 1,2-dimethyl-1,4,5,6-
tetrahydropyrimidine (DMTHP) improved the yield to
30–35%. However, as reported by the authors, a draw-
back of the reaction is the tar formation due to the
undesired side reaction of the base with both the N-ben-
zylmaleimide and the bromonitromethane.19 Ballini
et al.20 increased the yield of this reaction to 70% by
using potassium carbonate as base and acetonitrile as
solvent. Addition of 1.5 equivalent of bromonitrome-
thane in portions over 20 h was claimed to be essential
for a good yield. In our experiment, 1.2 equivalent of
bromonitromethane was added dropwise over 5 h, and
a 67% yield was obtained. Imide carbonyl groups of 4
were then reduced by boraneÆTHF complex to give 5.
Cyclopropyl nitro group of 5 was subsequently reduced
by Zn and 1 N HCl (aq) with i-PrOH as co-solvent to
produce the primary cyclopropylamine 6.21 The primary
amine was protected by Boc to give 7, and 7 was then
debenzylated to 8 by hydrogenation, using Pd(OH)2/C
as catalyst. Selectively protected secondary amine 8
was then coupled with 2-fluoropyridine to generate 9.
Boc deprotection of 9 provided the drug model of trova-
floxacin in TFA salt form 10. The stereochemistry of
cyclopropylamine has been reported to favor the exo-
form to a very significant extent and the exo/endo ratio
is approximately 98:2.22


Chemical oxidation of the drug model by K3Fe(CN)6


was performed as follows. Ten milligrams of compound
9 was deprotected prior to use by 50% TFA/CH2Cl2 to
give 3.64 · 10�5 mol drug model in TFA salt form.
The dried residual oil was dissolved in 300 ll MeOH
and 400 ll H2O. The pH was adjusted to 9 by 150 ll
of 1 M NaOH and 24 mg K3Fe(CN)6 (2 equiv) was
added. After 5 h, a new peak from LC/MS analysis23


was observed with tR = 11.42 min (Fig. 2a) and MH+


at m/z 175. MS/MS analysis showed that 175 gave rise
to typical aldehyde fragments at 157 (loss of H2O) and
147 (loss of CO) (Fig. 2b). After the oxidation was run
for 10 h, another product with tR = 3.68 min (Fig. 2c)
and MH+ at m/z 193 appeared, which was not observed
at 5 h. Fragmentation of 193 generated product peaks at
175, 163, 149, 137, and 121 (Fig. 2d). Further fragmen-
tation of product peak 175 gave peaks at 157, 147, 145,
and 107 (Fig. 2e). The proposed structures for 175 and
193 are shown in Figure 3 and the principal mass spec-
tral fragments were also assigned. Compound 12 can be
formed by adding water to the a,b-unsaturated aldehyde
11 via Michael addition. To confirm the structure of the
reactive a,b-unsaturated aldehyde 11, K3Fe(CN)6 oxida-

tion was scaled up, providing ample amounts of pure 11,
which were isolated for 1H and 13C NMR analysis. The
NMR assignment of 11, as summarized in Table 1, con-
firmed the structure proposed based on MS/MS analy-
sis. These results demonstrated that K3Fe(CN)6 can
oxidize the drug model 2 to a reactive a,b-unsaturated
aldehyde 11, suggesting that enzymes with heme-iron
center, such as P450s, may bioactivate the cyclopropyl-
amine moiety of trovafloxacin and possibly be responsi-
ble for the toxicity.


Chemical oxidation of drug model by NaClO was also
performed. To date, there has been no reported oxida-
tion of cyclopropylamines by MPO, although large
numbers of normal aliphatic and aromatic amines are
good substrates of MPO. In that scenario, identifying
the possible reactive intermediate(s) from oxidation of
cyclopropylamine by MPO is crucial in understanding
the influence of neutrophils on the toxicity of trovaflox-
acin in the animal model.14 Chemical oxidation by Na-
ClO was carried out in the same way as K3Fe(CN)6


oxidation except 430 ll NaClO (aq) containing 0.5%
chlorine (1 M equiv) was added instead of K3Fe(CN)6.
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Figure 4. Left panel: LC chromatogram with mass filter m/z 175 showing peak (tR = 11.43 min) associated with oxidized product 11 by NaClO,


which has same retention time as Figure 2a. Right panel: MS/MS spectrum of oxidized product 11 by NaClO, which yields the same fragment ions as


Figure 2b.
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The LC/MS analysis23 showed that an oxidized product
with MH+ at 175 was also generated by NaClO oxida-
tion. The product showed the same retention time and
fragment ions (Fig. 4) as 11 from K3Fe(CN)6 oxidation,
which means both NaClO and K3Fe(CN)6 can oxidize
the drug model to the reactive a,b-unsaturated aldehyde
11. This suggests that MPO is also possibly responsible
for the hepatotoxicity of trovafloxacin.


The mechanism of idiosyncratic hepatotoxicity of trova-
floxacin has intrigued both academia and industry for
more than 8 years. There are several oxidizable positions
that can be bioactivated and lead to the toxicity of
trovafloxacin. To simplify the problem, a drug model
of trovafloxacin containing the cyclopropylamine sub-
structure was synthesized and the chemical oxidations
by K3Fe(CN)6 and NaClO were performed. The results
presented here showed that both K3Fe(CN)6 and Na-
ClO can oxidize the drug model to a reactive a,b-unsat-
urated aldehyde 11, implicating that heme-iron centered
enzymes such as P450s and MPO may possibly be
responsible enzymes for the hepatotoxicity of trovaflox-
acin. Chemical oxidation provides an economic and effi-
cient way of probing the possible reactions of
cyclopropylamine and is important for helping to
choose the expensive biological enzymes for in vitro
metabolism research. Considering the limited amount
of metabolite generated from enzyme metabolism, full
structure elucidation of the reactive metabolite or its
conjugate by NMR is typically challenging and expen-
sive as a result of needing to isolate the product from
enzyme metabolism mixtures. In addition, the total
synthesis of the a,b-unsaturated aldehyde 11 is also
not readily available. Chemical oxidation proved to be
a good way to provide a standard compound for struc-
ture elucidation of in vitro enzyme metabolites. Under
the guidance of chemical oxidation results, especially
with the useful information provided by the chemical
oxidized product—a,b-unsaturated aldehyde 11, our
subsequent in vitro enzyme metabolism studies of the
drug model have revealed that one P450 enzyme and
also MPO are able to oxidize the drug model to the reac-
tive a,b-unsaturated aldehyde 11 and may be the respon-
sible enzymes for the toxicity. The detailed results for

in vitro enzymatic metabolism of the drug model and
also trovafloxacin will be reported separately.
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Abstract—Two series of N6-substituted adenosines with monocyclic and bicyclic N6 substituents containing a heteroatom were syn-
thesized in good yields. These derivatives were assessed for their affinity ([3H]CPX), potency, and intrinsic activity (cAMP accumu-
lation) at the A1 adenosine receptor in DDT1 MF-2 cells. In the monocyclic series, the N6-tetrahydrofuran-3-yl and thiolan-3-yl
adenosines (1 and 26, respectively) were found to possess similar activities, whereas the corresponding selenium analogue 27 was
found to be more potent. A series of nitrogen containing analogues showed varying properties, N6-((3R)-1-benzyloxycarbonylpyrr-
olidin-3-yl)adenosine (30) was the most potent at the A1AR; IC50 = 3.2 nM. In the bicyclic series, the effect of a 7-azabicy-
clo[2.2.1]heptan-2-yl substituent in the N6-position was explored. N6-(7-Azabicyclo[2.2.1]heptan-2-yl)adenosine (38) proved to be
a reasonably potent A1 agonist (Ki = 51 nM, IC50 = 35 nM) while further substitution on the 700-nitrogen with tert-butoxycarbonyl
(31, IC50 = 2.5 nM) and 2-bromobenzyloxycarbonyl (34, IC50 = 9.0 nM) gave highly potent A1AR agonists.
� 2007 Elsevier Ltd. All rights reserved.

Adenosine is an endogenous ligand which acts in a non-
selective manner upon the four subtypes of adenosine
receptors (ARs), A1, A2A, A2B, and A3. All subtypes
are connected to the cyclic adenosine monophosphate
(cAMP) producing enzyme, adenylate cyclase, through
G-protein coupling. Activation of the A2A and A2B sub-
types leads to the stimulation of the cAMP production,
whereas activation of the A1 and A3 leads to an inhibi-
tion of this second messenger.


The A1AR has been implicated in many tissue types with
various physiological effects. In the cardiovascular sys-
tem, A1ARs mediate negative chronotropic, dromotro-
pic, and inotropic effects as well as having
cardioprotective effects.1–3 Activation decreases trans-
mitter release and locomotor activity in the central ner-
vous system (CNS); they also have anti-lipolytic
effects.1–3 Exploitation of the negative dromotropic ef-
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fect of adenosine has seen its utilization in the treatment
of paroxysmal supraventricular tachycardia (PSVT).4


However, as a result of adenosine’s short plasma half-
life, up to 35% of tachycardias have been reported to re-
cur within 2 min of termination. Accordingly, much re-
search has been undertaken in the development of
potent A1AR agonists with longer plasma half-lives.2,3


One of these agents, Tecadenoson (CVT-510, 1), is cur-
rently in Phase III clinical trials for the treatment of
PSVT.5,6


High potency and selectivity for the A1AR can be
achieved through mono-substitution of exo-cyclic nitro-
gen of adenosine with a hydrophobic group. Adenosine
analogues with carbocyclic, heterocyclic or bicyclic N6-
substituents are among the more potent A1AR agonists
known [e.g., Tecadenoson (1) and ENBA (2),7 Fig. 1].
Substitution of this position also renders the molecule
more stable towards deamination by adenosine deami-
nase,8 and subsequently, improves half-life. The incor-
poration of a halogen in the 2-position9 and certain 5 0-
modifications such as the replacement of the hydroxyl
group with fluoro or chloro7 have also been found to
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Figure 1. A1 Adenosine receptor agonists.
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be favorable for A1AR activity. Alternative substituent
patterns are well known to confer selectivity for the
other receptor subtypes.10–12


Previous work in our laboratory has demonstrated high
activities at the A1AR when a sulfur atom is present in
the N6-substituent (e.g. thiirane 3).13 Based on these
findings we investigated sulfur, selenium, and nitrogen
isosteres of other N6-substituted adenosines with high
affinity for the A1AR. Isosteres of Tecadenoson (1)
and 7-oxabicyclo[2.2.1]heptan-2-yl adenosine (4)14 were
targeted.


Adenosines bearing an N6-substituent are readily syn-
thesized from an appropriately functionalized purine
riboside and the corresponding amine. Accordingly,
we required the amines necessary to generate the target
compounds.


The synthesis of optically pure (R)-3-aminothiolane (8)
was prepared using the approach developed by Dehm-
low and Westerheide for the synthesis of the corre-
sponding (S)-isomer (Scheme 1).15 (R)-Methioninol (6)
was prepared smoothly in 88% yield via NaBH4/I2


reduction of DD-methionine (5). Subsequent zinc bromide
catalyzed condensation in neat benzonitrile gave the re-
quired 4,5-dihydrooxazole (7) in low yield (31%), how-
ever this gave sufficient quantities to continue. Reflux
in harsh acidic conditions (conc. HCl in AcOH) cyclized
7 to give 8 as a phenyl amide which was subsequently
hydrolyzed, in the same pot, under basic conditions to
give the desired (R)-aminothiolane (8) in excellent yield
(92%).


The analogous selenolane was also conveniently ac-
cessed from an amino acid precursor. The conversion
of DD-asparagine to the boc-protected DD-asparagininol
(9) was achieved via known procedures.16–18 The diol
was then mesylated at the two terminal hydroxy posi-

tions to give 10 in excellent yield (94%) using methane-
sulfonyl chloride and triethylamine in CH2Cl2 (Scheme
2).19 Selenium was incorporated as a selenolane via tan-
dem nucleophilic displacement of the mesylate groups
using sodium selenide which was generated in situ from
selenium powder and NaBH4 in EtOH. Finally, the boc-
group was removed using 2 M HCl in Et2O to give the
(R)-3-aminoselenolane (12) as the hydrochloride salt in
quantitative yield.


Commercially available (R)-3-aminopyrrolidine (13)
was used for the preparation of nitrogen analogues of
1. Conversion of the 13 to the corresponding Boc carba-
mate 14 was achieved as per Fujimoto and Hoshino
(Scheme 3).20 Replacement of di-tert-butyl dicarbonate
with dibenzyl dicarbonate gave the benzyl carbamate
15. The use of acetic anhydride gave the N-protected
acetamide 16. Due to the water solubility of acetyl
amine and the bis-acetylated by-product it was neces-
sary to purify this amine via column chromatography
whereas the others were obtained from extraction.


The nitrogen isosteres of ENBA (2) required a slightly
more involved synthesis of the amine synthons. The
extensive SAR data available on A1AR agonists indicate
the norborn-2-yl N6-substitution with the endo-confor-
mation in the 2-position leads to higher affinities.7 As
a result, endo-7-azabicyclo[2.2.1]heptan-2-yl amines
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were targeted. The synthesis of the (±)-methyl endo-7-
(tert-butoxycarbonyl)-7-azabicyclo[2.2.1]heptyl-2-carbox-
ylate (17) has already been reported and provided an
ideal starting point as it contains the aza-bridge and
the 2-substituent in endo-stereochemistry.21,22 Basic
hydrolysis (LiOHÆH2O in MeOH:H2O) of the methyl es-
ter, 17, followed by acidification gave the free carboxylic
acid 18 in excellent yield (96%, Scheme 4). Further elab-
oration, through two complimentary synthetic routes,
provided our desired amine synthons. The tert-butoxy-
carbonyl substituted amine 20 was prepared in two
steps. This initially involved conversion of the carbox-
ylic acid 18 to the corresponding acyl azide using diph-
enylphosphorylazide (DPPA) and Et3N, followed by
Curtius rearrangement and trapping of the intermediate
isocyanate with benzyl alcohol to give the benzyl carba-
mate 19. Selective cleavage of the benzyl carbamate
(Pd–C under H2 atmosphere) afforded the target amine
(±)-20 in 53% yield.


Benzyloxycarbonyl substituted amines 22–24 were also
prepared from the carboxylic acid 18. In this case it
was envisaged that acid hydrolysis of the isocyanate
formed in the Curtius rearrangement would also lead
to the removal of the boc-group from the 7-position to
give the diamine, 21. Our initial attempts at heating in
1 M HCl solution overnight were sufficient for removal
of the protecting group, but not harsh enough to fully
convert the isocyanate to the corresponding amine.
Eventually, full conversion to the 2-amine was achieved
using 4 M HCl, heating at 130 �C under microwave irra-
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diation for 2 h. In instances when pressure in the micro-
wave vessel exceeded 13 bar, heating was ceased and the
reaction vessel was cooled and vented before being
heated again. This was sufficient to avoid a cumulative
build up in pressure. Benzyloxycarbonyl substituents
were subsequently introduced using either Cbz2O (for
22) or the relevant succinimide carbamate reagent (for
23 and 24).


With the required amine synthons in hand, the corre-
sponding N6-substituted adenosines could be routinely
prepared from the commercially available 6-chloropu-
rine riboside (25) using standard SNAr conditions [N(i-
Pr)2Et, t-BuOH, Scheme 5]. Tecadenoson (1) was syn-
thesized using the aforementioned conditions with com-
mercially available (R)-(+)-3-aminotetrahydrofuran
toluene-4-sulfonate. In the case of the acetamide ana-
logue 29, difficulties with the separation of the N(i-
Pr)2Et from the product lead to the use of NH4OH solu-
tion as an alternative acid scavenger. Yields of the SNAr
reactions ranged from 67% to 99%.


Successful deprotection of the secondary amine was of-
ten precluded by the sensitivity of the glycosidic bond.
Consequently, 6-chloro-9-(2,3,5-tris-O-(tert-butyldi-
methylsilyl)-b-DD-ribofuranosyl)-9H-purine (35)23 was
used to form the per-silylated adenosine derivative 36
under standard SNAr conditions (Scheme 6). The use
of the TBS-protecting groups facilitated ZnBr2 pro-
moted deprotection of the boc-group by instating solu-
bility in the reaction media (CH2Cl2).24 This gave the
free amine 37 in good yield (78%) following partitioning
between CH2Cl2 and satd NaHCO3. Full deprotection,
to give the adenosine analogue 38, was then achieved
in 85% yield by warming in MeOH in the presence of
ammonium fluoride.


The affinity of the compounds was determined by their
ability to displace [3H]CPX binding at the A1AR in
DDT1 MF-2 cell membranes and also [3H]ZM241385
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binding at the A2AAR in PC-12 membranes (Tables 1
and 2).25,26 These assays contained 5 0-guanylyl-imidodi-
phosphate to maintain the receptor in the agonist low
affinity state. Using intact DDT cells, each compound
was tested for potency to inhibit (�)-isoproterenol-stim-
ulated cAMP accumulation. The maximal inhibition of
cAMP accumulation (intrinsic activity) by the com-
pounds was also determined by comparison to the clas-
sical A1 agonist, N6-cyclopentyladenosine (CPA).


Consistent with a previous report, Tecadenoson (1)
showed nanomolar affinity and potency at the A1AR
and was a full agonist as compared to CPA.5 When a
chalcogen is present as part of the cyclic N6-substituent
high affinity for the A1AR is observed. N6-(R-Thiolan-3-
yl)adenosine (26) possessed similar affinity and potency
to 1. The corresponding selenolane 27 also showed low
nanomolar affinity with a Ki = 8 nM as well as high po-
tency (IC50 = 1.9 nM). Pyrrolidine based N6-substitu-

ents exhibited a larger range and interesting properties
at the A1AR. When the secondary amine of the N6-pyr-
rolidinyl group was tert-butoxycarbonyl substituted
(compound 28), it displayed poor affinity and potency
(Ki = 929 nM, IC50 = 380 nM). However, when an acet-
amide was present (compound 29), the affinity was sim-
ilar (Ki = 803 nM) but the potency increased five-fold
(IC50 = 85 nM). Even more significant, the benzyl carba-
mate 30 showed a three-fold improvement in affinity
(Ki = 288 nM, cf. 28) and over two orders of magnitude
enhancement in potency, with an IC50 of 3.2 nM. The
differential between affinity and potency may be due
to structurally related alterations in the efficacy of the
compounds. According to receptor occupation theory,
the potency of an agonist is dependent upon both affin-
ity and efficacy where the latter is estimated from the
relationship between receptor occupancy and response.
Thus there will be an increase in efficacy and hence po-
tency when a fewer number of receptors are activated
to produce a given level of response. All of the pyrrol-
idine derivatives were full agonists at the A1AR as they
produced the same maximal inhibition of (�)-isoprote-
renol-stimulated cAMP accumulation as did CPA. The
N6-monocyclic adenosine analogues had relatively
weak affinity for the A2AAR, with only 26 and 27
(Ki = 9700 and 5500 nM, respectively) possessing a Ki


below 100,000 nM. Thus the A1AR selectivity versus
the A2AAR ranged from about 140-fold for 26 to over
4700-fold for compounds 1 and 28–30.


The N6-aza-bicyclic analogues showed considerable
variation in interaction with and agonist effect at the
A1AR (Table 2). The free amine analog 38 exhibited
relatively high affinity and potency (51 and 35 nM,
respectively). The tert-butyl carbamate 31 has about
the same affinity as 38 but a 14-fold higher potency
whereas the Cbz analogue 32 has a two- to three-fold
decrease in both affinity and potency as compared to
38. 2-Chloro substitution of Cbz (compound 33) re-
sulted in a 4.8- and 3.7-fold decrease in affinity and po-
tency, respectively, in relation to the unsubstituted
analogue 32. In contrast, 2-bromo substitution of
Cbz (34) showed a 7.8-fold increase in affinity and







Table 1. Ki, IC50 and intrinsic activity (IA) of N6-monocyclic adenosine derivatives


HN


N


NN


N


O
HO


OHHO


*
X


Entry X No. A1AR Dataa A2AAR Datab


Ki (nM) IC50 (nM) IA Ki (nM)


1 O 1 65 ± 16 (3) 8.2 ± 1.2 (3) 1.00 ± 0.02 (3) >100,000 (4)


2 S 26 70 ± 9 (3) 5.3 ± 2 (4) 0.98 ± 0.01 (4) 9700 ± 1200 (4)


3 Se 27 8 ± 2 (4) 1.9 ± 0.1 (4) 1.01 ± 0.02 (4) 5500 ± 500 (3)


4 NBoc 28 929 ± 397 (3) 380 ± 84 (3) 0.99 ± 0.04 (3) >100,000 (4)


5 NAc 29 803 ± 341 (4) 85 ± 24 (4) 1.00 ± 0.05 (4) >100,000 (4)


6 NCbz 30 288 ± 127 (3) 3.2 ± 0.4 (3) 0.99 ± 0.03 (3) >100,000 (4)


a The Ki values were calculated from the concentration of the compounds that initiated [3H]CPX binding by 50%. The assays were performed in the


presence of Gpp(NH)p and therefore the Ki values represent the agonist low affinity binding state. IC50 values are concentrations of compounds


that inhibited (�)-isoproterenol (1 lM)-stimulated cAMP accumulation by 50% in DDT cells. The IA is the maximal inhibition of (�)-isopro-


terenol-stimulated cAMP accumulation as compared to the maximum inhibition by CPA which was set at 1.00. Numbers in parentheses are the n.
b The Ki values were calculated from the concentration of compounds that inhibited [3H]ZM241385 binding by 50%. Numbers in parentheses are the


n. The notation of >100,000 indicates that at the highest concentration of the compounds used (100,000 nM), less than 50% inhibition of


[3H]ZM241385 binding was observed. NECA was included as a standard and was found to have a Ki of 110 ± 10 nM in this assay.


Table 2. Ki, IC50 and intrinsic activity (IA) of N6-bicyclic adenosine derivatives


N


NN


N


HN


O
HO


OHHO


NR


*


Entry R No. A1AR Dataa A2AAR Datab


Ki (nM) IC50 (nM) IA Ki (nM)


1 H 38 51 ± 16 (5) 35 ± 9 (4) 1.02 ± 0.04 (4) 7800 ± 1500 (3)


2 Boc 31 32 ± 8 (5) 2.5 ± 0.5 (4) 1.01 ± 0.02 (4) 34,700 ± 3,900 (3)


3 Cbz 32 164 ± 9 (3) 68 ± 13 (6) 1.01 ± 0.02 (6) >100,000


4 2-Cl-Cbz 33 783 ± 73 (3) 254 ± 58 (6) 0.86 ± 0.04 (6) >100,000


5 2-Br-Cbz 34 21 ± 4 (3) 9.0 ± 2.7 (6) 0.97 ± 0.02 (6) >100,000


a The Ki values were calculated from the concentration of the compounds that initiated [3H]CPX binding by 50%. The assays were performed in the


presence of Gpp(NH)p and therefore the Ki values represent the agonist low affinity binding state. IC50 values are concentrations of compounds


that inhibited (�)-isoproterenol (1 lM)-stimulated cAMP accumulation by 50% in DDT cells. The IA is the maximal inhibition of (�)-isopro-


terenol-stimulated cAMP accumulation as compared to the maximum inhibition by CPA which was set at 1.00. Numbers in parentheses are the n.
b The Ki values were calculated from the concentration of compounds that inhibited [3H]ZM241385 binding by 50%. Numbers in parentheses are the


n. The notation of >100,000 indicates that at the highest concentration of the compounds used (100,000 nM), less than 50% inhibition of


[3H]ZM241385 binding was observed. NECA was included as a standard and was found to have a Ki of 110 ± 10 nM in this assay.
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7.6-fold increase in potency as compared to 32. As with
the pyrrolidine analogues, all of the N6-aza-bicyclic
derivatives produced the same maximal inhibition of
cAMP accumulation as CPA indicating that these
compounds acted as full agonists at the A1AR. As ob-
served for the monocyclic series, the adenosines with
bicyclic N6-substituents also proved to be selective for
the A1AR over the A2AAR.


In summary, two series of N6-substituted adenosines
with monocyclic and bicyclic N6-substituents containing

a heteroatom were synthesized and evaluated as A1AR
agonists. In the monocyclic series, it was found that
N6-((R)-seleolan-3-yl)adenosine (27) had the highest
affinity, potency and selectivity. In the bicyclic
series, N6-(7-azabicyclo[2.2.1]heptan-2-yl)adenosine
(38) proved to be a reasonably potent A1 agonist
(Ki = 51 nM, IC50 = 35 nM) while further substitution
on the bridging nitrogen with tert-butoxycarbonyl (31,
IC50 = 2.5 nM) and 2-bromobenzyloxycarbonyl (34,
IC50 = 9.0 nM) gave highly potent and selective (as com-
pared to the A2A) A1AR agonists.
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Abstract—To identify novel inhibitors of tyrosinase, a fluorescent assay was developed which is suitable for high-throughput screen-
ing. In the assay, oxidation of the substrate by tyrosinase leads to the release of a fluorescent coumarin. Several small molecules were
identified that inhibited mushroom tyrosinase in vitro and human tyrosinase in cell culture. These compounds may represent lead
structures for therapies targeted at disorders of hyperpigmentation.
� 2007 Elsevier Ltd. All rights reserved.

The enzyme tyrosinase catalyzes the aerobic hydroxyl-
ation of LL-tyrosine to LL-dopa and the subsequent oxida-
tion of LL-dopa to LL-dopaquinone (Eq. 1).1 This sequence
marks the initiation of melanin biosynthesis. For this
reason, inhibitors of tyrosinase hold promise as treat-
ments for disorders associated with overproduction of
melanin, including cutaneous hyperpigmentation2 and
ocular retinitis pigmentosa.3 Indeed, tyrosinase inhibi-
tors are found in current treatments for melasma,
postinflammatory hyperpigmentation, solar lentigo and
Addison’s disease.4 However, currently available tyrosi-
nase inhibitors suffer from toxicity and/or a lack of effi-
cacy. For example, the most popular current
medications include hydroquinone as a tyrosinase inhib-
itor.5 Hydroquinone is a substrate analogue of tyrosine,
and, like tyrosine, can undergo oxidation. The product
of hydroquinone oxidation, benzoquinone, is a known
mutagen6 and can damage DNA.7 It is cytotoxic to
hepatocytes and melanocytes8 and may be carcino-
genic.9 For these reasons, the use of hydroquinone in
cosmetic products has been banned in the European Un-
ion10 and is under increasing scrutiny by the United
States Food and Drug Administration.11
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Alternatives to hydroquinone include kojic acid12 and
arbutin.13 Unfortunately neither substance offers a safe
and effective replacement. In fact concerns regarding
the carcinogenicity of kojic acid spurred Japanese offi-
cials to ban its use in skin treatments recently,14 while
arbutin is simply a hydroquinone glycoside.


Aware of the health and efficacy concerns related to
kojic acid and hydroquinone-derived inhibitors, we con-
sidered possible approaches to discover alternative treat-
ments for hyperpigmentation. To facilitate this search,
we first focused our attention on the development of
an assay suitable for high-throughput screening
(HTS).15 Known in vitro16 or cell-based assays17 can
evaluate dozens of compounds, but present problems
in the context of large screening campaigns.


To develop an assay of tyrosinase activity suitable for
HTS, we planned to take advantage of the promiscuity
of tyrosinase toward phenols and catechols.18 As a gen-
eral design feature, we sought a fluorogenic substrate
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that, following tyrosinase-mediated oxidation, would re-
lease a detectable fluorophore. This process could be
monitored spectroscopically, and small molecules that
minimized fluorophore release could be considered po-
tential enzyme inhibitors (Scheme 1). Inspired by a
pro-drug strategy developed in the Osborn group,19,20


we prepared several acylated amino coumarins as fluo-
rogenic substrates for tyrosinase. Candidates were eval-
uated in terms of spectral characteristics, performance in
enzyme assays, solubility, and ease of synthesis. From
these initial studies urea PAP-AMC emerged as the
most promising candidate for a reliable fluorescent as-
say. It is synthesized in a one-pot, two step sequence
as shown in Eq. 2.
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As anticipated, substantial differences in fluorescence
are observed between the free coumarin and its acylated
counterpart (Fig. SI1). Thus, if oxidation with tyrosi-
nase promoted release of free coumarin, this transfor-
mation should be accompanied by a large increase in
fluorescence (Eq. 3).21 Indeed, monitoring a reaction
mixture containing fluorogenic substrate PAP-AMC
and mushroom tyrosinase revealed a steady increase in
fluorescence as a function of time. Critically, in the pres-
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Scheme 1. Strategy for fluorogenic reporter of tyrosinase activity.
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Figure 1. Fluorescence monitoring of the mushroom tyrosinase-catalyzed ox


absence of 0.2 M kojic acid. (b) Reactions in the presence of varying concen


initial rate versus [tyrosinase]. (c) Initial rates as a function of [PAP-AMC].


kemission = 460 nm.

ence of 0.2 mM kojic acid, a known tyrosinase inhibitor,
the fluorescence increase was markedly attenuated
(Fig. 1a).


Two studies of the kinetics of the reaction support the
contention that the time-dependent fluorescence in-
crease results from a tyrosinase-catalyzed oxidation of
the fluorogenic substrate. First, the rate of fluorescence
increase is linearly related to enzyme concentration
(Fig. 1b). The reproducibility of the assay is also illus-
trated in Figure 1b. Second, the reaction shows satura-
tion kinetics with respect to substrate PAP-AMC
(Fig. 1c). Finally, free 7-amino-4-methyl-coumarin was
observed by HPLC/MS analysis of the crude reaction
mixtures. Taken together, the evidence shows that tyros-
inase-catalyzed oxidation of PAP-AMC results in an in-
crease in fluorescence signal, and that this signal is
diminished in the presence of enzyme inhibitors.
Accordingly, the assay conditions were optimized for a
format involving robotic liquid handling and data
acquisition in a 384-well plate format.


Using the fluorescence assay described above, an in-
house library of compounds was screened at approxi-
mately 5 lM. By defining a potential hit as a well read-
ing at least three standard deviations below the global
mean, the assay yielded a hit rate of approximately
0.6% (1181 initial hits from 200,000 compounds). Initial
hits were reevaluated at approximately 15, 5.0, and
1.7 lM. Thus we identified 421 small molecules showing
a reproducible inhibition of mushroom tyrosinase. As a
testament to the efficiency of the fluorescence assay, the
entire library was screened in less than one month using
less than 10 mg of substrate PAP-AMC.


In the next stage of analysis, the 421 candidates were
evaluated for toxicity and their ability to decrease pig-
mentation in a human melanocyte cell line. Accordingly,
96-well plates were inoculated with 10,000 MNT-1
cells22 and treated with compound (15 lM, in duplicate),
DMSO (negative control), or phenylthiourea (250 lM,
positive control). After incubation for 4 days at 37 �C,
the wells were treated with CellTiter-Glo reagent and
the absorbance of the mixture at 410 nm was deter-
mined. Absorbance at this wavelength was found to be
proportional to melanin concentration. In addition,
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the luminescence of each well was measured to deter-
mine cytotoxicity.


Representative results from the in vitro and cell-based
assays are shown in Table 1. A number of features of
the data warrant comment. First, several classes of
known tyrosinase inhibitors were identified. These com-
pounds feature thiourea moieties (entries 1–4)23 or could
decompose under the assay conditions to yield thioureas

Table 1. Selected hits from high-throughput screening and cell-based assays
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or absorbance in the absence of compound. Fl+ and Abs+ are fluorescence


standard deviations.
b Compounds identified in HTS assay with similar structures.

(entry 5). Although no currently available treatment for
hyperpigmentation includes these types of inhibitors be-
cause of toxicity concerns,24 their identification validates
the fluorescence assay. Second, the structures shown in
Table 1 were not isolated hits; rather, multiple members
of each class were identified.


Several classes of small molecules were potent inhibitors
in the high-throughput screen, but upon closer inspec-

tsb % Inhibitiona
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54 41 44 (3)
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40 25 19 (20)


51 47 48 (3)


66 47 �15 (10)


46 36 Toxic


s+)/(Abs�) · 100] (MNT-1 cells), where Fl� and Abs� are fluorescence


or absorbance in the presence of compound. Values in parentheses are
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tion appeared less promising. For instance, a variety of
quinones were identified, but these are likely non-specific
anti-oxidants (entry 6). Other classes of initial hits did
not inhibit pigmentation in cell culture, either due to
low activity (entry 7) or toxicity (entry 8). The differential
activity observed in the cell culture and the in vitro assays
could arise from differences between mushroom and hu-
man tyrosinase, cell penetration, or metabolism.


Two inhibitors emerged from our screening experiments
that warranted further study. A bis-resorcinol-substi-
tuted thiazole (7) was found to inhibit mushroom tyros-
inase with an IC50 of around 2 lM using either the
fluorescence assay (Fig. SI2) or the common Bestman’s
hyrazone assay.16 Among compounds screened, 7 was
the most potent inhibitor of human tyrosinase, with
treatment at 15 lM resulting in an 86–97% reduction
in pigmentation in MNT-1 cells (Table 2). An amino-
pyridyl-thiazole (8) was discovered that showed the
most potent activity against mushroom tyrosinase
(IC50 � 0.1 lM, Fig. SI2) and retained substantial po-
tency in cell culture: a 78–88% reduction in pigmenta-
tion was observed in the presence of 15 lM
compound.25

Table 2. Inhibition of pigmentation in MNT-1 cells with selected
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respectively. Values in parentheses are standard deviations.

The biological properties of selected 2-amino-4-aryl-
thiazoles are summarized in Table 2. Methyl substitu-
tion of the pyridyl ring enhances inhibitory potency in
cell culture, although the position is not critical (entries
2–4). While resorcinol rings occupied the 4-position of
most thiazoles (entries 1–4), this substructure was not
necessary for activity. For example, thiazoles 11 and
12 were identified by high-throughput screening and
lack the resorcinol moiety. Inhibitory potency is lost rel-
ative to compound 8, but certainly not abolished, by
replacing the resorcinol ring with a toluene (11) or imi-
dazopyridine ring (12). Further, thiazole 13 possesses
the 4-(resorcinyl)-thiazole core, but is inactive in cell cul-
ture. Finally, resorcinol itself was found to inhibit mush-
room tyrosinase, but with substantially decreased
potency relative to 7 and 8 (IC50 ca. 20 lM).


As concerns regarding toxicity and efficacy compromise
the future utility of current treatments for hyperpigmen-
tation, we initiated a program to identify novel inhibi-
tors of tyrosinase. We succeeded in identifying a
fluorogenic tyrosine analogue that allowed us to develop
an assay for tyrosinase activity. High-throughput
screening revealed approximately 400 compounds that
inhibited mushroom tyrosinase. Further tests using a
human melanoma cell line revealed a collection of about
50 small molecules that minimized pigmentation in cell
culture without displaying toxicity. Two of these com-
pounds—both diaryl thiazoles—may represent valuable
lead structures for the development of safer treatments
for hyperpigmentation.
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Abstract—A novel fluorescent phosphoramidite derivative of dimethylsilylated pyrene was prepared and incorporated into oli-
goDNA. The fluorescent oligoDNA exhibited marked fluorescent signal upon binding to the fully matched complementary
DNA strand, however, the signal was strongly quenched in the single-stranded form as well as in the duplex having mismatched
base pair at the terminus of the duplex-forming region.
� 2007 Elsevier Ltd. All rights reserved.

Detecting a specific gene through the binding of a fluo-
rescent oligonucleotide probe to a complementary gene
fragment (target DNA) is becoming an increasingly
popular technique for medical diagnostics and genetic
studies.1 To be a practically feasible gene-detecting tool,
it is highly desirable that the probe exhibits fluorescent
signal only when it binds to the target gene fragment.
This would greatly simplify the detection process
because of the abridgment of tedious separation and
washing steps after the binding of the probe to the sam-
ple to be examined. In addition, the probe should be
capable of recognizing uncomplementary dissimilarities
of the target, including single-nucleotide alternations,
to avoid false results. Until date, there are few reports
on simple fluorescent oligonucleotide probes, with the
exception of molecular beacons2 and Quenched Auto-
ligation probes (QUAL probes)3 exhibiting a strong
fluorescent signal upon binding to their fully matched
DNA, although they remain fluorometrically silent even
if they bind to DNA fragments possessing single nucleo-
tide alternations such as SNPs.4 Meanwhile, recent re-
ports indicate that silylation of fluorescent aromatic
compounds such as anthracene and pyrene significantly
enhances their fluorescence intensity which can be
attributed to the Si-associated r�p interaction.5 During
our study, while developing a highly fluorescent oli-
goDNA probe bearing a silylated aromatic compound,
we found that an oligoDNA simply connected with no-
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vel dimethylsilylated pyrene moiety at its 5 0-terminus
through a phosphodiester linkage that exhibits marked
fluorescent signal only under the presence of fully
matched oligoDNA. The fluorescence intensity of the
oligoDNA probe is also strongly influenced by the sin-
gle-nucleotide alternations of the complement. As a re-
sult, the fluorescent signal in the duplex possessing a
mismatched base pair close to the pyrene moiety was al-
most similar to that of the single-stranded probe.


Here, we would like to report on the synthesis and
sequence-recognizing ability of the fluorescent oli-
goDNA probe in terms of fluorescence intensity, in
addition to the duplex-forming ability of the probe.


Synthesis of the phosphoramidite derivative of dimeth-
ylsilylated pyrene (5) is summarized in Scheme 1. 1-Bro-
mopyrene (1) was treated with n-BuLi in dry THF at
�78 �C for 30 min under argon atmosphere followed
by the addition of chlorodimethylsilyl chloride. The
mixture was stirred under cooling (�78 �C) for 30 min
and then allowed to reach room temperature to give
chloromethyldimethylsilylated pyrene (2). The obtained
compound (2) was reacted with sodium acetate in aque-
ous DMF at 100 �C for 24 h to give an acetoxy deriva-
tive (3), which was then treated with NaOH in
aqueous methanol to produce compound 4 bearing a hy-
droxyl group. The quantum yields of 2 and 4 increased
to 0.67 and 0.64 from 0.32 of unmodified pyrene,5,6,
respectively. The phosphitylation of 4 was achieved un-
der normal conditions to give the fluorescent phospho-
ramidite derivative (5).7 Although the incorporation of
compound 5 to the 5 0-terminus of an oligoDNA mole-
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cule was accomplished using an automated DNA syn-
thesizer with a standard protocol, the reaction required
higher concentration (0.3 M) of the amidite derivative
and longer coupling period (360 min) compared with
usual nucleoside phosphoramidite derivatives to achieve
satisfactory result. After the assembly, the support-
bound fluorescent oligoDNA was subjected to the con-
centrated ammonium hydroxide treatment (60 �C,
12 h) followed by reversed-phase HPLC purification.
Under the condition, dimethylsilylated pyrene mosiety
remained intact. This was established because of the ab-
sence of substantial by-products during HPLC analysis
(see Supporting Figure 1). The yield of the fluorescent
oligoDNA (PyODN-1,8 27%) complementary to the
part of HIV-1 rev sequence9 (cODN-1) was comparable
to the corresponding unmodified oligoDNA (ODN-1, 28
%) after the purification procedure (Fig. 1). It should be
noted that rev is responsible for nuclear export of unsp-
liced HIV-1 mRNA.10
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Figure 1. The sequence and structure of oligoDNA used in this study. T


corresponding single-nucleotide alternations to the fully matched target DN

First, we performed UV-melting studies to identify the
duplex-forming ability as well as the sequence-discrimi-
nating ability of PyODN-1, in terms of thermal stability
of the duplex. The results are summarized in Table 1.
The Tm value of Duplex-2, consisting of PyODN-1
and cODN-1, was slightly higher (2 �C) compared with
Duplex-1, which contained unmodified ODN-1 instead
of PyODN-1. This indicates that the fluorescent DNA
has a slightly improved duplex-forming ability (affinity)
to the fully matched target compared with the natural
DNA. Meanwhile, the Tm values of the other duplexes
consisting of PyODN-1 and the oligomers containing
single nucleotide alternation at various positions in the
duplex-forming region decreased depending on the posi-
tion of the alternation (mismatch). For example, theTm


values of the duplexes containing cODN-2or cODN-3
bearing a mismatched nucleotide near the middle of
the duplex-forming region decreased by about 9 �C com-
pared with that of Duplex-2. On the other hand, the Tm


value of Duplex-5, containing cODN-4, in which the
mismatched nucleotide existed at the 3 0-end of the du-
plex-forming region, decreased only about 2 �C. These
results, in terms of the thermal stability of the duplexes,
indicate that PyODN-1 can recognize an imperfect com-
plement only if the mismatched nucleotide lies near the
middle of the duplex-forming region of the complement.
It is well known that the base-pairing energies between
fully matched and single-mismatched sequences, partic-
ularly in which a mismatch nucleotide is positioned
near the end of the duplex-forming region, are usually
very small. Therefore, the above results are quite
understandable.


Next, we measured the fluorescent spectra of PyODN-1
in the absence and presence of the fully matched oli-
goDNA (cODN-1) to find out whether the fluorescent
signal responds to the existence of the target DNA mol-
ecule. As it is shown in Figure 2, PyODN-1 gave very
faint fluorescent signals (/ = 0.006) while it existed as
single-stranded form. However, this result was contrary
to that seen in the previous observations, which used an
analogous oligonucleotide probe bearing a simple pyr-
ene moiety at 5 0-phosphate11 or 5 0-hydroxyl group.12


The fluorescent signal of PyODN-1 in Duplex-2, how-
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Table 1. Thermal denaturation temperatures (Tm values) for duplexesa


Duplex Tm (�C) DTm-1 (�C)b DTm-2 (�C)c


1(ODN-1 + cODN-1) 58.4


2(PyODN-1 + cODN-1) 60.6 +2.2


3(PyODN-1 + cODN-2) 51.7 –6.7 –8.9


4(PyODN-1 + cODN-3) 51.3 –7.1 –9.3


5(PyODN-1 + cODN-4) 58.8 +0.4 –1.8


a Tm values were obtained as the maximum of the first derivative of the


melting curves (A260 vs. temperature) in a 10 mM sodium phosphate


buffer (pH 7.2) containing 100 mM of NaCl, 1.25 lM of DNA


strands indicated and were average of at least two independent


measurements.
b DTm-1 value relative to Duplex-1.
c DTm-2 value relative to Duplex-2.


F
lu


or
es


ce
nc


e 
In


te
ns


ity
 (


ar
b.


 u
ni


ts
)


Duplex 2 (90 oC)


PyODN-1


Wavelength / nm


Duplex 2 (r.t.)


450350 400 500


10


20


30


0


Figure 2. Fluorescent spectra of PyODN-1 alone (black) and Duplex-2


(PyODN-1 + cODN-1) at 20 �C (red) or under heating (blue). Spectra


were recorded in the thermal denaturation buffer using an excitation


wavelength of 335 nm with 0.3 lM of each oligomer.
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Spectra were recorded at 20 �C in the same buffer and concentration as


described in Figure 2.
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ever, markedly recovered (/ = 0.046) at 20 �C after
undergoing the usual annealing procedure with the fully
matched target (cODN-1). This result was also contrary
to that of previous observations.11,12 Thus the probe
seemed to emit fluorescent signals only under the forma-
tion of duplex.


To confirm that the observed distinct fluorescent signal
had resulted from the formation of duplex between
PyODN-1 and the target, the solution of Duplex-2 was
heated well above the Tm. As shown in Figure 2, the
fluorescent signal of PyODN-1 at the high temperature
(90 �C) was of nearly the same magnitude as that of
the single-stranded form. In another set of experiments,
we also observed that PyODN-1 gave a strong fluores-
cent signal when simply mixing with cODN-1 at room
temperature over a short period, and the signal became
as strong as the annealed duplex within 10 min (see Sup-
porting Figure 2). These results clearly indicate that the
fluorescent signal is enhanced by the formation of the
duplex. Moreover, it indicates that the probe can be uti-
lized for the rapid detection of the target sequence in
solution without the need of a tedious annealing proce-
dure. It should be noted that we did not observe a
noticeable redshift for the UV-absorption maxima of
the pyrene moiety after the annealing. This finding and
the relatively small Tm increment (DTm-1 in Table 1) of

PyODN-1 in Duplex-2 compared with the unmodified
ODN-1 in Duplex-1 indicate that the silylated pyrene
moiety attached to PyODN-1 does not intercalate into
the base pairs of the duplex,13 which usually brings
about a much larger increment of Tm value and severe
quenching of pyrene-based fluorescence.14,15


The effect of single-nucleotide alternations (mismatches)
in the target oligoDNA to the fluorescent signal was also
examined using cODN-2 to 4 and the results are shown
in Figure 3. The fluorescent signal of the Duplexes-3 to 5
decreased depending on the position of the mismatched
nucleotide. For example, Duplex-3 containing cODN-2
in which a mismatched nucleotide existed near the mid-
dle of the duplex-forming region gave the most distinct
fluorescent signal among all duplexes containing a mis-
matched base pair. The signal was, however, smaller
than that of the fully matched duplex (ca. 87%). Mean-
while, the fluorescent signal decreased as the mis-
matched position of the targets shifted toward the end
of the duplex-forming region. As a result, the signal of
Duplex-5 was only 14% that of Duplex-2 and was com-
parable to that of the single-stranded PyODN-1. Thus,
contrary to the results of the UV-melting study,
PyODN-1 can distinguish imperfect complements, par-
ticularly when the mismatched nucleotide of the comple-
ment exists at the 3 0-end of the duplex-forming region.
This finding would greatly facilitate the detection of
the target DNA since the separation and washing pro-
cesses to exclude imperfect duplexes can be avoided.


In conclusion, the easily prepared oligoDNA probe
bearing a novel dimethylsilylated pyrene moiety at its
5 0-terminus gives distinct fluorescent signal only when
it forms duplex with the fully complementary oligoDNA
in a short time period. The intensity of this signal is,
however, influenced by the existence of a single-nucleo-
tide alternations in the complement. For example, the
signal is severely quenched by the existence of a single-
nucleotide alternation at the 3 0-end of the duplex-form-
ing region. Although the reason to bring about the
recovery of fluorescent signal of PyODN-1 through the
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hybridization to the fully matched complement is not
clear at this moment, the results presented here indicate
that the newly devised fluorescent oligoDNA could be
utilized as a highly practical probe for the distinctive
detection of sequence-specific DNA fragments.
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Abstract—A series of tris-azaaromatic quaternary ammonium salts has been synthesized and evaluated for their ability to inhibit
neuronal nicotinic acetylcholine receptors (nAChRs) mediating nicotine-evoked [3H]dopamine release from superfused rat striatal
slices and for inhibition of [3H]nicotine and [3H]methyllycaconitine binding to whole rat brain membranes. The 3-picolinium com-
pound 1,3,5-tri-{5-[1-(3-picolinium)]-pent-1-ynyl}benzene tribromide (tPy3PiB), 3b, exhibited high potency and selectivity for
nAChR subtypes mediating nicotine-evoked [3H]dopamine release with an IC50 of 0.2 nM and Imax of 67%.
� 2007 Elsevier Ltd. All rights reserved.

Neuronal nicotinic acetylcholine receptors (nAChRs)
are pentameric ligand-gated ion channels composed of
five (a and/or b) subunits, each spanning the membrane
four times and aligning around the central ion chan-
nel.1–3 To date, 10 a (a1–a10) and four b (b1–b4) sub-
units have been identified.4 Combinations of different
subunits establish the various nAChR subtypes, and
have distinct pharmacological profiles.5,6 Activation of
specific subtypes of nAChRs contributes to the reinforc-
ing effects of nicotine by stimulating release of the neu-
rotransmitter dopamine (DA).7–13 Nicotine-evoked DA
release is calcium-dependent and is blocked completely
by the classical nAChR inhibitors, mecamylamine and
DHbE, demonstrating that this effect is a direct action
at nAChRs.10


Subtype-selective nAChR antagonists, which inhibit nic-
otine-evoked DA release, have been proposed as poten-
tial therapeutic agents for nicotine addiction.14–17 To
date, the nAChR subtype(s) mediating nicotine-evoked
DA release and the mechanism of inhibition of the
inhibitors at this receptor subtype have not been eluci-
dated conclusively. Also, in contrast to extensive

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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research on subtype-selective nAChR agonists, less
attention has focused on the development of subtype-
selective nAChR antagonists.16,17 The availability of
subtype-selective nAChR antagonists would augment
the identification of the antagonist pharmacophore(s)
for the nAChR subtype(s) mediating nicotine-evoked
DA release. Moreover, such subtype-selective antago-
nists may have potential as treatments for nicotine
dependence.


Previous studies from our laboratories have identified
N,N 0-dodecane-1,12-diyl-bis-3-picolinium dibromide
(bPiDDB; 1; Fig. 1) as a potent inhibitor (IC50 = 5 nM)
of nAChRs mediating nicotine-evoked [3H]DA release
from superfused rat striatal slices.18,19 In vivo microdi-
alysis studies also demonstrated that pretreatment with
bPiDDB dose-dependently reduced nicotine-evoked
extracellular DA release in rat nucleus accumbens.20


Moreover, behavioral studies in rats showed that
bPiDDB dose-dependently decreased intravenous nico-
tine self-administration, but not sucrose-maintained
responding, suggesting a specific inhibition of nicotine
reward.21 bPiDDB was shown to have no affinity at
a4b2* and a7* nAChR, ligand binding sites.18,22


bPiDDB inhibited nicotine-evoked [3H]DA overflow
by a maximum of 68% in striatum,18 suggesting the
involvement of at least two nAChR subtypes in this
response to nicotine. Similarly, the Conus neurotoxin,
a-conotoxin-MII (a-CTX MII), was found to inhibit
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Figure 1. Structures of bPiDDB (1), NDDPiI (2), and tPy3PiB (3b).
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50% of nicotine-evoked [3H]DA overflow from striatal
preparations,23–29 consistent with the contention that
more than one nAChR subtype mediates nicotine-
evoked DA release.


bPiDDB is a member of the bis-azaaromatic quaternary
ammonium series18,22 and is characterized by the pres-
ence in the molecule of two cationic head groups con-
nected by a N–N lipophilic linker. Based on the
structural characteristics of this series of compounds,
one may speculate that these molecules bind at comple-
mentary anionic binding sites at the nAChR protein. In
initial studies, a series of mono-azaaromatic quaternary
ammonium compounds was synthesized and assessed
for activity in the nicotine-evoked [3H]DA release as-
say.18,30 From these studies, N-n-dodecyl-3-picolinium
iodide (NDDPiI; 2; Fig. 1), a compound containing only
one cationic head group rather than the two cationic
head groups in the bPiDDB molecule, inhibited nico-
tine-evoked [3H]DA release with an IC50 of 30 nM and
an Imax of 62%.18 Taken together, these results suggest
that the second positively charged picolinium head
group increased the affinity, but did not appear to
change the selectivity for specific nAChRs mediating
nicotine-evoked DA release. The focus of the current
study was to assess the effect of introducing a third pic-
olinium head group into the bPiDDB molecule on inhi-
bition of nicotine-evoked DA release. Thus, analogues
with three cationic head groups were synthesized and
evaluated herein. An increase in inhibitory potency in
the progression from mono to bis to tris cationic head
groups in these molecules would indicate at least three
polar interactions between the cationic groupings in
the molecule and the anionic sites on the receptor
protein.


Two series of tris-azaaromatic quaternary ammonium
compounds, that is, 1,3,5-tri-(pent-1-ynyl-5-azaaromatic
quaternary ammonium)-benzene salts (3 series, Scheme
1) and 1,3,5-tri-(n-pentyl-5-azaaromatic quaternary

ammonium)-benzene salts (4 series, Scheme 1), were pre-
pared for evaluation. The tris-quaternary ammonium
compounds were constructed using a scaffold incorpo-
rating a central phenyl ring from which was appended
three identical quaternary ammonium head groups in
a 1,3,5 orientation, and tethered to the phenyl ring via
linker units to afford N-N 0 inter-atomic distances
approximating that in bPiDDB (1). The linker units
were either saturated or unsaturated; the unsaturated
linker incorporating a triple bond conjugated to the cen-
tral phenyl ring. These compounds were prepared from
corresponding azaaromatic free bases, including 2-, 3-,
and 4-picolines, 3,4- and 3,5-lutidines, quinoline, iso-
quinoline, 3-phenyl- and 3-n-butylpyridines, and nico-
tine (Table 1), by reacting each free base with
tribromide 1,3,5-tri-(5-bromopent-1-ynyl)-benzene (7)
or 1,3,5-tri-(5-bromopentyl)-benzene (8). Tribromide 7
was synthesized by initial Sonogashira coupling31 of
1,3,5-tribromobenzene with 4-pentyn-1-ol, to afford the
tri-hydroxyl compound 5, followed by bromination
using PPh3/CBr4.32 Tribromide 8 was prepared by cata-
lytic hydrogenation of the Sonogashira coupling prod-
uct 5, to afford compound 6, followed by PPh3/CBr4


bromination (Scheme 1). The resulting tris-azaaromat-
ic quaternary ammonium compounds were evaluated
for inhibition of nAChRs mediating nicotine-evoked
[3H]DA release from superfused rat striatal slices.
Also, interaction of these compounds with a4b2*


and a7* nAChR subtypes was assessed in (S)-[3H]nic-
otine (NIC) and [3H]methyllycaconitine (MLA) bind-
ing assays using rat brain membranes, respectively.
The effect of each of these novel analogues was deter-
mined at 100 nM using rapid-throughput screening as-
says. Promising compounds were then evaluated
across a full concentration range to determine the
IC50 and Imax values of inhibition of nicotine-evoked
DA release.


[3H]NIC and [3H]MLA binding assays were performed
according to previous methods,33 using 3 nM and
2.5 nM concentrations of radioligand, respectively, and
10 lM cytisine and 10 lM nicotine to assess nonspecific
binding to whole brain membranes. Analogues were
evaluated at a probe concentration of 100 nM. Amount
of inhibition is presented as a percentage of radioligand
binding in the absence of analogue (control, Table 1).
[3H]DA release assays were performed according to a
previously published method.33 Analogue-induced inhi-
bition of nicotine-evoked [3H]DA release was deter-
mined using 10 lM NIC and 100 nM analogue
concentrations. Amount of inhibition is presented as a
percentage of the response to nicotine under control
conditions (in the absence of analogue) and the values
are provided in Table 1. IC50 and Imax values of inhibi-
tion of nicotine-evoked [3H]DA release were determined
using 10 lM NIC and a full concentration range (1 nM
to 10 lM) of analogue, and then calculated using an
iterative nonlinear least squares curve-fitting program,
PRISM version 4.0 (GraphPAD Software, Inc., San
Diego, CA).33


All the analogues in the 3 and 4 series with the exception
of the tris-nicotinium compounds exhibited low or no
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affinity at a4b2* nAChRs probed by [3H]NIC binding.
tris-Nicotinium compounds in both the 3 and 4 series
(3f and 4f, respectively) displayed significant potency
at a4b2*, affording 44% and 88% inhibition, respec-
tively. These results with the nicotinium analogues are
consistent with our previous results with mono-nicotin-
ium and bis-nicotinium analogues.19,30,34 Several ana-
logues, that is, 3g, 3i, 3j, and 4i, displayed some
potency at a7* nAChRs. Notably, all of these four ana-
logues bear bulky, more hydrophobic cationic head
groups. The absence or presence of unsaturation in the
linker units also appears to contribute to the inhibitory
potency at the [3H]MLA binding site, that is, analogues
3g, 3i, and 3j in the 3 series were more potent when com-
pared to their more flexible counterparts, 4g, 4i, 4j, in
the 4 series, indicating that rigidity is important for
binding of these compounds at a7* nAChRs.


In general, a large number of compounds in the tris-ser-
ies of quaternary ammonium compounds exhibited
inhibitory potency in the nicotine-evoked [3H]DA re-
lease assay, that is, 47% of the compounds exhibited
inhibition of >40%. Furthermore, the absence or pres-
ence of unsaturation in the linker units had less impact
on inhibition of nicotine-evoked [3H]DA release. From
the data in Table 1, it is apparent that introducing iden-
tical head group changes in general structures 3 and 4
does not result in a parallelism in the inhibition of nico-

tine-evoked DA release. Thus, no clear structure-activity
relationship (SAR) is obvious within these series of com-
pounds. Theoretically, parallel structural changes within
two series of analogues can result in parallel shifts in po-
tency if the two series of compounds are binding in a
similar manner to the same binding site. However, based
on the available data, it is premature to conclude that
molecules in the 3 and 4 series are binding to different
sites on the receptor protein.


Evaluation of the full concentration response relation-
ship for inhibition of nicotine-evoked [3H]DA release
for several selected lead compounds, that is, 3a, 3b,
and 4b,35 revealed IC50 value of 4.0 nM, 0.2 nM, and
2.0 nM, respectively (Table 1). Notably, the tris-com-
pound 3b (1,3,5-tri-{5-[1-(3-picolinium)]-pent-1-ynyl}
benzene tribromide (tPy3PiB)), which has the same
3-picolinium head groups as in bPiDDB molecule, is
25-fold more potent than bPiDDB in inhibiting nico-
tine-evoked DA release. Imax values for 3a, 3b, and 4b
were in the range 50–67%, which is similar to the Imax


values for NDDPiI and bPiDDB, indicating that the
mono-, bis-, and tris-series of quaternary ammonium
compounds that contain 3-picolinium head groups likely
exhibit similar selectivity for inhibition of nicotine-
evoked DA release. To our knowledge, tPy3PiB is the
most potent non-peptide small molecule inhibitor of nic-
otine-evoked DA release.







Table 1. Inhibition of [3H]NIC binding (probing a4b2* nAChRs) and [3H]MLA binding (probing a7* nAChRs) to rat brain membranes, and


nicotine-evoked [3H]DA release from superfused rat striatal slices


Compounds [3H]NIC binding


(% inhibition at 100 nM)a


[3H]MLA binding


(% inhibition at 100 nM)a


Inhibition of nicotine-evoked


[3H]DA release


(% inhibition at 100 nM)a


N


R


3 Series 3a


N
4.5 ± 2.0% 0 ± 0% 51 ± 15%


IC50 = 4 nMb


3b


N
10 ± 1.9% 0 ± 0% 40 ± 12%


IC50 = 0.2 nMb


3c


N


21 ± 4.5% 0 ± 0% 32 ± 8%


3d


N


4.0 ± 1.4% 1.8 ± 1.8% 18 ± 18%


3e


N
8.9 ± 2.9% 0 ± 0% 27 ± 12%


3f


N


N
CH3


44 ± 3.1% 4.2 ± 2.2% 59 ± 17%


3g


N
7.0 ± 3.8% 21 ± 6.0% 29 ± 18%


3h


N


9.2 ± 5.0% 4.5 ± 2.6% 44 ± 11%


3i


N


Ph
15 ± 0.9% 39 ± 2.2% 29 ± 12%


3j


N
6.80 ± 2.0% 30 ± 2.0% 28 ± 15%


4 Series 4a


N
8.6 ± 7.2% 0 ± 0% 27 ± 10%


4b


N
14 ± 6.1% 1.2 ± 1.2% 58 ± 20%


IC50 = 2 nMb


4c


N


6.0 ± 3.4% 0 ± 0% 37 ± 17%
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Table 1 (continued)


Compounds [3H]nicotine binding


(% inhibition at 100 nM)a


[3H]MLA binding


(% inhibition at 100 nM)a


Inhibition of nicotine-evoked


[3H]DA release


(% inhibition at 100 nM)a


N


R


4d


N


9.3 ± 4.1% 0.2 ± 0.2% 50 ± 21%


4e


N
11 ± 2.9% 6.5 ± 3.6% 39 ± 18%


4f


N


N
CH3


81 ± 2.3% 7.9 ± 7.1% 26 ± 17%


4g


N
5.7 ± 5.7% 6.8 ± 0.9% 8.0 ± 6.4%


4h


N


8.4 ± 7.6% 2.5 ± 1.5% 28 ± 11%


4i


N


Ph
14 ± 5.8% 19 ± 1.7% 6.0 ± 5.0%


4j


N
6.2 ± 4.0% 4.4 ± 3.3% 68 ± 14%


a Each value represents data from at least three independent experiments, each performed in duplicate.
b IC50 of full concentration response assay, data from at least five independent experiments, each performed in duplicate.
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The IC50 values obtained for the mono-, bis-, and tris-
picolinium analogues, NDDPiI, bPiDDB, and tPy3PiB
were 30 nM, 2.0 nM, and 0.2 nM, respectively, with Imax


values of 62%, 68%, and 67%, respectively. These results
clearly indicate that introduction of additional 3-picolin-
ium head groups into the NDDPiI structure greatly aug-
ments inhibitory potency and may be attributed to an
increase in the number of ionic interactions with puta-
tive negatively charged binding sites on nAChR proteins
mediating nicotine-evoked DA release. However, one
must also consider the potential contributions of the
central planar aromatic moiety and triple bond in the
linker units with respect to the improved potency of
tPy3PiB compared with bPiDDB and NDDPiI. Com-
pound 3b has also been evaluated in the functional assay
by carrying out surmountability experiments to deter-
mine orthosteric or allosteric inhibition of S-(�)-nico-
tine, and preliminary results (Smith et al., unpublished
results) indicate that the inhibitory effect of compound
3b can be overcome by increasing concentrations of S-
(�)-nicotine, consistent with an orthosteric mechanism
of inhibition.

In summary, the novel tris-quaternary ammonium com-
pounds described in the current study represent new
leads in our search for subtype-selective nAChR antag-
onists as treatments for nicotine addiction.
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Abstract—Phenanthrene imidazole 3 (MF63) has been identified as a novel potent, selective, and orally active mPGES-1 inhibitor.
This new series was developed by lead optimization of a hit from an internal HTS campaign. Compound 3 is significantly more
potent than the previously reported indole carboxylic acid 1 with an A549 whole cell IC50 of 0.42 lM (50% FBS) and a human whole
blood IC50 of 1.3 lM. It exhibited a significant analgesic effect in a guinea pig hyperalgesia model when orally dosed at 30 and
100 mg/kg.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. The prostaglandin pathway.

Prostaglandin E2 (PGE2) is widely recognized as a key
mediator in fever, pain, and inflammatory response.1


The biosynthesis of PGE2 involves the release of arachi-
donic acid (AA) from membrane glycerophospholipids
followed by several enzymatic transformations (Fig. 1).
First, AA is converted to PGH2 by the cyclooxygenases
(COX-1/COX-2) and then, this intermediate prostanoid
is further metabolized by downstream specific synthases
to PGE2, PGI2, PGD2, PGF2a, and thromboxane A2


(TXA2). Non-steroidal anti-inflammatory drugs (NSA-
IDs) and selective COX-2 inhibitors (coxibs) intervene
in this prostaglandin pathway at the level of PGH syn-
thase. These drugs exert their anti-inflammatory and
analgesic properties mainly through PGE2 and PGI2


suppression.2 As a potential way to improve the current
therapeutic window of NSAIDs and coxibs, we investi-
gated a new mechanism for selective PGE2 modulation
through downstream PGE synthase inhibition. To this
end, the inducible microsomal PGE synthase-1
(mPGES-1) represents a potential novel target for drug
development in the treatment of inflammatory diseases.3


Supporting this hypothesis are the observations that
mice deficient in mPGES-1 are protected from fever4
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and chronic inflammation,5 and are not predisposed to
thrombogenesis or hypertension.6 Herein we report the
identification of the first orally active mPGES-1 inhibi-
tor in a model of hyperalgesia.7


We recently reported that the indole carboxylic acid 1 is a
potent and selective mPGES-1 inhibitor (Fig. 2).8 Despite
its high intrinsic inhibitory potency (IC50 = 0.003 lM) on
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the recombinant human mPGES-1 enzyme,9 a 2000-fold
shift was observed with 1 for PGE2 inhibition in the IL-
1b stimulated A549 whole cell assay10 in the presence of
50% fetal bovine serum (FBS, see Table 1).


This poor whole cell potency precluded the use of this
compound for in vivo proof-of-concept studies in mod-
els of inflammation. Moreover, efforts to improve the
cellular activity of analogs of indole carboxylic acid 1
were unsuccessful and a search for a new chemical class
of inhibitors was undertaken. An HTS campaign was
conducted11 using the enzyme assay and among several

Table 1. mPGES-1 inhibition IC50 for azaphenanthrenones 2


N
H


N
R


F


HN


O


2
Compound R IC50


c (lM)


mPGES-1a


inhibition


A549, 50%


FBSb PGE2


1 0.003 5.8


2a 2Cl, 6F-phenyl 0.14 1.6


2b H >10 —


2c n-Propyl >10 —


2d tert-Butyl >10 —


2e c-Pentyl >10 —


2f Phenyl >10 —


2g 2Cl-phenyl 0.53 0.56


2h 3Cl-phenyl 2.5 5.3


2i 4Cl-phenyl 0.41 0.82


2j 4MeO-phenyl >10 —


2k 2Br-phenyl 0.33 0.65


2l 2CF3-phenyl 0.56 5.1


2m 2,6-Di-Cl-phenyl 0.10 9.8


a For assay conditions, see Ref. 9.
b For assay conditions, see Ref. 10.
c Values are means of at least two experiments.

hits, the JAK kinase12 inhibitor azaphenanthrenone 2a
was identified as a potent lead structure (mPGES-1
IC50 = 0.14 lM). Further testing of analogs of 2a from
our sample collection revealed a strong preference for
an ortho-substituted phenyl ring at the R position (Table
1).13 It was also found that the active analogs tend to be
substantially less shifted in the A549 whole cell assay
(50% FBS) when compared to indole carboxylic acid 1.


SAR studies and lead optimization were conducted with
the initial objective of dialing out the JAK kinase activ-
ity of 2 while maintaining the mPGES-1 potency of this
new class of inhibitors. Internal data from the JAK ki-
nase program revealed that the pyridone moiety was
essential for good potency. The azaphenanthrenone
template was therefore replaced by the phenanthrene
ring system through the simple assemblage of phenan-
threnequinone and 2-chloro-6-fluoro benzaldehyde to
produce phenanthrene imidazole 4 (Scheme 1).14 As pre-
sented in Table 2, compound 4 is intrinsically four times
more potent than the lead compound 2a, maintains
good cellular activity, and is still less shifted than the
acid 1 in presence of proteins. When PGF2a inhibition
was measured in the A549 whole cell assay (2% and
50% FBS), the phenanthrene imidazole 4 was found to
be at least 10-fold selective for the inhibition of PGE2.


Using the phenanthrene imidazole template as a refer-
ence (Table 3, compounds 4 and 5), we then investigated
the minimal structural requirements for mPGES-1 activ-
ity. In general, alteration of the phenanthrene motif for
compounds 6, 7, 9,15 10, and 11 resulted in a significant
decrease in inhibitory activity. Substitution of the imid-
azole (12) or replacement by other heterocycles (13–15)
was also detrimental for mPGES-1 inhibition.


Having recognized the importance of the ortho-substitu-
ent of the biaryl system, we next oriented our SAR
investigation toward the optimization of this critical
portion of the molecule (Table 4). The phenyl ring was

N
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F


O


O
OHC


Cl


F


+
a


4


Scheme 1. Reagents and condition: (a) NH4OAc, AcOH, 100 �C.


Table 2. Comparative profile of in vitro activity and selectivity for


inhibitors 1, 2a, and 4


Compound mPGES-1


IC50 (lM)


A549 whole cell, IC50
a(lM)


2% FBS 50% FBS


PGE2 PGF2a PGE2 PGF2a


1 0.003 0.27 2.4 5.8 >50


2a 0.14 0.21 1.1 1.6 19


4 0.036 0.35 5.2 2.6 >30


a Values are means of at least two experiments.







Table 3. Structural modifications of the phenanthrene imidazole motif


Compound Structure mPGES-1


inhibition


IC50
a (lM)


4


N
H


N
Cl


F


0.036


5


N
H


N
Cl


0.087


6


N
H


N
Cl


6.6


7


N
H


N
Cl


F


2.0


8
N
H


N
Cl


F
Cl


0.073


9


N
H


N
Cl


Cl


>10


10


N
H


N
Cl


F


8.0


11


N
H


N
Cl


F


1.3


12


N


N
Cl


FCH3


>10


13


O


N
Cl


F


0.70


Table 3 (continued)


Compound Structure mPGES-1


inhibition


IC50
a (lM)


14


S


N
Cl


>10


15


N


Cl


H


0.71


a Values are means of at least two experiments.


Table 4. SAR at the ortho-position of the biaryl system


N
H


N
R1


R2


16
Compound R1 R2 IC50 (lM)


mPGES-1 A549 whole cell


assaya 50% FBS


PGE2 PGF2a


5 Cl H 0.087 1.0 6.4


16a Br H 0.051 1.6 17.1


16b CN H 0.075 3.0 26.7


4 Cl F 0.036 2.2 >30


16c Cl Cl 0.047 1.1 >50


16d CN Cl 0.012 0.76 >30


16e CN CN 0.009 0.33 >30


16f Br Br 0.045 2.7 >30


16g Br F 0.019 1.6 >30


16h CN Br 0.017 0.57 >30


16i CN F 0.021 1.1 >30


a Values are means of at least two experiments.
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mono- and bis-substituted with several groups such as
F, Cl, Br, and CN. We first observed that, although po-
tent, mono-substituted analogs 5, 16a, and 16b were
generally less selective in the cellular assay. Among sev-
eral bis-substituted analogs, the optimal pattern was ob-
tained with R1 = R2 = CN (16e) where the intrinsic and
the cellular activity as well as the selectivity (PGE2/
PGF2a) were significantly improved.


After optimizing the ortho-substituents of the biaryl sys-
tem, we next studied the effect of substitution on the
phenanthrene core of the molecule. In vitro potency
could be favorably modulated by the simple incorpora-
tion of a chloro substituent at the 6 0 position as exempli-
fied with the inhibitor 3 (Fig. 2). Profile comparison is







Table 5. Comparative data on potency and selectivity of mPGES-1


inhibitors 1 and 3


Enzyme or cell assay IC50
a (lM)


1 3


Human mPGES-1 0.003 0.001


Rat mPGES-1 0.13 >30


Guinea pig mPGES-1 N/A 0.0009


Human mPGES-2 >1 >30


TX synthase 0.95 3.0


A549 cells, PGE2, 50% FBS 5.8 0.42


A549 cells, PGF2a, 50% FBS >50 >50


Human whole blood, PGE2 >40 1.3


Human whole blood, TXB2 >40 >40


Human JAK2 N/A 0.1


Human JAK3 N/A >10


a Values are means of at least two experiments.
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Scheme 2. Reagents and conditions: (a) H2NOHHCl, EtOH, reflux,


59%, pyridine; (b) PPA, 100 �C, concd HCl, MeOH, reflux, 92%; (c)


CuCl2, t-BuONO, MeCN, 65 �C, 52%; (d) CrO3, AcOH, 100 �C, 88%;


(e) 2,6-dibromobenzaldehyde, NH4OAc, AcOH, 100 �C, 85%; (f)


CuCN, DMF, 80 �C, 80%.
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presented in Table 5 for the indole carboxylic acid 1 and
the phenanthrene imidazole 3. Both compounds have
similar intrinsic mPGES-1 activity with IC50s of 0.003
and 0.001 lM, respectively. They are selective against
mPGES-216 and thromboxane synthase. Compound 3
is 14-fold more potent than the initially reported inhib-
itor 1 with an IC50 of 0.42 lM in the A549 whole cell as-
say (50% FBS). Most importantly, the phenanthrene
imidazole 3 is the first reported mPGES-1 inhibitor to
demonstrate potency in a human whole blood (HWB)
assay. When freshly collected blood was stimulated with
LPS, compound 3 selectively inhibited the production of
PGE2 with an IC50 of 1.3 lM with no concomitant
TXB2 inhibition. It is worth mentioning that this
HWB IC50 is comparable to the ones of marketed cox-
ibs.17 With this markedly improved potency and a suit-
able pharmacokinetic profile,18 compound 3 may serve
as a good tool for in vivo proof-of-concept studies.19


Gram quantities of this new potent mPGES-1 inhibitor
were prepared according to Scheme 2.


The synthesis of 3 starts with commercially available 3-
acetylphenanthrene 17. This methyl ketone was refluxed
in ethanol in the presence of hydroxylamine hydrochlo-
ride to afford the corresponding oxime 18 in 59% yield.
Phenanthreneamine 19 is obtained by a Beckmann rear-
rangement with polyphosphoric acid at 100 �C followed
by amide hydrolysis under acidic conditions in an over-
all yield of 92%. Conversion of the amine to the aryl
chloride 20 was performed with tert-butyl nitrite in the
presence of copper (II) chloride in 52% yield.20 Phenan-
threne 20 was then treated with chromium (VI) oxide in
acetic acid at 100 �C to afford the corresponding qui-
none 21 in 88% yield. The core of the molecule was
assembled using the same transformation described
above and phenanthrene imidazole 22 was obtained in
85% yield. Finally, the cyano groups were incorporated
by reacting the dibromo precursor 22 with CuCN in
DMF at 80 �C to afford the phenanthrene imidazole bis-
nitrile 3 in 80% yield.


As disclosed in Table 5, the mPGES-1 inhibitor 3 is not
active against the rat enzyme which precluded the use of
well-established rat inflammatory pain models. This ma-
jor discrepancy between the human and the rodent en-

zyme activity was also observed for mice. To
demonstrate in vivo efficacy, a LPS-induced hyperalge-
sia model in guinea pig was therefore developed7 know-
ing the ability of compound 3 to inhibit this enzyme
(guinea pig IC50 = 0.9 nM). When orally dosed at 30
and 100 mg/kg, inhibitor 3 prevented the hyperalgesic
response in guinea pig in a dose-dependent manner with
a complete blockade of hyperalgesia at 100 mg/kg.21


This constitutes the first reported example of in vivo effi-
cacy for a selective mPGES-1 inhibitor in a pre-clinical
model. A full description of this in vivo pharmacological
profile will be published elsewhere.7


In summary, phenanthrene imidazole 3 (MF63) has been
identified as a new potent, selective, and orally active
mPGES-1 inhibitor. This new series was developed by
lead optimization of an internal HTS hit. Compound 3
shows in vitro superiority over the previously reported in-
dole carboxylic acid 1, both in the A549 whole cell assay
(50% FBS, IC50 = 0.42 lM) and in the human whole
blood assay (IC50 = 1.3 lM). Finally, in a guinea pig
hyperalgesia model, inhibitor 3 demonstrated a signifi-
cant analgesic effect.
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Abstract—A 1000-member uridinyl branched peptide library was synthesized on PS-DES support using IRORI technology. High-
throughput screening of this library for anti-tuberculosis activity identified several members with a MIC90 value of 12.5 lg/mL.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. Mureidomycins A, C, and uridinyl branched peptide urea


library 1.

Due to the emergence and spread of multidrug-resistant
microbes such as multidrug-resistant Mycobacterium
tuberculosis, methicillin-resistant Staphylococcus aureus,
and penicillin-resistant Streptococcus pneumoniae, there
is an urgent need to develop new antibiotics to treat
these problematic pathogens.1 Mureidomycins (Fig. 1)
were first isolated from the culture filtrate of Streptomy-
ces flavidovirens in 1989,2 and these nucleoside peptidyl
antibiotics have notable activity in vitro against a vari-
ety of drug resistant pathogens with an acceptable selec-
tivity index. Mureidomycin C (R = Gly) is the most
active member within this chemical class with minimum
inhibitory concentration (MIC) values of 0.1–3.13 lg/
mL against various strains of Pseudomonas aeruginosa.3


Mechanistic studies have revealed that Mureidomycins
are inhibitors of the MraY enzyme, a transmembrane
translocase, which performs an essential role in bacterial
peptidoglycan biosynthesis and is currently not targeted
by any approved antibacterial treatments.4 In the litera-
ture, a number of studies have reported the synthesis
and evaluation of Mureidomycin and Pacidamycin ana-
logues that have garnered an understanding of the struc-
ture activity relationship of this class suggesting that
some chemical modifications to these molecules are pos-
sible.5 The major problem of this class of inhibitors is
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their large molecular weight and consequent poor bio-
availability. Mureidomycins thus represent an attractive
natural product scaffold for the development of novel
antibiotic agents, especially if more bioavailable ana-
logues could be developed.


The synthesis of chemical libraries derived around natu-
ral product templates is an attractive approach to dis-
covery of pharmacologically active compounds. In this
study we report the generation and evaluation of a sim-
plified uridinyl branched peptide urea library with struc-
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tural similarity to the Mureidomycin class of antibiotics.
We recently reported the solid-phase synthesis of a thy-
midinyl/2 0-deoxyuridinyl Ugi library6 and a thymidinyl
dipeptide urea library7 for use as discovery libraries
and probes for sugar nucleotide utilizing enzymes. Bio-
logical screening of these libraries identified a few active
compounds against M. tuberculosis (MIC90 = 50 lg/
mL). This study focused on the solid-phase synthesis
and biological evaluation of an advanced, more complex
uridinyl branched peptide urea library 1 (Fig. 1). Com-
pared with the previous libraries, two important struc-
tural features were incorporated into this library. First,
the nucleoside scaffold is uridine derived rather than thy-
midine or 2 0-deoxyuridine. Since uridine templates are
more commonly present in naturally occurring nucleo-
side antibiotics including tunicamycins, liposidomycins,
capuramycins, etc.,8 a uridine scaffold may have a better
chance of being recognized by the target enzyme. Sec-
ond, a branched functionality was introduced to explore
greater structural diversity and to increase the potential
for a broader range of interactions with the target
enzyme.


From a synthetic viewpoint, these modifications posed
new challenges for the synthesis of this library 1. First,
in contrast to the chemical structures of thymidine or
2 0-deoxyuridine, the starting nucleoside contains an
extra 2 0-hydroxy group. This hydroxyl could lead to
over-acylation byproducts and decreased loading capac-
ity of the resin due to bis-addition to the solid support.
Therefore, a parallel experiment was designed and car-
ried out to evaluate if 2 0-OH causes over-acylation and
compare the loading capacity of uridine, 2 0-deoxythymi-
dine, and 2 0-deoxyuridine. The loading capacity, deter-
mined by following an established protocol,7 was
found to be 52% for the uridine, slightly lower than that
obtained for thymidine and 2 0-deoxyuridine. The
decreased loading is attributable to increased steric
hindrance and some bis-loading of the diol. Evidence
for over-acylation of the free hydroxyl group was not
seen under the standard peptide and urea formation
condition used in the library synthesis.


The next major synthetic challenge involved the intro-
duction of the branched functionality. Two potential
strategies could be applied based on availability of start-
ing materials and compatibility with the silyl ether resin
linker. The first approach evaluated used an orthogo-
nally protected diaminoacid derivative, ivDde protected
1,3-diaminopropionic acid (Fmoc-Dpr(ivDde)-OH,9 2
in Fig. 2). The ivDde protecting group is stable to Fmoc
removal conditions of 20% piperidine and can be selec-
tively removed by 2% hydrazine in DMF allowing for
selective cleavage of either protecting group. The second
approach evaluated used a modified Fmoc protected
azido deoxyserine residue (Fmoc-Ser(N3)-OH, 3 in
Fig. 2). In this case the azido group is used to mask
the second amino functionality. Orthogonal azide reduc-
tion or Fmoc removal conditions could then be used to
selectively afford each primary amine. In test reactions
both methods yielded good results after final cleavage
based upon model compound synthesis. Fmoc-
Ser(N3)-OH was ultimately chosen for library synthesis

based on cost. Key starting material 3 (�100 g) was
prepared in a large scale in 3-step sequence from
Fmoc-Ser-OH using the protocol of Schmidt10 with a
minor modification: PPh3/CBr4/NaN3 was used to
replace PPh3/DEAD/HN3 for the azide introduction
step for safety purposes.


A 1000-member library with three sites of diversity
(R110 · R210 · R310) was synthesized using IRORI di-
rected sorting technology11 as outlined in Scheme 1.
The two sets of Fmoc protected amino acids (Fmoc-
AA1 or AA2-OH) and one set of isocyanates or chloro-
formates with diverse functional groups were selected as
building blocks for the synthesis and are listed in Figure
3. Solid-supported PS-DES-Ser(N3)-uridine 5 was pre-
pared in bulk in a 500 mL solid-phase peptide synthe-
sizer using a five-step synthesis of PS-DES resin
activation,12 resin loading, azide reduction, Fmoc-
Ser(N3)-OH coupling, and Fmoc removal using stan-
dard protocols.7 The only minor modification was the
Fmoc removal step, which was performed using 25%
4-methylpiperidine rather than piperidine due to new
restrictions on the use of piperidine.13 The freshly pre-
pared resin 5 was evenly distributed into 1000 MiniKans
containing Rf tags (60 mg, 0.087 mmol/Kan). The first
library step was then performed by Fmoc-AA1-OH cou-
pling using DIC-HOBt activation, in 10 reaction flasks
each containing 100 MiniKans.7 This was followed by
washing, pooling, and Fmoc deprotection on mass prior
to sorting into 10 reaction vessels. Capping with the sec-
ond diversity element using either isocyanates R2 {1–9}
or chloroformate R2 {10} was then performed to pro-
vide the corresponding solid supported urea or carba-
mate derivatives 6. Washing and pooling of MiniKans
was followed by azide reduction to activate the branch-
ing position. The final diversity step of Fmoc-AA2-OH
coupling was then performed. Fmoc deprotection and fi-
nal simultaneous cleavage of the linker and side chain
protecting groups by 10% TFA in DCM gave the tar-
geted library 1 (Fig. 4) as discrete compounds.


Library members bearing the same R3 substituent from
the last step of synthesis were archived in glass vials in
8 · 12 array format. A randomly selected row (12 sam-
ples) of each array was subsequently selected for reverse
phase HPLC and mass spectrometry analysis (total 120
samples, 12% of library size). Purity of products was
confirmed by HPLC with UV254 nm detection and MS.
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Thirty percent of the samples analyzed had >80% HPLC
purity, 43% had HPLC purity ranging from 60% to 80%,
21% had 40–60% purity, and 6% gave an HPLC purity
of <40%. Among the 120 analyzed samples, 97% of
them provided the desired product by mass spectrome-
try. The overall yield was slightly disappointing, 8% by

gravimetric analysis. However, this yield was sufficient
to supply enough compound for all the required antimi-
crobial testing in multiple assays.


This library was screened for anti-tuberculosis activity.14


Ten initial hits were identified from primary screening
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against M. tuberculosis (H37Rv). These 10 library mem-
bers were subsequently resynthesized by applying the
same solid-phase methodology, purified by preparative
RP-HPLC, and retested. Their characterization data
and anti-tuberculosis activity are shown in Table 1.
The structures of these compounds were assigned and
confirmed by mass spectrometry, 1H and 13C NMR,
1H-13C HSQC, and 1H-1H COSY.15 The most active
compounds are 1 {9,1,10}, {8,5,9}, {8,1,10}, and
{10,5,10} with MIC value of 12.5 lg/mL. Hydrophobic
moieties (e.g., tryptophan at R3 position and n-hexyl or
4-methoxyphenyl at R2 position) appear to be required

Table 1. Characterization data and anti-tuberculosis activity of library mem


Compound MS [M+Na]a (m/z) HPLC pu


1 {10,8,7} 813.4 100 (100)


1 {10,8,10} 885.5 100 (100)


1 {10,6,10} 871.5 100 (100)


1 {10,1,10} 851.5 100 (100)


1 {10,9,10} 809.5 100 (100)


1 {9,1,10} 790.5 [M+1] 100 (100)


1 {8,5,9} 856.5 100 (100)


1 {8,1,10} 806.5 [M+1] 100 (100)


1 {4,6,9} 822.5 100 (100)


1 {10,5,10} 873.5 96 (98)


a Mass spectra were recorded on a Bruker Esquire LC–MS using ESI.
b Analytical RP-HPLC was conducted on a Shimadzu HPLC system with a P


min, and a gradient of solvent A (H2O 0.1% TFA) and solvent B (CH3CN):


254 nm; figures in parentheses indicate HPLC purity detected at 218 nm.
c Retention time.

for anti-tuberculosis activity. These 10 compounds were
also assessed for antimicrobial activity against Bacillus
anthracis (Sterne strain), Bacillus subtilis, Escherichia
coli (K-12), Enterococcus faecalis, and methicillin-sus-
ceptible Staphylococcus aureus (MSSA). No inhibitory
activity was found, this suggests that these compounds
have the potential to be developed into narrow spectrum
antibiotics targeting M. tuberculosis.


In conclusion, a more complex uridinyl branched pep-
tide urea library was synthesized using IRORI directed
sorting technologies. High-throughput screening of this

bers after resynthesis, purification, and retesting of primary hits


rityb (%) tR
c (min) MIC90 (lg/mL)


4.67 >200


4.94 50


5.09 50


5.22 25


4.83 100


5.23 12.5


4.79 12.5


5.04 12.5


4.99 100


4.98 12.5


henomenex C18 column (100 Å, 3 lm, 4.6 · 50 mm), flow rate 1.0 mL/


0–2 min 100% A; 2–8 min 0–100% B (linear gradient). UV detection at
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library identified several library members with moderate
anti-tuberculosis activity (MIC: 12.5 lg/mL). These
compounds represented a good starting point for further
expansion and optimization, a more focused small
library is currently being designed and synthesized in
an effort to enhance this activity of this class. Studies
to determine if these compounds inhibit the MraY
pathway in M. tuberculosis remain to be performed.
These studies will be reported in due course.
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1{9,1,10}. 64.4 mg, 17.8% overall purified yield. 1H NMR,
500 MHz (DMSO-d6):d 11.34 (d, 1H, J = 1.7 Hz, N3H),
10.98 (d, J = 2.0 Hz, 1H, NH(Trp)), 8.58 (t, J = 5.7 Hz,
1H, NH), 8.14 (d, J = 8.5 Hz, 1H, NH), 8.05 (t,
J = 5.6 Hz, 1H, NH), 8.02 (d, J = 3.9 Hz, 3H, NH3


þ),
7.70 (d, J = 7.8 Hz, 1H, CH(Trp)), 7.66 (d, J = 8.1 Hz, 1H,
C6H), 7.36 (d, J = 8.1 Hz, 1H, CH(Trp)), 7.26 (m, 2H,
Phe), 7.19 (m, 4H, 3CH(Phe) and CH(Trp)), 7.09 (dd,
J = 7.1 and 8.1 Hz, 1H, CH(Trp)), 7.00 (dd, J = 7.1 and
7.8 Hz, 1H, CH(Trp)), 6.18 (t, J = 5.4 Hz, 1H, NH(Urea)),
6.11 (d, J = 6.8 Hz, 1H, NH(Urea)), 5.74 (d, J = 5.4 Hz,
1H, H-1 0), 5.63 (dd, J = 2.0 and 8.1 Hz, 1H, C5H), 5.42 (br
s, 1H, OH), 5.18 (br s, 1H, OH), 4.47 (m, 1H, CH(Ser)),
4.24 (m, 1H, CH(Phe)), 4.06 (t, J = 5.4 Hz, 1H, H-2 0), 3.95
(m, 1H, CH(Trp)), 3.86 (m, 2H, H-3 0 and H-4 0), 3.20–3.58
(m, 5H, CH2-5 0, CH2(Ser), and CHa(Trp)), 3.02 (m, 2H,
CHa0(Trp)and CHb(Phe)), 2.89 (m, 2H, NCH2(n-Hex)),
2.79 (dd, J = 9.5 and 13.9 Hz, 1H, CHb0(Phe)), 1.22 (m,
8H(n-Hex)), 0.84 (t, J = 7.1 Hz, 3H, CH3(n-Hex)). 13C
NMR, 500 MHz (DMSO-d6):d 172.50, 169.72, 168.96,
163.06, 158.10, 150.71, 141.27, 137.84, 136.34, 129.18,
128.11, 127.01, 126.28, 124.96, 121.16, 118.42, 111.47,
106.87, 102.00, 88.32, 82.33, 72.52, 70.84, 55.13, 52.85,
52.55, 41.22, 40.49, 39.0 (overlapped with DMSO-d6


peak), 37.54, 31.02, 29.67, 27.33, 26.00, 22.07, 13.92. Mass
spectrum (ESI) m/z [M+1]+ 790.5. HPLC purity:100%,
tR = 5.23 min.
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1{8,5,9}.75.0 mg, 19.8% overall purified yield. 1H NMR,
500 MHz (DMSO-d6):d 11.34 (d, 1H, J = 1.7 Hz, N3H),
9.20 (br s, 1H, OH), 8.54 (t, J = 5.7 Hz, 1H, NH), 8.49 (s,
1H, NH(Urea)), 8.36 (d, J = 8.8 Hz, 1H, NH), 8.10 (m,
5H, CH, CH, andNH3


þ), 8.02 (t, J = 5.7 Hz, 1H, NH),
7.66 (d, J = 8.1 Hz, 1H, C6H), 7.45 (d, J = 8.5 Hz, 2H),
7.13 (d, J = 8.8 Hz, 2H), 6.99 (d, J = 8.3 Hz, 2H), 6.72 (d,
J = 8.8 Hz, 2H), 6.66 (d, J = 8.3 Hz, 2H), 6.17 (d,
J = 7.1 Hz, 1H, NH(Urea)), 5.74 (d, J = 5.4 Hz, 1H, H-
10), 5.64 (dd, J = 2.0 and 8.1 Hz, 1H, C5H), 5.45 (br s, 1H,
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OH), 5.18 (br s, 1H, OH), 4.52 (m, 1H, CH(Ser)), 4.36 (m,
1H, CH(Tyr)), 4.06 (t, J = 5.1 Hz, 1H, H-2 0), 4.02 (m, 1H,
CH(Phe(4-NO2)), 3.87 (m, 2H, H-3 0 and H-4 0), 3.68 (m,
1H, CHa(Ser)), 3.67 (s, 3H, CH3), 3.34 (m, overlapped
with H2O peak, 2H, CH2-5 0), 3.16 (m, 2H, CHa0(Ser) and
CHb(Phe(4-NO2)), 2.94 (m, 2H, CHb0(Phe(4-NO2)) and
CHc(Tyr)), 2.69 (dd, J = 8.8 and 13.9 Hz, 1H, CHc0(Tyr)).

13C NMR, 500 MHz (DMSO-d6): d 172.40, 169.68,
168.06, 163.04, 155.90, 155.15, 153.95, 150.69, 146.71,
143.06, 141.17, 133.11, 130.88, 130.10, 127.38, 123.46,
119.05, 115.01, 113.81, 101.99, 88.33, 82.28, 72.56, 70.89,
55.04, 54.79, 53.15, 51.96, 41.19, 40.56, 37.21, 36.53. Mass
spectrum (ESI) m/z [M+Na]+ 856.5. HPLC purity: 100%,
tR = 4.79 min.
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Abstract—A series of conformationally restricted bis-azaaromatic quaternary ammonium salts (3 and 4) have been designed and
synthesized in order to investigate the possible binding conformations of N,N 0-dodecane-1,12-diyl-bis-3-picolinium dibromide
(bPiDDB; 2), a compound which potently inhibits neuronal nicotinic acetylcholine receptors (nAChRs) mediating nicotine-evoked
dopamine release. The preliminary structure–activity relationships of these new analogues suggest that bPiDDB binds in an
extended conformation at the nAChR binding site, and that flexibility of the linker may be important for its high potency in inhib-
iting nAChRs mediating nicotine-evoked dopamine release.
� 2007 Elsevier Ltd. All rights reserved.

N


CH3


2Br

Tobacco contains one of the most widely abused psy-
choactive substances in the world, that is, (S)-nicotine
(1; Fig. 1), which is believed to be primarily responsible
for tobacco dependence.1,2 Like many abused drugs,
nicotine addiction has been linked to the release of the
neurotransmitter, dopamine (DA).3–5 Nicotine-evoked
DA release, which is thought to be responsible for re-
ward, leading to addiction, is believed to result from
activation of presynaptic neuronal nicotinic acetylcho-
line receptors (nAChRs).6–12 Nicotine stimulates all
known nAChR subtypes13 and upon activation, these
receptors modulate the release of various neurotransmit-
ters.14–16 The subunit composition of nAChR subtypes
responsible for mediating nicotine-evoked DA release
has not been elucidated conclusively.17 In this regard,
subtype-selective nAChR antagonists, which inhibit nic-
otine-evoked DA release, may have potential as novel
treatments for nicotine addiction.18–21


Previous work in our laboratories has led to the discov-
ery of N,N 0-dodecane-1,12-diyl-bis-3-picolinium dibro-
mide (bPiDDB; 2; Fig. 1), which potently inhibited
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nAChR subtype(s) mediating nicotine-evoked [3H]DA
release from superfused rat striatal slices in vitro
(IC50 = 5 nM), and did not interact at the ligand binding
site of either a4b2* or a7* nAChRs.22,23 In vivo microdi-
alysis studies demonstrated that pretreatment with
bPiDDB dose-dependently reduced the increase in
extracellular DA in rat nucleus accumbens produced
by acute or repeated nicotine treatment.24 In addition,
we have demonstrated that despite the cationic nature
and polarity of the molecule, bPiDDB is brain bioavail-
able, due to its facilitated transport via the blood–brain
barrier choline transporter.25 Moreover, behavioral
studies in rats showed that bPiDDB dose-dependently
decreased intravenous nicotine self-administration, but
not sucrose-maintained responding, suggesting a specific
inhibition of nicotine reward.26 Taken together,
bPiDDB and its analogues represent lead compounds

N CH3
N


N


CH3(S)-nicotine (1) bPiDDB (2)


Figure 1. Structures of (S)-nicotine (1) and bPiDDB (2).
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for the development of a new class of therapeutic agents
for the treatment of tobacco dependence.


bPiDDB (2) contains two 3-picolinium head groups
connected via an N-N-12-methylene linker unit; thus,
it is a highly flexible, di-cationic molecule. A better
understanding of the potential binding conformation
of bPiDDB at nAChRs responsible for mediating nico-
tine-evoked DA release may provide some insight into
the nature of the pharmacophore requirements for opti-
mal inhibition of this receptor. Energy minimization cal-
culations reveal that the lowest energy conformation of
bPiDDB is one in which the N-N alkyl linker is fully
extended.27 However, the low energy conformations of
ligand molecules may not always reflect the conformation
in which the molecule binds to the receptor. Utilizing
this extended or linear low energy conformation, a
QSAR model utilizing a back-propagation artificial neu-
ral network approach has been constructed and has
been found to afford good predictivity for inhibition of
nicotine-evoked DA release.27 The hypothesis that
bPiDDB binds to nAChR subtype(s) mediating nico-
tine-evoked DA release in a ‘linear’ or ‘extended’ con-
formation is supported by experimentally determined
data23 showing that analogues with shorter N-N alkyl
linker units have decreased inhibitory potency compared
to bPiDDB. In the present study, we designed a series of
model compounds which mimic different binding con-
formations of bPiDDB to provide further information
on the active conformation of this novel nAChR
antagonist.
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b,c
c


d d


5a 1,2-; n = 2
5b 1,3-; n = 2
5c 1,4-; n = 1


7a 1,2-; n = 2
7b 1,3-; n = 2
7c 1,4-; n = 1


6a 1,2-; n = 2
6b 1,3-; n = 2
6c 1,4-; n = 1


3a 1,2-; n = 2
3b 1,3-; n = 2
3c 1,4-; n = 1


4a 1,2-; n = 2
4b 1,3-; n = 2
4c 1,4-; n = 1


2Br
2Br


Scheme 1. Reagents and conditions: (a) 3-butyn-1-ol or 4-pentyn-1-ol,


Pd(PPh3)2Cl2, CuI, Et3N, 80 �C; (b) H2, 10% Pd/C, MeOH, 45 psi, rt;


(c) PPh3, CBr4, CH2Cl2, 0 �C; (d) azaaromatic compounds, 60 �C.

The design of the model compounds incorporated a ben-
zene ring into the middle of the N-N linker unit, allow-
ing a variety of arrangements of the two methylene
linker units around the aromatic ring (i.e., 1,2-, 1,3-,
or 1,4-positions) (see 3a, 3b, 3c, respectively, Scheme
1), and thereby, constraining these molecules into an ‘ex-
tended’ or ‘angular’ geometry. In this respect, rigidifica-
tion has been used extensively in drug design to lock
ligands into a desired conformation or geometry with
the goal of increasing activity and selectivity of the ana-
logues. In the current series of compounds, a triple bond
also has been introduced into each of the linker units at-
tached to the central phenyl ring to provide further
restriction of conformational freedom and geometry
(4a, 4b, 4c, Scheme 1).


The requisite compounds of general structure 3 and 4 were
prepared by the route shown in Scheme 1. The synthesis
was initiated with Sonogashira coupling28 of 1,2-, 1,3-,
or 1,4-dibromobenzene with 4-pentyn-1-ol (for the 1,2-
and 1,3-isomers) or 3-butyn-1-ol (for 1,4-isomers) to af-
ford compound 5a (1,2-isomer), 5b (1,3-isomer), or 5c
(1,4-isomer). In the synthesis of compound 5a, the reac-
tion required a prolonged heating time (at 80 �C) for
6 days for completion. Compounds 5a–5c and their corre-
sponding Pd/C-catalyzed hydrogenation products were
transformed into dibromides 7a–7c and 6a–6c, respec-
tively, by bromination using PPh3/CBr4.29 Alkylation of
the corresponding azaaromatic free bases, including 2-
picoline, 3-picoline, 4-picoline, and nicotine, using the
above obtained dibromide 6a, 6b, 6c, 7a, 7b, or 7c, affor-
ded the corresponding bis-azaaromatic quaternary
ammonium compound 3a, 3b, 3c, 4a, 4b, or 4c, respec-
tively (Table 1). Among these analogues, the 1,2-isomers
in both the 3 and 4 series (3a and 4a, respectively) and 1,3-
isomers in series 4 (i.e., 4b) represent ‘angular’ conforma-
tions of bPiDDB, whereas the 1,3-isomers in series 3 (i.e.,
3b, see Fig. 2 for the difference between 3b and 4b) and the
1,4-isomers in both series 3 and 4 (i.e., 3c and 4c, respec-
tively) represent ‘extended’ conformations.


These analogues were evaluated for their ability to inhi-
bit nicotine-evoked [3H]DA release from superfused rat
striatal slices and to inhibit (S)-(�)-[3H]nicotine
([3H]NIC) binding (probing a4b2* nAChRs) and
[3H]methyllycaconitine ([3H]MLA) binding (probing
a7* nAChRs) to rat brain membranes. [3H]NIC and
[3H]MLA binding assays were performed using 3 and
2.5 nM concentrations of radioligand, respectively, and
10 lM NIC and 10 lM MLA to assess nonspecific bind-
ing to whole brain membranes.30 Analogues were evalu-
ated at a probe concentration of 100 nM. The amount of
inhibition is presented as a percentage of radioligand
binding in the absence of analogue (control, Table 1).
Analogue-induced inhibition of nicotine-evoked
[3H]DA release was determined using 10 lM nicotine
and 100 nM analogue.30 Inhibition is presented as a per-
centage of the response to nicotine under control condi-
tions (in the absence of analogue) and the values are
provided in Table 1.


All of the analogues containing 2-, 3-, or 4-picolinium
head groups showed little or no affinity for either







Table 1. Inhibition of [3H]NIC binding and [3H]MLA binding to rat brain membranes, and inhibition of nicotine-evoked [3H]DA release from


superfused rat striatal slices by bis-azaaromatic quaternary ammonium analogues


Compounda Head group [3H]NIC binding


(% inhibition at 100 nM)b


[3H]MLA binding


(% inhibition at 100 nM)b


Inhibition of nicotine-evoked


[3H]DA release


(% inhibition at 100 nM)b


bPiDDB 0 ± 0 0 ± 0 64


1,2-Isomers (3a) 3aa


N
0 ± 0 7.6 ± 4.3 8 ± 5


3ab


N
0 ± 0 5.4 ± 3.4 3 ± 3


3ac


N


0 ± 0 3.1 ± 3.1 11 ± 3


3ad


N


N
CH3


71 ± 2.0 11 ± 5.5 59 ± 16


1,3-Isomers (3b) 3ba


N
7.2 ± 2.8 0 ± 0 62 ± 9


3bb


N
3.5 ± 3.5 6.24 ± 2.5 45 ± 8


3bc


N


4.6 ± 4.0 3.5 ± 1.6 27 ± 17


1,4-Isomers (3c) 3ca


N
6.30 ± 4.21 0.16 ± 0.16 40 ± 22


3cb


N
4.33 ± 2.19 7.41 ± 4.07 44 ± 19


3cc


N


1.10 ± 0.89 7.73 ± 2.41 32 ± 16


3cd


N


N


CH3


3.66 ± 2.39 5.3 ± 5.3 17 ± 12


1,2-Isomers (4a) 4aa


N
2.1 ± 2.1 1.2 ± 1.2 25 ± 4


4ab


N
3.9 ± 2.8 0 ± 0 46 ± 13


4ac


N


2.5 ± 1.5 5.4 ± 3.2 12 ± 7


4ad


N


N
CH3


72 ± 3.0 9.2 ± 3.0 35 ± 20
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Table 1 (continued)


Compounda Head group [3H]NIC binding


(% inhibition at 100 nM)b


[3H]MLA binding


(% inhibition at 100 nM)b


Inhibition of nicotine-evoked


[3H]DA release


(% inhibition at 100 nM)b


1,3-Isomers (4b) 4ba


N
1.9 ± 0.7 0 ± 0 35 ± 15


4bb


N
0.5 ± 0.4 8.0 ± 3.0 6 ± 4


4bc


N


10 ± 5.6 6.4 ± 3.5 20 ± 12


4bd


N


N
CH3


3.1 ± 1.7 2.6 ± 1.6 18 ± 10


1,4-Isomers (4c) 4cb


N
13.0 ± 5.4 3.1 ± 3.1 32 ± 11


4cc


N


8.9 ± 2.5 2.7 ± 2.7 19 ± 11


a The first letter in the compound designation indicates orientation around the central phenyl ring (i.e., a = 1,2; b = 1,3, and c = 1,4). The second


letter indicates the nature of the head group (i.e., a = 2-picolinium, b = 3-picolinium, c = 4-picolinum, and d = nicotinium).
b Each value represents data from at least three independent experiments, each performed in duplicate.
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a4b2* or a7* nAChRs. However, some of the analogues
which contained nicotinium head groups, i.e., com-
pounds 3ad and 4ad, displayed considerable affinity at
a4b2*, which is consistent with the results obtained with
our previously reported mono-nicotinium and bis-nico-
tinium analogues.22,31


Among the analogues of general structure 3 (Scheme 1),
the 1,2-isomers (3a), including compounds 3aa, 3ab, and
3ac, exhibited significantly lower potency for inhibition
of nicotine-evoked [3H]DA release than the 1,3- and
1,4-isomers (3b and 3c), including compounds 3ba,
3bb, 3bc, 3ca, 3cb, and 3cc. The 1,3- and 1,4-picolinium
analogues all had similar potency. The position of the
methyl group on the quaternary ammonium head group
did not significantly contribute to the inhibitory po-
tency. These results indicate that the active conforma-
tion for binding at nAChR subtypes mediating
nicotine-evoked DA release is suggested to be in a more
extended conformation, as reflected in the 1,3- and 1,4-
isomer series, rather than in the more angular conforma-
tion in the 1,2-isomer series. Of additional interest is the
observation that the 4-picolinium analogues in the 1,3-
and 1,4-series were the least potent compounds.


Interestingly, in the 1,2- nicotinium compounds, 3ad and
4ad were more potent than the 1,4-compound 3cd and
the 1,3-compound 4bd which is inconsistent with what
was observed in the picolinium series. This suggests that
the addition of a second functionality in the head group,
that is, the basic pyrrolidino moiety, may promote
binding of a more angular molecular conformation

compared to the extended conformation in the simple
picolinium molecules.


Within the more conformationally rigid analogue series
(general structure 4), several differences in structure–
activity relationships were observed compared to those
in the more conformationally flexible 3 series. For exam-
ple, compound 4bb, a 3-picolinium analogue in the 1,3-
isomer series (4b), had significantly lower potency than
the two structurally related 3-picolinium analogues,
4ab in the 1,2-isomer series, and 4cb in the 1,4-isomer
series. Compound 4bb was also the least potent com-
pound in the 4 series. Of the 4-picolinium analogues in
the 4 series, inhibitory potency was similar between
the 1,4-analogue 4cc and the 1,2- and 1,3-analogues
4ac and 4bc.


The transition from the more conformationally flexible
compounds of general structure 3 to the more conform-
ationally restricted compounds of structure 4 results
generally in a decrease in inhibitory potency of nico-
tine-evoked [3H]DA release. This finding supports the
interpretation that retaining the flexibility of the methy-
lene linker, such as is the case in bPiDDB, is important
for high inhibitory potency and optimal interaction with
the nAChR protein. From the structure–activity rela-
tionship of compounds of general structure 3, it is sug-
gested that bPiDDB binds in an ‘extended’
conformation, rather than an ‘angular’ conformation.
A possible explanation for the greater potency of the
more flexible analogues is that the binding site of the
nAChR subtype mediating nicotine-evoked DA release







NN
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2Br
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Figure 2. Structures of compounds 3b and 4b.
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is likely deep inside the channel of the receptor structure;
thus, the ligands must be flexible enough to reach this
binding site. This could explain why the more rigid ana-
logues, that is, compounds 4cb and 4cc, although de-
signed as analogues of a ‘linear’ or ‘extended’
conformation of bPiDDB, nevertheless have lower po-
tency than their more flexible counterparts 3bb, 3bc,
3cb, and 3cc.


In summary, a series of conformationally restricted bis-
azaaromatic quaternary ammonium analogues have been
designed and synthesized as structural models to probe
the possible binding conformation of the bPiDDB mole-
cule. From the ability of these analogues to inhibit nico-
tine-evoked DA release, the results suggest that
bPiDDB binds to the nAChR protein in an ‘extended’
conformation. However, flexibility of the methylene lin-
ker in the molecule is also important for high inhibitory
potency. Due to the limitation of the single concentration
assay utilized in the screening protocol, further studies are
needed to substantiate these conclusions. Nevertheless,
these findings may be of value in the further design of
bPiDDB analogues as nAChR antagonists.
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Abstract—Development of a lead series of piperidinylurea CXCR3 antagonists has led to the identification of molecules with alter-
native linkages which retain good potency. A novel 5-(piperidin-4-yl)amino-1,2,4-thiadiazole derivative was found to have satisfac-
tory in vitro metabolic stability and to be orally bioavailable in mice, giving high plasma concentrations and a half life of 5.4 h.
� 2007 Elsevier Ltd. All rights reserved.

CXCR3 is a 7-transmembrane G-protein coupled recep-
tor, which is expressed by activated T cells, NK cells,
mast cells and B cells. CXCR3 binds three members of
the CXC chemokine family: MIG (CXCL9), IP-10
(CXCL10) and I-TAC (CXCL11) resulting in receptor
activation and cellular chemotaxis. A number of block-
ing strategies have demonstrated reductions of disease
severity in animal models of arthritis,1,2 inflammatory
bowel disease,3 diabetes4 and transplant rejection.5


Studies in human patients have suggested a role for
CXCR3 in rheumatoid arthritis, multiple sclerosis, dia-
betes, transplant rejection, chronic obstructive pulmon-
ary disease6 and asthma.1 CXCR3 is thus an attractive
target for the development of anti-inflammatory thera-
pies, and a number of groups have published ap-
proaches to the development of small molecule
antagonists.7


In our previous publication,8 we described the identifica-
tion of the naphthyl urea 1a by high throughput screen-
ing of a compound set selected as being ‘GPCR-
friendly’. The hit molecule formed the basis of early
hit to lead activity leading to the identification of mole-
cules such as 1b with improved physicochemical proper-
ties and excellent potency (Fig. 1).

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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Within this series, modification of physicochemical
properties by introduction of solubilising aryl substitu-
ents could be achieved, leading to examples with im-
proved characteristics.8 Nevertheless, we had found
that the series as a whole tended to have high logD,
low solubility and poor in vivo pharmacokinetics. There
were, therefore, significant challenges in developing
drug-like molecules, which could be used as tools with
which to explore the potential of CXCR3 antagonism
in models of human disease.


Our strategy in further development was to examine the
effect of modification of the urea linkage, so as to estab-
lish whether a robust alternative chemical series could be
generated.


As reported previously, we had found that replacing the
lipophilic myrtenyl right hand side lost potency and it
was therefore retained for this phase of the series
development.


Our first investigation was around N-substituted urea
derivatives 4 and 5, to assess the importance of the urea
in binding of the molecules. These compounds were con-
structed from the myrtenylpiperidine 28 as shown in
Scheme 1. N-Alkyl amines 3 were generated by acylation
of 2 under basic conditions, followed by reduction with
lithium aluminium hydride. The N-alkyl ureas 4 were
then obtained in good yields by reaction with 3-trifluo-
romethyl phenyl isocyanate.
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57–85%; (d) triphosgene, Hunig’s base, DCM; (e) 3-ethyl N-methyl aniline, 43% over two steps.


Table 1. Urea modifications


Compound hCXCR3 Ki (lM)


1b 0.016


4a 0.18


4b 3.6


4c IA


5 3.5


Ki’s measured in ITAC stimulated GTPcS assay using CXCR3


transfected CHO membranes and are the average of two values.8


IA = <20% inhibition at 10 lM.
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Scheme 2. Reagents and conditions: (a) methyl bromoacetate, DMF, K2CO
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To access the 1-methyl urea 5, the amine 2 was con-
verted into the required isocyanate by reaction with tri-
phosgene and coupled with 3-ethyl N-methyl aniline in
modest yield.


As shown in Table 1, these modifications to the urea moi-
ety resulted in a loss of potency when compared to 1b.
Methylation of the nitrogen adjacent to the piperidine
ring was tolerated, but larger groups resulted in a dra-
matic loss of potency. Likewise, methylation adjacent
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3, 65%; (b) ArNCO, DCM, 70%; (c) NaBH4, TFA, 45%.







Table 2. Hydantoins and imidazolinones


Compound R hCXCR3


Ki (lM)


logD CLINT
a


(lL/min/mg)


7a 3,5-(CF3)2 0.026 >5.5 220


7b 3-F, 5-CF3 0.10 4.85 290


7c 3-Et 0.38 4.7 190


7d 3-S-Me 0.75 5.0 230


7e 3-CF3 0.22 4.6 318


7f 3-CF3, 4-Cl 0.12 5.3 280


7g 3-COMe IA 3.4 ND


8a 3,5-(CF3)2 0.17 >5.5 7


8b 3-F, 5-CF3 0.20 4.6 88


Ki measurements are an average of two determinations. IA = <20%


inhibition at 10 lM. logD measured by octanol-water partition at pH


7.4.
a Murine microsomal clearance at 0.5 lM.


Figure 2. Overlay of aryl urea (green carbons) with benzoxazole (pink


carbons).
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to the aryl group was highly detrimental to activity, sug-
gesting that the urea NH in this position plays an impor-
tant role in binding. A number of urea replacements such
as thioureas and carbamates were also investigated (not
shown) and found to result in reduced activity.
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Scheme 3. Preparation of aminopiperidinyl benzazoles and aryl azoles. Rea


45%; (b) Et3N, NMP, 100 �C, 40–55%.

We wished to investigate whether polar substituents at-
tached to the urea linker could lead to additional binding
interactions, thus restoring potency, and we attempted to
prepare the ester 6 as shown in Scheme 2. However, the
main product after HPLC purification was in fact the
hydantoin 7a. Having previously established that urea
substitution adjacent to the aromatic ring was not toler-
ated, we were surprised to find that 7a is a potent recep-
tor antagonist with Ki of 26 nM. A set of close analogues
was prepared in which changes to the aromatic substitu-
tion were investigated. As shown in Table 2, a range of
aromatic substituents provided active compounds
although all were less potent than 7a. The ketone 7g dem-
onstrated reduced logD, but at the expense of potency.


The imidazolinones 8a and 8b were also generated, by
reduction of the hydantoins with sodium borohydride
in the presence of trifluoroacetic acid.


The hydantoin compounds tested were highly lipophilic
and proved to be very highly metabolized in vitro by
murine microsomes. In addition, some hydantoins were
found to be hydrolytically labile, opening up under
aqueous conditions. While we were encouraged by the
profile of the imidazolinone 8a which gave good potency
and microsomal stability we found that the compound
had very poor aqueous solubility and that close ana-
logues such as 8b were more highly turned over in the
microsomal stability assay. We therefore felt that the
template would be difficult to adapt to provide com-
bined potency and drug-like properties, however the
work demonstrated the principle that cyclic linkers
could serve to replace the urea.


We therefore set out to incorporate heteroaromatic
replacements for the hydantoin moieties with the aim
of improving both the physicochemical properties and
stability of the products.

N
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gents and conditions: (a) 2-chlorobenzazole, NMP, Et3N, 140 �C, 23–







Table 3. Benzazole compounds


Compound X R 0 R hCXCR3 Ki (lM) logD CYP 2D6 (lM) CLINT
a (lL/min/mg)


9a O H H 0.68 4.7 ND ND


9b O H Me 0.72 4.6 ND ND


9c S H H 0.35 >5 13 1


9d S H Me 0.14 >5 2.2 78


9e NH H Me 0.95 4.2 ND ND


9f S 4-Cl Me 0.46 5 ND ND


9g S 5-Cl Me 0.29 5 3.5 41


9h S 6-Cl Me 0.17 5 7.3 48


9i S 7-Cl Me 0.62 >5 4.1 ND


9j S 4-Br H 0.15 >5 1.2 140


9k S 6-Br H 0.13 >5 0.7 150


10a CH H H 0.88 4.7 IA ND


10b CH 3,4-di-Cl H 0.46 >5 IA ND


10c CH 3,5-(CF3)2 H 0.26 >5 IA 34


10d N 3,5-(CF3)2 H 0.27 5 15 16


Ki measurements are a mean of two determinations. ND, not determined. IA = <20% at 50 lM.
a Murine microsomal clearance at 0.5 lM.
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Figure 3. In vivo pharmacokinetics of compound 10d.
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Comparison of an aryl urea with a benzoxazole using
the PyMol program9 showed a close overlay. Both mol-
ecules displayed the piperidine in a similar orientation,
the azole ring nitrogen occupying the same position as
one of the urea nitrogens and the aromatic rings in sim-
ilar orientation (Fig. 2).


We chose to construct a series of benzazole and aryl
azole derivatives, with a view to evaluating the effect
of substitution on the aromatic ring and on the nitrogen
linker.


A set of commercially available 2-chlorobenzazoles was
assembled and it was coupled in parallel by heating un-
der microwave conditions with amines 2 and 3a. The
crude products were purified directly by preparative
HPLC of the reaction mixtures with no work-up re-
quired, thus allowing rapid SAR generation.

Table 4. In vivo pharmacokinetics of compound 10d


Compound cMax (ng/ml) AUC (ng h/ml) T1/


10d 2012 10,800 5.4

Similarly, a set of aryl-substituted aminoazoles 10 was
constructed by nucleophilic substitution of chloroazoles
1110 with 2 under basic conditions (Scheme 3).


As shown in Table 3, moderate potency was achieved
with the benzoxazoles 9a and 9b. The benzothiazole 9c
appeared to give increased potency and low microsomal
clearance. Activity was further improved by methylation
of the linker to give 9d, although this change also led to
increased microsomal clearance and CYP inhibition.
The benzimidazole 9e was less potent than either benz-
oxazole or benzothiazole derivatives and was not inves-
tigated further.


A series of chlorobenzothiazoles showed that the
6-substituted derivative 9h was equipotent to the unsub-
stituted analogue 9d, while the 7-chloro compound 9i
was less potent. The 4 and 6-bromobenzothiazoles gave
good activity, but were potent CYP2D6 inhibitors and
were also highly metabolized in the microsome incuba-
tion assay.


The aryl azoles 10 gave moderate CXCR3 activity, the
most potent examples bearing the familiar 3,5-bis-tri-
fluoromethyl substitution pattern. Although 10d was
found to be highly lipophilic, it exhibited good in vitro
microsomal stability and showed only weak inhibition
of cytochrome P450 enzymes. This compound was taken
forward into a PK study to establish whether its in vitro
stability would result in satisfactory in vivo exposure.


As shown in Figure 3 and Table 4, compound 10d was
orally bioavailable with a long plasma half-life and
low clearance of 2 mL/min/kg, thus demonstrating that
the template could deliver non-urea CXCR3 antagonists
with improved PK. This compound had human plasma

2 (h) CLp (ml/min/kg) logD Sol (lg/ml)


2.8 5 2.7
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protein binding of 99.7% and was found to have activity
of 1 lM in a murine CXCR3 assay.8


In conclusion, we have developed a novel series of po-
tent CXCR3 antagonists based on a piperidinyl-azole
scaffold, suitable for further optimization. Further
development of this series and in vivo characterization
of resulting molecules are the subject of future
publications.
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Abstract—A series of trans-N-alkyl-4-(4-chlorophenyl)pyrrolidine-3-carboxamides of piperazinecyclohexanemethylamines was syn-
thesized and characterized for binding and function at the melanocortin-4 receptor (MC4R), and several potent benzylamine deriv-
atives were identified. Compound 18v was found to bind MC4R with potent affinity (Ki = 0.5 nM) and high selectivity over the other
melanocortin subtypes and behaved as a functional antagonist (IC50 = 48 nM).
� 2007 Elsevier Ltd. All rights reserved.

The melanocortin-4 receptor (MC4R) is a member of
the G-protein-coupled receptor superfamily and plays
an important role in biological functions, including
regulation of feeding behavior.1 MC4R agonists have
been extensively studied in an effort to discover small
molecules for the treatment of obesity,2 and several
small molecule MC4R agonists from different chemical
classes have been reported.3 MC4R antagonists, on
the other hand, have been shown to reverse lean body
mass loss and increase food intake in animal models
of cachexia, suggesting potential in cancer cachexia
treatment.4,5


Pyrrolidine derivatives were first reported by Ujjainwal-
la as potent and selective MC4R agonists.6 An example
of this chemical class is compound 1b, which has a bind-
ing IC50 of 14 nM and a functional EC50 of 2 nM
(Fig. 1). This functional activity is similar to that re-
ported for THIQ 1a.7 One advantage of compound 1b
is its pyrrolidine structure. This structure is much differ-
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ent than many reported small molecule MC4R agonists,
such as 1a, in which a Tic-(4-Cl)Phe dipeptide is re-
quired as an ‘address element’.2 We have recently shown
that by combining the trans-4-arylpyrrolidine-3-car-
bonyl moiety of 1b with the piperazinebenzylamine
N,N-dimethylaminopropionamide of the antagonist 2,
potent MC4R agonists have been identified from the
resulting compounds. For example, 3 (Ki = 4.7 nM) pos-
sesses an EC50 value of 16 nM with intrinsic activity (IA)
of 102% relative to the endogenous ligand a-MSH.8 We
have also previously reported that the piperazinecyclo-
hexanes with the Tic-(4-Cl)Phe dipeptide are MC4 ago-
nists and can be converted into functional antagonists
by replacing the dipeptide. Thus, 4 is a potent agonist
(Ki = 16 nM, EC50 = 33 nM, IA = 96%),9 while the b-
Ala-(2,4-Cl)Phe analog 5a is a functional antagonist
(Ki = 8.8 nM, IC50 = 260 nM).10 Like the amide 5a, the
benzylamine 5b (Ki = 18 nM) also possesses potent bind-
ing affinity.


Because of the success in converting antagonist 2 into ago-
nist 3, we were interested in the pharmacological proper-
ties of compounds derived from the combination of the
left-side of compound 4 with the pyrrolidine moiety of
1b. Here we report the synthesis and characterization
of trans-4-(4-chlorophenyl)pyrrolidine-3-carboxamides
of 1-(1-piperazine)cyclohexanemethylamine derivatives
7–22 as MC4R ligands.
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Figure 1. Chemical structures of some MC4R agonists and antagonists related to this study.
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The core structure of 1-trifluoroacetamidomethyl-1-(1-
piperazine)cyclohexane 26 was synthesized as shown in
Scheme 1. A Strecker reaction of cyclohexanone 23 with
1-benzylpiperazine afforded the intermediate 24, which
was reduced with lithium aluminumhydride, followed
by a treatment with trifluoroacetic anhydride to provide
the protected diamine 25. Debenzylation of 25 catalyzed
by palladium gave the desired amine 26 in a good overall
yield.


The trans-N-isopropyl-4-(4-chlorophenyl)pyrrolidine-3-
carboxylic acid 28a was synthesized from the cyclization
of N-(methoxylmethyl)-N-(trimethylsilylmethyl)isopro-
pylamine 27a with methyl trans-4-chlorocinnamate med-
iated by trifluoroacetic acid, followed by hydrolysis with
lithium hydroxide. Compound 28a was coupled with the
amine 26 to provide the amide 29a, which was deprotec-
ted under basic conditions to give the primary amine 6a
(Scheme 2).


Coupling reactions of 6a with various carboxylic acids
afforded the amides 7. Similarly, reactions of 6a with
several sulfonyl chlorides gave the sulfonamides 8.
Alternatively, reductive alkylations of 6a with a variety
of aldehydes provided the secondary amines 9. A reac-
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F3C


a b,c


23 24


Scheme 1. Reagents and conditions: (a) 1-Benzylpiperazine/KCN/Na2S2O5/H


DCM/rt, 2 h, 100%; (d) Pd–C/HCO2NH4/MeOH, �100%.

tion of 6a with 2-vinylpyridine in the presence of acetic
acid in ethanol gave the 2-pyridinylethylamine 9r.


The key intermediate 6b was synthesized from N-
(methoxylmethyl)-N-(trimethylsilylmethyl)benzylamine
27b using a procedure similar to that for 6a. Reductive
alkylations of 6b with benzaldehyde and 4-pyridylcar-
boxaldehyde afforded the corresponding secondary
amines 10a and 10b, respectively. Debenzylation of
10a or 10b was accomplished using 1-chloroethyl chlo-
roformate to provide the secondary amine 11a or 11b.
Reductive alkylations of 11a with several ketones gave
the tertiary amines 12 after purification. Reactions of
11a–b with acyl chlorides in the presence of triethyl-
amine resulted in the amides 13 and 15, respectively.
Alternatively, coupling reactions of 11a with N-Boc-
amino acids, followed by TFA-treatment, gave the
amides 14. The urea 16 was obtained by a reaction
of 11b with ethylisocyanate, and the sulfonamide 17
was synthesized from methylsulfonyl chloride and 11b
(Scheme 3).


Reductive alkylations of 6a with various substituted
benzaldehydes gave the corresponding benzylamines
18. The secondary amines 9p and 18j were further con-
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verted to the tertiary amines 19 and 20 and acetamides
21 and 22 as shown in Scheme 4.


The synthesized compounds were tested in a competi-
tion binding assay using HEK293 cells expressing the
human melanocortin-4 receptor and [125I]-NDP-MSH
as the radiolabeled ligand.11 Compounds with potent
binding affinities were also tested in a functional agonist
assay measuring the stimulation of cAMP release. Se-
lected compounds were studied in a functional antago-
nist assay to determine the inhibition of a-MSH-
stimulated cAMP release. Results are shown in Tables
1–4.


The phenylacetamide 7a (R1 = PhCH2, Ki = 510 nM,
Table 1) only showed moderate binding affinity and
was 30-fold less potent than the Tic-(4-Cl)Phe dipeptide
4 (Ki = 16 nM). All the arylacetamides 7 (16 com-
pounds) showed similar binding affinity (Ki = 260–
820 nM, data not shown) and were only slightly more
potent than the parent primary amine 6a
(Ki = 1200 nM). These results are very different than
the SAR in the dipeptide series 5 where an amide side
chain increases the binding affinity as much as 30-fold.8,9


We also tested several sulfonamides, since this func-
tional group has been used in other small molecule
MC4R agonists.12,13 Like amides 7, the sulfonamides 8
(6 compounds) displayed moderate binding affinity
(Ki = 330–550 nM). For example, the benzyl- and phe-
nylsulfonamides 8a and 8b displayed Ki values of 340
and 330 nM, respectively.


A series of secondary amines 9a–r were then examined
(Table 3). While the two alkylamines 9a and 9b only
exhibited 4-fold improvement in binding affinity over
the primary amine 6a, the benzylamine 9c displayed a
Ki value of 26 nM, which was over 10-fold better than
the cyclohexanemethyl analog 9b (Ki = 300 nM). These
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2 h.

results, in combination with those from the amides 7,
suggest that a basic amine as well as an aromatic ring
on the side chain is important for high affinity binding.
In the dipeptide series 5, the basicity of the amine is
unnecessary since both the amide 5a (Ki = 8.8 nM) and
the amine 5b (Ki = 18 nM) possess good binding affinity.
While its binding affinity was similar to that of the Tic-
(4-Cl)Phe dipeptide agonist 4 (Ki = 16 nM), 9c had poor
potency and low efficacy in the functional agonist assay
(EC50 = 1100 nM, IA = 31%). These results clearly indi-
cate that the current series is much different from the
dipeptides such as 4.


The furan and thiophene derivatives 9d–g exhibited
binding affinities similar to 9c, while the electron-defi-
cient aromatic thiazole and imidazole analogs 9h–k were
less potent. The 1,5-dimethylpyrazolemethylamine 9l
(Ki = 11 nM) exhibited the best binding affinity in this
group. The pyrimidine 9m had a Ki value of 220 nM,
while the pyridine analogs 9n–p were more potent than
9m, especially the 4-pyridine 9p (Ki = 27 nM), which
was equal to 9c in binding affinity. In comparison to
9c, the indole derivative 9q and the pyridylethylamine
9r were significantly less potent.


While 9c was a weak partial agonist, several of its ana-
logs exhibited partial agonism with moderate potency
(Table 1). The most potent compound in this group
was 9l which had an EC50 of 50 nM with an intrinsic
activity of 43% of a-MSH. The 4-pyridine 9p displayed
an EC50 of 780 nM with very low efficacy (IA = 27%)
in the functional agonist assay. Additionally, 9c behaved
as a functional antagonist, dose-dependently inhibiting
a-MSH-stimulated cAMP release with an IC50 of
410 nM.


The role of the N-group on pyrrolidine was also studied
in this series of compounds, and the results are summa-
rized in Table 2. For the benzylamines 10a and 12–14,
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Table 1. SAR of secondary amines 9a–r at MC4R


N
N


O


NNH
R3


Cl


9a-r


Compound R1 Ki (nM) EC50 (nM)a


6a H 1200


7a PhCH2CO 510


8a PhCH2SO2 340 (40%)


8b PhSO2 330 (20%)


9a MeOCH2CH(Me) 310


9b CyclohexaneCH2 300


9c PhCH2 26 1100 (31%)


9d 2-FuranCH2 38 570 (32%)


9e 3-FuranCH2 75 480 (53%)


9f 2-ThiopheneCH2 37 590 (58%)


9g 3-ThiopheneCH2 22 840 (31%)


9h 2-ThiazoleCH2 130 740 (72%)


9i 4-ImidazoleCH2 220 110 (49%)


9j 2-ImidazoleCH2 560 230 (69%)


9k 1-Me-2-imidazoleCH2 390 (31%)


9l 1,5-(Me)2-4-pyrazoleCH2 11 50 (43%)


9m 5-PyrimidineCH2 220 220 (66%)


9n 2-PyCH2 76 1200 (34%)


9o 3-PyCH2 35 390 (72%)


9p 4-PyCH2 27b 780 (27%)


9q 1-Me-2-indoleCH2 1200


9r 2-PyCH2CH2 690


a Data are average of two or more independent measurements; intrinsic


activity is indicated in parentheses.
b Compound 9p dose-dependently inhibited a-MSH-stimulated cAMP


release with an IC50 value of 410 nM.


Table 2. SAR of the N-group of pyrrolidines 10–17 at MC4R


N
N


O


NNH


Cl


10a, 12-14: A = CH
10b, 11b, 15-17: A = NA


R'


Compound R0 Ki (nM) EC50 (nM)


10a PhCH2 140 (1%)


9c i-Pr 26 1100 (31%)


12a CH(Me)CH2OMe 100 (7%)


12b Cyclopentyl 17 1800 (33%)


12c Cyclohexyl 5.5a 1500 (16%)


12d 4-Tetrahydropyran 29 1000 (70%)


13a MeCO 190 (13%)


13b EtCO 210 (19%)


13c nPrCO 190 (8%)


13d i-PrCO 210 (47%)


13e CyclopentaneCO 180 (26%)


14a MeNHCH2CO 100 (8%)


14b MeCH(NH2)CO 430 (3%)


14c NH2CH2CH2CO 110 (9%)


14d i-PrCH(NH2)CO 670 (0%)


10b PhCH2 200


11b H 2200


15a MeCO 3000


15b EtCO 3100


16 EtNHCO 4600


17 MeSO2 3400


a Compound 12c dose-dependently inhibited a-MSH-stimulated


cAMP release with an IC50 value of 130 nM.
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the N-benzyl intermediate 10a (Ki = 140 nM) was 5-fold
less potent in binding affinity than the N-isopropyl ana-
log 9c. Incorporating a methoxyl group into the isopro-
pane in 9c reduced its affinity by 4-fold (12a,
Ki = 100 nM). While the cyclopentane 12b was not much
different from 9c, the cyclohexane 12c (Ki = 5.5 nM) was
significantly more potent in binding affinity than 9c.
Functionally, 12c behaved as an antagonist with an
IC50 of 130 nM. The amides 13a–e and 14a–d had lower
binding affinity than the isopropyl 9c. Similarly, urea 16
and sulfonamide 17 exhibited poor binding affinity (Ta-
ble 2). These results suggest that the basic nitrogen and a
small lipophilic group such as isopropyl are important
for high binding affinity of these compounds.


Because the benzyl side chain (9c) on the core structure
6a provided great improvement in binding affinity, a
more detailed survey was conducted using various benz-
aldehydes via reductive alkylations, and the results are
depicted in Table 3. For the 2-substituted phenyl deriv-
atives 18a–e, the small fluorine (18a, Ki = 12 nM)
slightly increased potency compared to the unsubstitut-
ed parent 9c, while the affinity of the chloro-derivative
18b remained unchanged. The other analogs (18c–e) dis-
played less potent affinity compared to 9c, suggesting a

bulky group is unfavored at this position. The elec-
tron-withdrawing fluorine (18f) and electron-donating
methoxy group (18g) alone at the 3-position of the phe-
nyl ring had no effect on the potency compared to 9c,
while substitution at the 4-position of 9c altered the
binding affinity (compounds 18h–q). For example, the
4-methoxy compound 18j (3.6 nM) displayed a Ki value
7-fold more potent than 9c, while the 4-trifluoromethyl
analog 18k (130 nM) was 5-fold less potent. The 4-iso-
propoxy 18q (Ki = 2.1 nM) was over 10-fold more po-
tent than 9c. These results indicate a hydrogen-bond
donor at this position increases binding affinity. For
the disubstituted phenyl derivatives 18r–v, the 2-fluoro-
4-methoxy 18t (Ki = 1.8 nM) improved the affinity over
6-fold from the 2-fluoro 18a, while the 3-fluoro-4-meth-
oxy analog 18v (Ki = 0.5 nM) exhibited the best binding
affinity among these compounds.


Functionally, none of these substituted benzylamines
18a–v tested in the agonist assay showed high potency
or high efficacy. For example, compound 18a exhibited
an EC50 of 580 nM with an IA of 48%, indicative of a
moderately active partial agonist. Compound 18v had
an IA value of only 10% and functioned as a
potent antagonist with an IC50 value of 48 nM. The







Table 3. SAR of substituted benzylamines 18a–v at MC4R


N
N


O


NNH


Cl


18a-vX


Compound X Ki (nM) EC50 (nM)a


9c H 26 1100 (31%)


18a 2-F 12 580 (48%)


18b 2-Cl 25 1300 (75%)


18c 2-MeO 62 1000 (48%)


18d 2-CF3 140


18e 2-CF3O 110


18f 3-F 24 (23%)


18g 3-MeO 30 1200 (39%)


18h 4-F 44 6600 (61%)


18i 4-Cl 90 4200 (29%)


18j 4-MeO 3.6 (17%)


18k 4-CF3 130 (16%)


18l 4-NO2 52


18m 4-AcNH 29 190 (27%)


18n 4-Me2N 65 1100 (16%)


18o 4-COOMe 32 (21%)


18p 4-MeS 27


18q 4-i-PrO 2.1 (6%)


18r 2,4-F 11 1300 (27%)


18s 2,4-MeO 16 (29%)


18t 2-F,4-MeO 1.8 1600 (26%)


18u 3,4-OCH2O 8.3 (7%)


18v 3-F,4-MeO 0.5b 170 (10%)


a Data are average of two or more independent measurements; intrinsic


activity is indicated in parentheses.
b Compound 18v dose-dependently inhibited a-MSH-stimulated


cAMP release with an IC50 value of 48 nM.


Table 4. SAR of tertiary amines 19–20 and amides 21–22 at MC4R


N
N


O


NN


Cl


19, 21: A = COMe
20, 22: A = NA


R6


Compound R6 Ki (nM)


18j H 3.6


19a Me 110


19b Et 190


19c i-Bu 1800


19d 4-MeOC6H4CH2 2800


21 MeCO 1300


9p H 27


20a Me 750


20b Et 1300


20c i-Bu 2700


22 MeCO 1500
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discrepancy between the binding affinity and functional
activity of 18v is probably due to different assay conditions.


Compounds 18j and 9p were further derivatized to the
tertiary amines 19 and 20, respectively. A simple methyl-
ation of 18j reduced its affinity by 30-fold (19a,
Ki = 110 nM), while larger alkyl groups (19b–d) dis-
played further reduced affinity, suggesting the secondary
amine is optimal. Acetylation of 18j resulted in com-
pound 21 (Ki = 1300 nM) with poor binding affinity,
indicating the importance of the basic nitrogen of 18.
Similar results were also obtained for the pyridine ana-
logs of 9p (Table 4).


Compound 18v was tested for affinity at the other mela-
nocortin receptor subtypes and was found to be highly
selective for MC4R. Thus, 18v bound to the MC1R,
MC3R, and MC5R with Ki values of 3,900, 760, and
540 nM, respectively, demonstrating 1000-fold selectiv-
ity at the melanocortin-4 receptor. Compound 18v also
bound to the mouse MC4R with a Ki of 0.6 nM, indicat-
ing no species difference for this compound.

Compared to the dipeptide 1a, the pyrrolidine 1b is a
more compact molecule with fewer peptide features yet
still possesses potent MC4R agonist activity. We have
successfully converted the benzylamine antagonists such
as 2 into potent MC4R agonists such as 3 by incorporat-
ing the N-alkylpyrrolidine moiety. Compound 4 is a
functional agonist, but replacing its Tic-(4-Cl)Phe
with 1-isopropyl-4-(chlorophenyl)pyrrolidine-3-carbonyl
moiety results in a compound (7a) with low binding
affinity. The basic amine on the left-side was required
for the current series to have high binding affinity, con-
trary to the SAR in the b-Ala-(2,4-Cl)Phe dipeptides 5.
In addition, functional antagonists were identified.
These results demonstrate that the current series of com-
pounds has unique SAR. Previous studies indicated that
the basic nitrogen of the Tic-group might interact with
the Asp-126 residue of the human MC4 receptor,14


which is believed to be important for receptor activa-
tion.15 The requirement of the basic amine at the left-
side of current compounds might suggest that it inter-
acts with this residue, resulting in a binding mode that
is different from other series such as 1b and 3.


In conclusion, a series of trans-N-alkyl-4-(4-chloro-
phenyl)pyrrolidine-3-carboxamides of piperazinecyclo-
hexanemethylamines were synthesized and characterized
at the melanocortin-4 receptor. While the trans-4-aryl-
pyrrolidine-carbonyl group has been successfully used
in other templates to replace the Tic-(4-Cl)Phe dipeptide
for small molecule agonists such as 1b and 3, no potent
agonists were discovered in this study. It was found that
the basicity of the cyclohexanemethylamine was
essential for potent binding affinity, and several potent
benzylamine derivatives were identified with single digit
Ki values. Compound 18v was found to bind MC4R
with potent affinity (Ki = 0.5 nM) and high selectivity
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over the other melanocortin subtypes and behaved as a
functional antagonist (IC50 = 48 nM).
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Abstract—A novel strategy for the synthesis of cholecystokinin-2 receptor ligands was developed. The route employs a solution-
phase synthesis of a series of anthranilic sulfonamides followed by a resin capture purification strategy to produce multi-milligram
quantities of compounds for bioassay. The synthesis was used to produce >100 compounds containing various functional groups,
highlighting the general applicability of this strategy and to address specific metabolism issues in our CCK-2 program.
� 2007 Elsevier Ltd. All rights reserved.
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The cholecystokinin-2 receptor (CCK-2) remains an
important target for the potential treatment of gastroin-
testinal disorders such as acid reflux, gastroesphogeal re-
flux disease, peptic ulcers1 as well as GI adenocarcinoma.2


In the 20 years since the disclosure of CCK-2,3 no com-
pounds targeting this receptor have become approved
pharmaceuticals owing primarily to the variable pharma-
cokinetics and poor physiochemical properties of the clin-
ical candidates.3,4 Recently, we have re-examined CCK-2
as a target in our medicinal chemistry efforts in order to
develop a small molecule antagonist with increased drug
like properties.5


Testing of Johnson & Johnson compound library collec-
tion via high throughput screening identified a number
of novel structural types showing good affinity for the
CCK-2 receptor. Compound 1 exhibited good affinity
(pKI = 6.4) and selectivity over the related CCK-1 recep-
tor (pKI < 5). Pharmacokinetic (PK) analysis showed a
moderate half-life (0.35 ± 0.03 h) and clearance (0.42 ±
0.01 L/kg/h) upon iv administration to the rat.
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To assess its moderate in-vivo half-life, an identification
of the metabolites formed in the presence of human liver
microsomes (HLM) was performed on 2 and analogs.
Rapid oxidation of the benzothiadiazole and piperidine
rings was found and hence could contribute significantly
to the high in-vivo clearance (Fig. 1).5


To improve metabolic stability with respect to the ben-
zothiadiazole moiety specifically,6 a synthetic effort
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Figure 1. Metabolites of 2 formed in the presence of human liver


microsomes.
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Figure 2. Retrosynthetic analysis of the anthranilic sulfonamides.
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was undertaken to find a suitable replacement and pro-
vide compounds which maintain the same potency to-
ward CCK-2, but offer improved resistance toward
CYP 450 oxidation.


Retrosynthetic analysis of the anthranilic sulfonamides
shows the sulfonamide linkage to be the logical discon-
nection in order to rapidly access arene-based replace-
ments for the benzothiadiazole (Fig. 2).


The intermediate anthranilic amine (3) can be readily
accessed in four steps from 4-bromo-2-nitro-toluene5,7


(Scheme 1). The sulfonyl chloride components were
obtained commercially and chosen to contain similar
aromatic cores to the benzothiadiazole, but range in ste-
ric size, polar functionality, conformational preference,
and overall polarity.


In order to streamline synthetic throughput, we
decided to investigate and optimize a purification
methodology for isolation of the proposed sulfonamide
library. Automated liquid chromatographic purification
systems of normal or reverse phase offer a viable, high
throughput method for purification, however, these
methods require a large volume of solvent and can
be time consuming. Alternatively, purification schemes
involving solid supported reagents or scavengers8 offer
the advantage of speed and ease of use, as reagents can
simply be filtered from solution upon completion of
reaction. Their usage, however, must be tailored to
appropriately fit the chemistry at hand and are not
suitable to all targets.


The anthranilic sulfonamides (such as 1 or 2) bear an
acidic sulfonamide NH proton, which can be deproto-
nated by a solid supported base and thus could in theory
cause the anthranilic sulfonamide to be captured on a

solid support through an ionic interaction. Components
in the reaction mixture not containing acidic moieties
could then be removed by filtration and the sulfonamide
product later isolated by release from the solid support
by treatment with an acidic solution. Similar ‘catch
and release’ methods9 using both ionic10 and covalent11


interactions have been used efficiently in library synthe-
ses12 of ethers,13 amines,14 sulfonates,15 other moieties,16


and in the alkylation of N-Boc sulfonamides,17 however,
to our knowledge, not for the purification of
sulfonamides.18


To optimize the reaction and purification strategies
(Scheme 2), we began by determining that addition of
two equivalents of sulfonyl chloride in the presence of
a mild base (pyridine) was sufficient to efficiently drive
the reaction to completion in a reasonable time frame
(approximately 1 h) and produce minimal amounts of
bis-sulfonamide addition product. Minor formation of
the latter was not expected to be an issue, however, as
it would lack the requisite acidic NH sulfonamide pro-
ton, and hence be removed in our ‘catch and release’
purification strategy during washing.


To determine which solid supported base would be suit-
able for capturing the sulfonamide, we initially explored
use of the trisamine-PS (tris-(2-aminoethyl)aminoethyl
polystyrene resin) to both quench the excess sulfonyl
chloride19 and capture the desired final product. These
efforts were only partly successful as the sulfonyl chlo-
ride was efficiently removed, however, capture of the fi-
nal sulfonamide was inefficient. pKa calculations show
approximately two orders of magnitude difference be-
tween the acidic sulfonamide and basic trisamine-PS
components,20 which should have been suitable to
our ends. Fortunately, the use of a more basic resin,
TBD-PS (1,5,7-triazabicyclo[4.4.0]dec-5-ene polystyrene
resin),21 proved highly effective, giving quantitative
recovery of the desired sulfonamide after capture and
release under acidic conditions with trifluoroacetic
acid in dichloromethane. Thus after these optimizations,
we found that the overall transformation could be
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completed in several hours and provide the desired sul-
fonamides in an average yield of 70% with an average
purity of >95%.22


Using this methodology, we were able to produce >100
compounds for our CCK-2 program and rapidly inves-
tigate a variety of benzothiadiazole replacements pos-
sessing varied functionality. A representative cross
section of the compounds is shown in Figure 3. Several
different types of aryl and heteroaryl cores were pro-
duced including phenyls (4a–g), thiophenes (4h–p), fur-
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Figure 3. A cross-section of the compounds synthesized, showing function
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example contributing to low yield.

ans (4q, 4r), and other heterocycles (4s, 4t). Many
functional groups are represented which had the poten-
tial for acid instability such as esters (4i, n, o, q, r),
amides (4m), and nitriles (4e), as well as basic amines
in the core or periphery. Several moieties were found
to be incompatible with this methodology, however,
including compounds containing carboxylic acid, isox-
azole, [1,2,4]-oxadiazole, and [1,2,4]-thiadiazole moie-
ties, presumably due to either insolubility under
reaction conditions or acid instability during the cleav-
age step.
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Table 1. Microsomal stabilitya and potencyb for aryl sulfonamides 4a–t


HLMa RLMa pKI
b


2 0c 29 7.6


4a 77 78 6.3


4b 44 49 6.2


4c 3 25 5.7


4d 41 9 5.6


4e 7 100 5.3


4f 13 23 5.3


4g 0c 66 5.1


4h 5 47 5.4


4i 0c 0c 5.3


4j 63 39 5.5


4k 2 68 6.1


4l 89 87 5.3


4m 0c 0c 5.2


4n 3 37 5.8


4o 0c 0c 5.1


4p 23 19 5.5


4q 10 100 5.3


4r 0c 11 6.3


4s 7 100 5.8


4t 85 30 5.1


a Human liver microsome (HLM) and rat liver microsome (RLM)


stabilities reported as percent of compound remaining after 30 min.
b Negative logarithm of the antagonist equilibrium dissociation con-


stant calculated from the concentration required to displace 50% 125I-


CCK-8S (pIC50) by the method of Cheng and Prussoff. All values are


±0.3 log units unless otherwise stated.
c Compound concentration was below detection limits.
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The relative stability toward CYP 450 oxidation of the
compounds was examined in the presence of human
and rat liver microsomes (Table 1).23 Several of the com-
pounds showed good stability after 30 min. This was a
vast improvement over compound 2 under the same
conditions which showed rapid degradation.


Although we were able to achieve improved stabilities
by this measure, receptor affinity values of the analogs
(Table 1) were lower than for compound 2. The best
of the analogs from the library synthesis, 4a, was over
a full log unit lower relative to the direct benzothiadiaz-
ole analog 2. Subsequently, in a second stage of this
work, we undertook a chemical strategy to build struc-
turally similar benzothiadiazole-like replacements to
determine the requisite pharmacophore and modifiable
regions of the system using X-ray crystallography,
NMR, and computational studies and are subjects of fu-
ture disclosures from our laboratories.24


In summary, we have developed an efficient and rapid
synthetic methodology for the preparation of >100
anthranilic sulfonamides for our ongoing medicinal
chemistry efforts. This methodology has produced a
small library of compounds allowing us to refine our
pharmacophore model for CCK-2 receptor binding of
small molecule antagonists.
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Abstract—A series of aminoindane derivatives were synthesized and shown to be potent PPARa agonists. The compounds were
obtained as racemates in 12 steps, and tested for PPARa activation and PPARa mediated induction of the HD gene. SAR was
developed by variation to the core structure as shown within. Oral bioavailability was demonstrated in a Sprague–Dawley rat, while
efficacy to reduce plasma triglycerides and plasma glucose was demonstrated in db/db mice.
� 2007 Elsevier Ltd. All rights reserved.

Peroxisome proliferators-activated receptors (PPARs)
are members of a nuclear hormone receptor superfamily
that are activated by endogenous saturated and unsatu-
rated fatty acids, as well as synthetic ligands. To date,
three nuclear receptor isoforms, PPARa, PPARd, and
PPARc have been isolated in various species, with the
PPARa-subtype being the first isoform cloned in multi-
ple species, including rodent and humans. The PPARs
as a whole play a central role in regulating the storage
and catabolism of dietary fats,1 with each PPAR recep-
tor differentially expressed in a tissue-specific manner,
subsequently playing a crucial role in lipid and lipopro-
tein homeostasis.2,3 The PPARs have also been hypoth-
esized to treat obesity-related syndromes, such as type 2
diabetes.4


PPARa is predominantly expressed in various metabol-
ically active tissues, which include high levels of expres-
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sion in the liver, kidney, heart, and brown adipose
tissue, with lower levels of expression in muscle, testis,
spleen, and the lung. The PPARa receptor is specifically
involved in the regulation and expression of target genes
responsible for lipid and lipoprotein metabolism. Upon
ligand activation, the PPARa isoform forms a heterodi-
mer with retinoid X receptor (RXR), with the heterodi-
mer causing a downstream cascade effect that leads to
the expression of target genes responsible for fatty acid
degradation, such as fatty acid binding protein (FABP)
and b-oxidation enzymes (acyl-CoA oxidase and 3-en-
oyl-hydroxyacyl CoA dehydrogenase (HD)). PPARa
also regulates high-density lipoprotein (HDL) levels,
which are involved in reverse cholesterol transport, by
inducing the transcription of the major HDL apolipo-
proteins, apolipoprotein A-I and apolipoprotein A-II.5


The currently prescribed fibrates, such as clofibrate and
fenofibrate (Fig. 1), are hypolipidemic agents effective at
lowering elevated serum triglyceride levels. The triglyc-
eride lowering activity of the fibrates is a result of in-
creased lipoprotein lipolysis followed by b-oxidative
degradation of fatty acids. The latter action combined
with a reduction of fatty acid and triglyceride synthesis
results in a decrease of VLDL production by the liver.
Though the fibrates have been effective ligands of
PPAR, their mechanism of action was not realized until
the early 1990s. Consequently, the fibrates have weak
affinities (>20 lM) in both rodent and human cloned
PPARa receptors, with extremely poor subtype-selectiv-
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ity. Despite the low affinity for the PPARs, clofibrate
has been shown to improve glucose tolerance in type 2
diabetes patients, with obesity a risk factor in the devel-
opment of diabetes. With the uncertainty of whether the
a- or c-component (or the combination thereof) of clo-
fibrate is responsible for the therapeutic effect, the need
for a PPARa-selective agonist has been a large thrust
amongst several groups in the last 10 years.6–13 Re-
cently, GlaxoSmithKline (GSK) reported the discovery
of GW2331, a ureidofibrate, found to be a potent, dual
PPARa/c agonist.14 Subsequently, a similar motif was
revealed by GSK in the form of GW-9578, a ureidobu-
tyric acid, which was disclosed to be a potent and selec-
tive PPARa agonist with favorable hypolipidemic
activity in vivo compared to fenofibrate.15,16 Herein,
we report the design and synthesis of novel indane-ure-
ido-thioisobutyric acids as PPARa agonists.


The synthetic approach utilized toward the synthesis of
the indane-ureido-thioisobutyric acids is shown in
Scheme 1. Treatment of 5-methoxy-1-indanone 2 with
butyl nitrite at elevated temperature afforded oxime 3,
which was subsequently reduced to aminoindane 4 via
catalytic hydrogenation, using carbon-activated palla-
dium. Protection of aminoindane 4 was achieved using
phthalic anhydride at elevated temperature to afford
intermediate 5. Demethylation of ether 5 using boron
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neat, 340 �C, 12 min.

tribromide at reduced temperatures affords phenol 6,
which was further acylated with dimethylthiocarbamoyl
chloride in the presence of 1,4-diazabicyclo[2.2.2]octane
(DABCO) to provide thiocarbamate 7. Newman–Kwart
rearrangement of thiocarbamate 7 to carbamate 8 was
achieved at 340 �C in excellent yields.


The synthesis of structure 1 was completed using the
chemistry outlined in Scheme 2. Deprotection of phthal-
imide 8 to afford 2-aminoindane 9 was achieved using
hydrazine at elevated temperatures. In one-pot, depro-
tection of the thiophenol (not shown) was accomplished
using standard base hydrolysis conditions, followed by
immediate treatment with tert-butyl 2-bromoisobutyrate
to afford thiobutyrate 10. Acylation of amine 10 with
acid chlorides followed by reduction of the resultant
amide with boron–THF complex provided secondary
amine 11, which was further acylated with arylisocya-
nates and deprotected under acidic conditions to afford
analogs of 1.


Alternatively, intermediate amine 10 was reductively
aminated with aldehydes or ketones, using sodium tri-
acetoxyborohydride as the reducing agent, to afford sec-
ondary amines 11, which were subsequently converted
to final products 1.


In the event that alkylation of the second urea nitrogen
is desired, the chemistry shown in Scheme 3 was utilized.
Alkylation of urea 1 using sodium hydride and the
appropriate alkyl halide afforded tert-butyl protected
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intermediates (isolated), which were subsequently
deprotected to afford compounds 12.


In instances when the required isocyanates are not com-
mercially available, the requisite analogs were synthe-
sized using the chemistry shown in Scheme 4. Anilines
13 were treated with carbonyldiimidazole, at elevated
temperatures, to afford intermediate 14, to which was
added a solution of compound 11, to afford the tert-bu-
tyl protected esters, which were deprotected to afford
compounds 1.

Table 1. Biological data for aminoindane derivatives


S
N


HO


O
C7H15


O
NH


R1


1


Compounda R1 PPARa-HD18 EC50 (lM)


15 2,4-diF >10


16 H >10


17 2-F >10


18 2-CH3 7.54


19 2-CF3 6.39


20 2-OCF3 4.99


21 2-SCF3 1.96


22 3-F 2.67


23 3-Cl 2.09


24 3-CF3 2.73


25 3-OCH3 1.11


26 4-OCH3 0.910


27 4-CF3 1.27


28 4-SCH3 0.419


29 4-SCF3 0.210


30 4-i-Pr 0.229


31 4-N(CH3)2 0.252 (0.700)


32 4-OCF3 0.294


(R)-(�)-32b 4-OCF3 0.169


(S)-(+)-32b 4-OCF3 >13


GSK-9578 0.166


a Target compounds were purified by reverse-phase semi-prep HPLC,


isolated, and tested as carboxylic acids unless otherwise noted.


Purities were judged by reverse-phase HPLC/MS at 215 and 254 nm


(YMC J’Sphere C-18 column, 0.4 · 5 cm; mobile phase: MeCN–


H2O). All compounds were characterized by ESI-MS and 400-MHz
1H NMR.


b >98% enantiomeric purity by chiral HPLC (Chiralcel OD column,


0.46 · 25 cm; mobile phase: 95:5: hexanes/i-PrOH, with 0.1% TFA;


flow rate: 1 mL/min).

To determine the role of stereochemistry on gene activa-
tion, compounds 32, 33, and 35 were resolved by chiral
HPLC to yield each enantiomer in >98% ee. The abso-
lute configuration of the (S)-(+) enantiomer of 35 was
initially characterized by vibrational circular dichroism
(VCD).17 The results in Tables 1 and 2 indicate that
(R)-(�) enantiomer of 35 is the preferred absolute con-
figuration in all three cases.


Compounds 15–32 were evaluated for their agonist
activity by using a rat hepatoma cell line for the induc-
tion of PPARa target gene, 3-enoyl-hydroxyacyl CoA
dehydrogenase (HD).18 The results obtained in Table 1
were compared with corresponding data for GW-9578
(PPARa agonist) as a reference compound. The direct
analogue of GSK-9578, 15, exhibited no activity in the
HD gene induction assay. However, introduction of o-
substitution, such as a 2-trifluoromethyl group, as in
19, enhanced receptor affinity (EC50 = 6.4 lM). Im-
proved HD induction was realized through the introduc-
tion of a p-trifluoromethyl, as in 27 (EC50 = 1.2 lM).
Methylthio analogue 28 demonstrated an additional 3-
fold increase in potency over 27, while trifluoromethyl
thio analogue 29, isopropyl analogue 30, dimethylamino
analogue 31, and trifluoromethoxy analogue 32 show a
further 5-fold enhancement in potency in the HD induc-
tion assay. Each of the enantiomers of 32, (R)-(�)-
32and (S)-(+)-32, was tested, with only enantiomer
(R)-(�)-32 demonstrating notable PPARa receptor
activity (EC50 = 0.172 lM).


Using analogue 32 as a starting point, the length of the
urea side chains (R and R2) as well as the substitution pat-
tern on the urea-phenyl moiety (R1), as shown in Table 2,
was explored. Des-heptyl analogue 33 demonstrated com-
parable affinity to 32 in the HD gene induction assay.
Varying the chain length indicated that the smaller, ali-
phatic chains were favored. For example, ethyl analogues
35 (4-fold), 36 (7-fold), and 37 (9-fold) demonstrated a
significant enhancement in potency compared to 32, while
octyl analogue 54 showed a 6-fold loss of activity. Branch-
ing of the aliphatic side chain was tolerated when the
branched portion was several carbon atoms removed
away from the urea, as in 57 (EC50 = 0.479 lM), albeit
branching was not an optimal substitution. Substitution
of the second urea nitrogen (R2), demonstrated by com-
pounds 39 and 46, with aliphatic chains afforded inactive
compounds. Further exploration of the structure–activity
relationship of the trifluoromethoxyphenyl moiety affor-
ded analogues 60–63. Additional substitution on the
urea-phenyl ring led to either less potent or inactive com-
pounds. Each enantiomer of 35, (R)-(�)-35 and (S)-(+)-
35, was studied, and both enantiomers furnished notable
PPARa receptor potency (EC50 = 0.014 and 0.171 lM,
respectively). However, (R)-(�) was 10-fold more potent
than the (S)-(+).


Primarily using PPARa activity, human liver micro-
somal stability,19 and structural diversity to triage com-
pounds, several compounds were selected as potential
candidates for in vivo profile. Table 3 shows the
in vitro metabolism (human liver microsomal stability)
and pharmacokinetic profiles in rats at doses of







Table 2. PPARa-mediated HD gene induction and PPARa-Gal4 co-transfection data


S
N


HO


O
R


O
N


R1


1


R2


R3


Compounda R R1 R2 R3 PPARa-HD18 EC50 (lM)


33 H H H OCF3 0.096


(R)-(�)-33b H H H OCF3 0.146


(S)-(+)-33b H H H OCF3 1.11


34 CH3 H H OCF3 2.85


35 CH2CH3 H H OCF3 0.033


(R )-(�)-35b CH2CH3 H H OCF3 0.002


(S)-(+)-35b CH2CH3 H H OCF3 0.165


36 CH2CH3 H H i-Pr 0.032


37 CH2CH3 H H SCF3 0.023


38 CH2CH3 H H N(CH3)2 0.117


39 CH2CH3 H CH3 OCF3 >1.0


40 (CH2)2CH3 H H OCF3 0.158


41 (CH2)3CH3 H H OCF3 0.195


42 (CH2)3CH3 H H i-Pr 0.260


43 (CH2)3CH3 H H SCF3 0.160


44 (CH2)3CH3 H H N(CH3)2 0.561


45 (CH2)4CH3 H H OCF3 0.105


46 H H (CH2)4CH3 OCF3 >5.0


47 (CH2)4CH3 H H i-Pr 0.159


48 (CH2)4CH3 H H SCF3 0.046


49 (CH2)4CH3 H H N(CH3)2 0.141


50 (CH2)5CH3 H H OCF3 0.166


51 (CH2)5CH3 H H i-Pr 0.180


52 (CH2)5CH3 H H SCF3 0.249


53 (CH2)5CH3 H H N(CH3)2 0.219


54 (CH2)7CH3 H H OCF3 1.03


55 CH(CH3)2 H H OCF3 >5.0


56 CH2CH(CH3)2 H H OCF3 2.34


57 (CH2)2CH(CH3)2 H H OCF3 0.386


58 (CH2)2OCH3 H H OCF3 0.425


59 (CH2)3CF3 H H OCF3 0.707


60 CH2CH3 2-CH3 H OCF3 0.598


61 CH2CH3 2-Br H OCF3 >1.0


62 CH2CH3 3-Cl H OCF3 >3.0


63 CH2CH3 3-Br H OCF3 >3.0


GSK-9578 0.084


Fenofibrate >10


Ciprofibrate >10


a Target compounds were purified by reverse-phase semi-prep HPLC, isolated, and tested as carboxylic acids unless otherwise noted. Purities were


judged by reverse-phase HPLC/MS at 215 and 254 nm (YMC J’Sphere C-18 column, 0.4 · 5 cm; mobile phase: MeCN–H2O). All compounds were


characterized by ESI-MS and 400-MHz 1H NMR. Compounds are racemates unless otherwise noted by stereochemical assignment.
b >98% enantiomeric purity by chiral HPLC (Chiralcel OD column, 0.46 · 25 cm; mobile phase: 95:5: hexanes/i-PrOH, with 0.1% TFA; flow rate:


1 mL/min).
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3.0 mg/kg (iv) and 30.0 mg/kg (po). The results shown in
Table 3 suggest the compounds have reasonable oral
bioavailability, though the highest exposures of drug
were seen with 35 and 38. Both 35 and 38 exhibited oral
bioavailability in rats (59% and 58%, respectively), with
acceptable oral t1/2 (4.0 and 4.4 h, respectively), and
relatively low clearance (0.1 and 0.11 mL/min/kg,
respectively). The pharmacokinetic and in vitro pharma-
cological properties of 35 warranted assessment in phar-
macological models in mice.


The hypolipidemic and hypoglycemic effects of com-
pound 35 were demonstrated in db/db mice, an obese

rodent model of type 2 diabetes characterized by severe
hyperglycemia, hypertriglyceridemia, and insulin resis-
tance.20 The 6- to 7-week-old female db/db mice were
treated with compound 35 by oral gavage at 1.0 mg/kg
for 11 days. Compound 35 demonstrated a significant
hypotriglyceridemic and hypoglycemic effect, with a
reduction in plasma triglycerides (56%), plasma glucose
(60%), and plasma insulin (53%) levels suggesting that
the compound may improve insulin sensitivity. In the
same study, 35 reduced the body weight of the mice by
59%. Similarly, (R)-(�)-35 was dosed by oral gavage
at 0.1 mg/kg in db/db mice (6- to 7-week-old female
mice; 11-day dosing regimen). Even at this low dose,







Table 3. Pharmacokinetic profiles of 35–38, 45, 48, and 49a


Compound HLM stabilityb (t1/2, min) Cmax ± SE (lg/mL) AUC ± SE (lg h/mL) t1/2b (h) CLtot (mL/min/kg) BAc (%)


35 100 39.27 ± 7.87 290.28 ± 93.49 4.0 ± 1.27 0.10 59


36 12 32.36 ± 19.48 37.13 ± 16.68 2.92 ± 1.01 0.81 34


37 100 5.67 ± 1.29 101.02 ± 50.3 3.84 ± 1.84 0.30 100


38 80 72.3 ± 32.17 273.46 ± 82.4 4.46 ± 1.12 0.11 58


45 100 16.63 ± 8.62 121.36 ± 59.85 7.19 ± 1.35 0.25 24


48 76 8.02 ± 3.36 54.72 ± 28.76 4.05 ± 0.55 0.55 59


49 94 20.79 ± 7.00 63.58 ± 24.07 2.60 ± 0.56 0.47 62


a Compounds were dosed in fasted rats, n = 6, po @ 30 mg/kg, iv @ 3 mg/kg.
b HLM, human liver microsome. Compounds were incubated at 37 �C at 5 lM and 1 mg protein/mL microsomal prep.19


c BA = Oral bioavailability.


Table 4. Selectivity of (R)-(�)-35 for PPAR subtypes


Compound PPARa-HD18


ED50 (lM)


PPARa-Gal421


EC50 (lM)


PPARd-Gal421


EC50 (lM)


PPARc-Gal421


EC50 (lM)


PPARc-aP222


(% BRL-49653)


(R)-(�)-35 0.002 0.170 2.1 >10 3.8%


GSK-9578 0.084 0.45 0.15 0.5 0.46%


Rosiglitazone 0.19 0.12 lM
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compound (R)-(�)-35 demonstrated a significant de-
crease in both serum triglycerides (43%) and serum insu-
lin (49%), with a modest decrease in serum glucose
(16%).


In addition, (R)-(�)-35 was assessed for its ability to
stimulate various human PPAR subtypes (a, c, d; Table
4) with receptor activation assessed in co-transfection
assays. For this purpose, Gal4 PPAR chimeric receptors
were expressed in transiently transfected HEK293
cells.21 Further selectivity of (R)-(�)-35 was determined
by evaluating the induction of aP2 (PPARc-aP2)
mRNA in human preadipocytes (Table 3).22 As demon-
strated in Table 4, (R)-(�)-35 is potent toward the acti-
vation of the PPARa co-transfection assay
(EC50 = 0.170 lM) and demonstrates high selectivity
over the d- and c-receptors in the PPARd and PPARc-
Gal4 co-transfection assays, as well as the aP2 induction
assay. PPAR agonists GSK-9578 (PPARa) and Rosig-
litazone (PPARc-selective) were assessed in these assays
as well.


In conclusion, we have investigated a series of indane-
ureido-thioisobutyric acids as potent and efficacious
PPARa agonists. We identified (R)-(�)-35 as a highly
selective PPARa receptor agonist and demonstrated
that this compound has excellent oral efficacy in db/db
mice, with the ability to significantly decrease hypotri-
glyceridemic and hypoglycemic effects, at a low dose
(1.0 mg/kg). On the basis of an assortment of preclinical
data, (R)-(�)-35 was advanced into development as a
selective PPARa agonist that could be useful for the
treatment of several clinical indications for which the
marketed fibrates are used.
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cAuspex Pharmaceuticals, 1261 Liberty Way, Vista, CA 92081-8356, USA
dNeurochem, 275 Armand-Frappier Blvd., Laval, Que., Canada H7V 4A7


eTakeda San Diego, 10410 Science Center Drive, San Diego, CA 92121, USA


Received 9 September 2007; revised 15 October 2007; accepted 15 October 2007


Available online 18 October 2007


Dedicated to the memory of Naomy Bernstein, our colleague and friend.

Abstract—A variety of N-(2-amino-phenyl)-4-(heteroarylmethyl)-benzamides were designed and synthesized. These compounds were
shown to inhibit recombinant human HDAC1 with IC50 values in the sub-micromolar range. In human cancer cells growing in culture
these compounds induced hyperacetylation of histones, induced the expression of the tumor suppressor protein p21WAF1/Cip1,
and inhibited cellular proliferation. Certain compounds of this class also showed in vivo activity in various human tumor xenograft
models in mice.
� 2007 Elsevier Ltd. All rights reserved.
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Histone acetylation/deacetylation is essential for chro-
matin remodeling and regulation of gene transcription
in eukaryotic cells. Histone deacetylases (HDACs) and
histone acetyltransferases (HATs) are enzymes that cat-
alyze the deacetylation (associated with transcriptional
silencing) and acetylation (associated with transcrip-
tional activation), respectively, of lysine residues located
in the NH2 terminal tails of core histones.1 Perturba-
tions of this balance in the form of histone deacetylation
are often observed in human tumors.2 Thus, inhibition
of HDACs has emerged as a novel therapeutic strategy
against cancer.3 Small molecules of different classes such
as MGCD0103 (1) (MethylGene Inc.),4,5 CRA-024781
(2) (Celera Genomics),6 PXD-101 (3) (Curagen/Topo-
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Target),7 LBH-589 (4) (Novartis AG),8 and MS-275
(5) (Syndax Pharmaceuticals/Schering AG)9 are potent
HDAC inhibitors, demonstrating in vivo antitumor effi-
cacy and are currently undergoing clinical trials (Fig. 1).

N


O


O


N
H


O


H
N


NH2


MS-275 (5)


H
N


O
NHOH


O


OO
PXD-101 (3) N


H Me LBH-589 (4)


SAHA


Figure 1.



mailto:vaisburga@methylgene.com





N
H


O


O


O NH2


N
H


O


OH


O


N


N


O


OH


O


X


15a: X = CH; 15b: X = N; 15c: X = CCH3


CHO


CHO


12


H
N


O


NH2N


O


(a), (b)


(c)


(d), (e) or (f)


14


N


N


Me


O


H
N


NH2


O


N


N


O


H
N


O


X


NH2


16: X = CH; 17: X = N


18


(b)


(g), (h)


11


13


Scheme 1. Reagents and conditions: (a) p-aminomethylbenzoic acid,


AcOH, 5 min, reflux, 49%; (b) 1,2-phenylenediamine, BOP, Et3N,


DMF, 31–49%; (c) p-aminomethylbenzoic acid, Et3N, H2O, 3 h, 40 �C


100%; (d) HCOOH, reflux, 6 h (X = CH), 96%; (e) NaNO2, HCl, 0 �C


(X = N), 96%; (f) Ac2O, reflux, 1 h, then AcOH, reflux, 48 h


(X = CCH3), 43%; (g) (2-amino-phenyl)-carbamic acid tert-butyl ester,


BOP, Et3N, DMF (58%, X = CH; 62%, X = N); (h) TFA/CH2Cl2
(74%, X = CH; 19%, X = N).
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Suberoylanilide hydroxamic acid Zolinza(TM) (vorino-
stat, SAHA, Merck)10 has recently been approved for
the treatment of advanced cutaneous T-cell lymphoma
(CTCL).


In our research program directed toward design, synthe-
sis, and biological evaluation of novel HDAC inhibitors
with adequate ‘drug-like’ properties, we identified sev-
eral distinct classes of such molecules: arylsulfona-
mide-based hydroxamates exemplified by compound
(6),11 arylsulfonamide-based amino-anilides such as
(7),12 long-chain SAHA-like x-substituted hydroxamic
acids like (8),13 and 2-amino-phenylamides of x-substi-
tuted alkanoic acids such as (9).14 All these classes of
compounds while possessing good in vitro HDAC-
inhibitory activity showed, however, marginal in vivo
efficacy, which was attributed to their relatively short
half-life and poor bioavailability (data not shown). Ef-
forts to overcome these shortcomings led us to the novel
class of N-(2-amino-phenyl)-4-(heteroarylmethyl)-benz-
amides (10) (Fig. 2), which not only retained high
HDAC in vitro potency, but showed significant
improvement in antitumor in vivo behavior.


The first series of target compounds representing the
class of N-(2-amino-phenyl)-4-(heteroarylmethyl)-benz-
amides (10) was the set of compounds bearing a car-
bonyl group on the left-hand side heterocyclic moiety
such as compounds 12, 16–18. Their synthesis is pre-
sented in Scheme 1, while the detailed procedures are de-
scribed in Delorme et al.15 It is worth mentioning that
all these HDAC inhibitors as well as the ones described
below bear the N-(2-amino-phenyl)-benzamide fragment
which has been shown to be the pharmacophore.9b Re-
moval of the amino group is detrimental to the
HDAC-inhibitory activity. The amino group, however,
can be replaced by an OH-group without the loss of po-
tency and only a few other subtle substitutions in that
fragment are allowed.9b


The second series of the synthesized target compounds
was the series of molecules bearing two carbonyl groups
on the left-hand side heterocyclic moiety such as com-
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Figure 2.

pounds 20, 22, and 24–29 (Scheme 2). We also explored
a replacement of the fused benzene ring in compounds
16, 24, and 26 for a thiophene thus preparing the corre-
sponding thienopyrimidines 31, 34, and 36 (Scheme 3).
To further investigate possible replacements within this
class of molecules, we substituted the endocyclic nitro-
gen atom as an attachment point between heterocycles
and the benzamide fragments, for a carbon atom, which
resulted in the design and synthesis of the ‘carbon ana-
logues’ 38, 41–43 (Scheme 4). 4-(4-Oxo-chroman-3-
ylidenemethyl)-benzoic acid methyl ester (40) turned
out to be the key intermediate in the synthesis of target
molecules 41–43. Thus, the RhCl3 mediated isomeriza-
tion of its double bond16 followed by hydrolysis and a
coupling with 1,2-phenylenediamine afforded compound
41. Reduction of the double bond using phenylsulfonyl
hydrazine was the key procedure in the synthesis of
the target 42, while hydrogenation of 40 in the presence
of palladium on charcoal ultimately allowed for the for-
mation of the compound 43 devoid of the carbonyl
group.


The data in Table 1 demonstrate the ability of these
compounds to inhibit recombinant HDAC1 with an
IC50 range of 0.1–1.0 lM (measured using BocLys(ace-
tyl)AMC as substrate).17 Also, these compounds dem-
onstrated good in vitro antiproliferative potency
(measured with MTT reagent) in the human colon can-
cer cell line (HCT116), with desirable selectivity (6- to
>50-fold) over normal human mammary epithelial cells
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(HMEC). Consistent with inhibiting cellular HDACs,
these inhibitors induced histone hyperacetylation in
T24 human cancer cells (EC50 � 1 lM), in a dose-depen-

dent fashion. Also consistent with their mechanism
of action, these compounds induced the expression
of the cyclin-dependent kinase inhibitor p21WAF1/Cip1







Table 2. Pharmacokinetic profile of selected compounds


Compound T 1
2


iv (h) F%


12 0.6 34


18 0.9 16


27 2.1 38


31 1.4 47


34 1.3 47


36 1.2 64


Table 3. In vivo antitumor activity of 24, 31, and 34


Compound Dose (mg/kg) % tumor growth inhibition


24 20 (ip) 51% (HCT116)


24 40 (ip) 59% (HCT116)


31 80 (po) 42% (A549), 45% (DU145)


34 40 (ip) 61% (HCT116)


34 80 (po) 55% (A549), 67% (DU145)


Table 1. In vitro profile of histone deacetylase inhibitors


Compound HDAC1


IC50


(lM)


MTT


HCT116


IC50


(lM)


MTT


HMEC


IC50


(lM)


H4-Ac


EC50


(lM)


p21


induction


EC50


(lM)


12 0.1 0.5 37 1 2


16 0.1 0.4 28 <1 1


17 0.2 0.6 17 1 1


18 0.08 0.6 >50 1 2


20 0.2 5 >50 5 3


22 0.1 0.3 21 1 2


24 0.06 0.8 18 1 2


25 0.1 0.7 >42 1 1


26 0.2 0.4 25 1 0.6


27 0.3 1 >25 1 1


28 0.4 1 >25 3 5


29 0.1 0.8 >25 1 3


31 0.2 0.7 >50 1 1


34 0.06 0.4 29 1 1


36 0.3 0.8 >50 1 3


38 0.1 0.6 8 <1 2


41 0.03 0.3 9 1 1


42 0.09 0.9 6 2 1


43 1 2 23 3 3


HDAC1: Inhibition of recombinant HDAC1.


MTT: Cytotoxicity/proliferation of human cancer HCT116 cells and


human normal mammary epithelial (HMEC) cells.


H4-Ac: Relative effective concentration of compounds in induction of


histone H4 acetylation in T24 human cancer cells, relative to MS-275


at 1 lM. Human T24 cells were treated with compounds at 0, 1, 5, and


25 lM for 16 h. Cells were harvested and histones were acid-extracted.


Histones were analyzed by SDS–PAGE and immunoblotted with


antibodies specific for either H4 histones or acetylated H4 histones.


p21WAF1/Cip1: Relative effective concentration of compounds in


induction of p21WAF1/Cip1 in T24 human cancer cells, relative to MS-


275 at 1 lM. Human cancer T24 cells were treated with compounds at


concentrations at 0, 1, 5, and 25 lM or DMSO alone for 16 h before


whole cell lysates were harvested and analyzed by Western blot using


p21WAF1/Cip1 antibody. Tubulin level was analyzed to reveal protein


loading.
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(EC50 � 2 lM). In addition, they caused apoptosis and
G2/M cell cycle arrest in HCT116 human colon cancer
cell line (data not shown).


The first compound from the mono-carbonyl series,
compound 12, already exhibited an in vitro profile sim-
ilar to the one of MS-275, which was used as a positive
control in our experiments. Changing the ring from 5- to
6-membered (proceeding from compound 12 to com-
pounds 16 and 17) or adding a methyl group to the car-
bon between the pyrimidine nitrogens (compound 18)
did not affect the enzymatic or cellular activities.


The first compound from the di-carbonyl series, com-
pound 20, although only 2-fold less potent against the
HD1 enzyme, showed, however, weaker cytotoxic activ-
ity and was inferior in terms of induction of histone
acetylation and p21WAF1/Cip1 when compared with its
mono-carbonyl counterpart, compound 12. The cyto-
toxicity of the HDAC inhibitors and the ability to
induce acetylation of H4 histones have been improved
when the 5-membered ring (in 20) was replaced by the

6-membered one (compounds 22 and 24). Alkylation
of the nitrogen in 24 generally did not affect
the in vitro parameters (compounds 25–29); their
enzymatic and cellular potencies remained micro- or
sub-micromolar with comparable numbers for H4-acet-
ylation or p21WAF1/Cip1 induction. Thienopyrimidine
based HDAC inhibitors 31, 34, and 36 showed similar
overall in vitro profiles when compared to their benzo
annelated analogues (compounds 16, 24, and 26) with
the most attractive being 34. The carbon analogues 38,
41–43 did not look superior relative to the best
compounds with a C–N linker (16, 25–26, or 34): the
IC50 values in cytotoxicity assay against human normal
mammary epithelial cells (HMEC) were lower, indicat-
ing the potential for toxicity by these molecules. In
addition to that, compound 43 (lacking the carbonyl
group on the left-hand side) exhibited only micromolar
potencies in all the assays (Table 1).


Selected compounds underwent pharmacokinetic evalu-
ation in female Sprague–Dawley rats. The compounds
were dosed at 2.5 mg/kg (iv) or 5.0 mg/kg (po) with
the dosing vehicles being acidified saline or acidified sal-
ine/PEG400. Compounds 27, 31, 34, and 36 turned out
to be reasonable with respect to their half-lives and oral
availability (Table 2).


Compounds 24, 31, and 34 were further evaluated
in vivo in several human tumor xenograft models
[A549 (non-small cell lung), DU145 (prostate), and
SW48, HCT116 (colon)] in nude mice (6 animals per
group). Compounds were administered once daily for
14 days by either intraperitoneal (ip) injection or orally
(po). The compounds demonstrated significant antitu-
mor activity in all models tested (% tumor growth inhi-
bition vs vehicle treated control animals) by either
dosing route at well tolerated doses (Table 3).


We designed and synthesized a novel class of HDAC
inhibitors, the N-(2-amino-phenyl)-4-(heteroarylmeth-
yl)-benzamides. These compounds exhibit in vitro anti-
proliferative activities in numerous human cancer cells,
but not normal cells, induce p21WAF1/Cip1 expression
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and hyperacetylation of core histones, and cause cell
cycle arrest and apoptosis of human cancer cells.


The most promising HDAC inhibitor of this series was
found to be compound 34. It has an excellent in vitro
profile and shows significant antitumor activity in vivo
in several human cancer xenograft models. Compound
34 is metabolically stable, does not show any major
binding to receptors, channels or enzymes that can pre-
dict potential toxicity liabilities (data not shown), and
possesses acceptable physiochemical and pharmacoki-
netic characteristics.
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Abstract—Necroptosis is a regulated caspase-independent cell death mechanism that results in morphological features resembling
non-regulated necrosis. This form of cell death can be induced in an array of cell types in apoptotic deficient conditions with death
receptor family ligands. A series of [1,2,3]thiadiazole benzylamides was found to be potent necroptosis inhibitors (called necrosta-
tins). A structure–activity relationship study revealed that small cyclic alkyl groups (i.e. cyclopropyl) and 2,6-dihalobenzylamides at
the 4- and 5-positions of the [1,2,3]thiadiazole, respectively, were optimal. In addition, when a small alkyl group (i.e. methyl) was
present on the benzylic position all the necroptosis inhibitory activity resided with the (S)-enantiomer. Finally, replacement of the
[1,2,3]thiadiazole with a variety of thiophene derivatives was tolerated, although some erosion of potency was observed.
� 2007 Elsevier Ltd. All rights reserved.

Cell death has traditionally been categorized as either
apoptotic or necrotic based on morphological character-
istics.1 These two modes of cell death were also initially
thought to fundamentally differ in underlying cellular
regulation, with the former representing a regulated cas-
pase-dependent mechanism,2 while the latter resulted
from non-regulated processes. However, more recent
studies demonstrate that the underlying basis of cellular
necrosis is more complex, as it can result in some in-
stances from regulated caspase-independent cellular
signaling.3


A regulated caspase-independent cell death pathway
with morphological features resembling necrosis, called
necroptosis, has recently been described.4 This manner
of cell death can be initiated with various stimuli (e.g.
TNF-a and Fas ligand) and in an array of cell types
(e.g. monocytes, fibroblasts, lymphocytes, macrophages,

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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epithelial cells, and neurons). Necroptosis may represent
a significant contributor to and in some cases predomi-
nant mode of cellular demise under pathological condi-
tions involving excessive cell stress, rapid energy loss,
and massive oxidative species generation, where the
highly energy-dependent apoptosis process is not opera-
tive. The discovery of necroptosis, therefore, raises the
possibility of novel therapeutic intervention strategies
for the treatment of maladies where necrosis is known
to play a prominent role,5 including organ ischemia
(i.e. stroke6 and myocardial infarction7), trauma, and
possibly some forms of neurodegeneration.8


The identification and optimization of low molecular
weight molecules capable of inhibiting necroptosis will
assist in elucidating its role in disease patho-physiology
and could provide lead compounds (i.e. necrostatins) for
therapeutic development. A series of hydantoin contain-
ing indole derivatives, exemplified by 1, were the first po-
tent in vitro and in vivo necroptosis inhibitors to be
described (Fig. 1).4,9 Since then, a series of tricyclic
derivatives, exemplified by 2,10 and substituted 3H-thie-
no[2,3-d]pyrimidin-4-ones, exemplified by 3,11 have also
been reported. In the course of continued screening for
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Figure 1. Necrostatins.
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Scheme 2. Reagents and conditions: (a) NaBH4, MeOH, rt, 12 h; (b)


Dess–Martin reagent, CH2Cl2, rt, 1 h (65% over two steps); (c) 2-Cl-6-


F–PhCH2NH2, anhydrous MgSO4, Et3N, THF, rt, 2 h then


Na(OAc)3BH, ClCH2CH2Cl, rt, 6 h (41%); (d) oxalyl chloride, cat.


DMF, CH2Cl2, 0 �C to rt, 1 h; (e) NaH, 2-Cl-6-F–PhC(@O)NH2,


THF, rt, 1 h (34% over two steps).
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additional classes of necroptosis inhibitors, we discov-
ered that the [1,2,3]thiadiazole derivative 4 was a moder-
ately potent inhibitor (EC50 = 1.0 lM).12 Herein, we
report an initial structure–activity relationship (SAR)
study for this class of necroptosis inhibitors.


Many of the [1,2,3]thiadiazole derivatives evaluated
herein were prepared according to the procedure out-
lined in Scheme 1. Meldrum’s acid, 5, was treated with
acyl chlorides in the presence of pyridine to give b-keto-
esters 6.13 The esters were allowed to react with mono-
Boc-hydrazine in the presence of a catalytic amount of
p-toluenesulfonic acid (p-TsOH) to give imines 7.14


Cyclization in the presence of thionyl chloride yielded
the [1,2,3]thiadiazole esters 8. Acid hydrolysis of the es-
ters provided acids 9. These materials were coupled with
various amines utilizing HBTU (Method A), the corre-
sponding acyl chlorides (Method B) or through the use
of EDCI (Method C) to give amides 10.


Compound 14 was prepared according to the procedure
outlined in Scheme 2. Ester 11 was reduced with sodium
borohydride to give 12. The alcohol was converted to
the corresponding aldehyde 13 utilizing Dess–Martin re-
agent. The aldehyde was condensed with 2-chloro-6-flu-
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Scheme 1. Reagents and conditions: (a) RC(O)Cl, py, CH2Cl2, rt, 2 h,


then MeOH, 2 h (75%); (b) H2NNHBoc, cat. TsOH, toluene, 60 �C,


4 h; (c) SOCl2, 60 �C, 1 h (47% over two steps); (d) 6 N HCl, AcOH,


150 �C, 4 h; (e) Method A: H2N(CH2)nR3, HBTU, i-Pr2NEt, CH2Cl2,


rt, 12 h (30–90%); Method B: oxalyl chloride, cat. DMF, CH2Cl2, 0 �C


to rt, 1 h then H2N(CH2)nR3, EtOAc, saturated aqueous NaHCO3, rt,


2 h (20–75%); Method C: H2N(CH2)nR3, EDCI, HOBt, DMF, rt, 12 h


(60–90%).

orobenzylamine in the presence of anhydrous
magnesium sulfate to give an imine, which was subse-
quently used as crude material. The imine was then re-
duced with sodium triacetoxyborohydride to give the
secondary amine 14. The imide derivative 17 was also
prepared starting with acid 15, which was first converted
to the corresponding acid chloride 16. This material was
then allowed to react with the anion of 2-chloro-6-fluo-
robenzamide generated with sodium hydride to give
imide 17 in 34% yield.


The a-substituted (±)-2-chloro-6-fluorobenzylamines
were prepared according to Scheme 3. 2-Chloro-6-flu-
orobenzophenone, 18a, was reduced with borane–THF
complex to give the corresponding secondary alcohol.
The alcohol was converted to the corresponding phthal-
imide via a Mitsunobu reaction followed by treatment
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Scheme 3. Reagents and conditions: (a) 1 M BH3ÆTHF, THF, rt, 2 h; (b)


diethyl azodicarboxylate, PPh3, phthalimide, THF, rt, 18 h (65% over


two steps); (c) H2NNH2ÆH2O, THF/EtOH (6:1), D, 11 h (50%); (d) 1 M


BH3ÆTHF, THF, 0 �C to rt, 1.5 h then n-BuLi or PhLi,�78 �C, 2 h (15%


when R2 = n-Bu, 20% when R2 = Ph); (e) NaO-t-Bu, MeI, NMP, THF,


rt, 48 h (85%); (f) 6 N HCl, 120 �C, 12 h; (g) Boc2O, NaN3, n-Bu4NBr,


80 �C, 24 h; (h) TFA, DCM, rt (58% over three steps).







Table 1. EC50 determinations of necroptosis inhibition in FADD-


deficient Jurkat T cells treated with TNF-a


N
N


S
N


O


R3
R1


R2


Compound R1 R2 R3 EC50
a (lM)


4 Me H 2-Cl-6-F–Ph 1.0


26 Me Me 2-Cl-6-F–Ph 11


27 Me H 2,6-di-F–Ph 3.5


28 Me H 2-Me–Ph 27


29 Me H 2-OMe–Ph >100


30 n-Pr H 2-Cl-6-F–Ph 4.1


31 i-Pr H 2-Cl-6-F–Ph 0.58


32 c-Pr H 2-Cl-6-F–Ph 0.50


33 c-Bu H 2-Cl-6-F–Ph 0.60


34 c-Pentyl H 2-Cl-6-F–Ph 1.9


35 c-Hex H 2-Cl-6-F–Ph 6.0


36 t-Bu H 2-Cl-6-F–Ph 18


37 Ph H 2-Cl-6-F–Ph >100


38 c-Pr H 2,6-di-Cl–Ph 6.0


39 c-Pr H 2,6-di-F–Ph 1.5


40 c-Pr H 2-F–Ph 1.5
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with hydrazine monohydrate to give 19a.15 Nitriles 18b
and 18c were treated with borane–THF complex fol-
lowed by addition of n-BuLi or PhLi to give amines
19b and 19c, respectively.16 The benzylnitrile 20a was
first dialkylated with methyl iodide to give 20b. This
material was hydrolyzed to the corresponding carbox-
ylic acid and then subjected to a one-pot Curtius rear-
rangement (via an in situ generated acyl azide) to give
a Boc-protected amine that upon deprotection yielded
amine 21.17


(S)-1-(2-Chloro-6-fluorophenyl)ethylamine was pre-
pared by allowing 22 to react with methyl magnesium
chloride followed by treatment with acetic anhydride
to give a-enamide 23 (Scheme 4). Asymmetric hydroge-
nation in the presence of the chiral catalyst (S,S)-Me–
BPE–Rh gave amide 24.18 Acid hydrolysis of the amide
yielded the optically pure amine 25, isolated as the
hydrochloride salt. Similarly, (R)-25 was made utilizing
(R,R)-Me–BPE–Rh.


Evaluation of necroptosis inhibitory activity was per-
formed using a FADD-deficient variant of human Jur-
kat T cells treated with TNF-a as previously
described.4,10 Utilizing these conditions the cells effi-
ciently underwent necroptosis, which was completely
and selectively inhibited by 1 (EC50 = 0.050 lM). For
EC50 value determinations, cells were treated with
10 ng/mL of human TNF-a in the presence of increasing
concentration of test compounds for 24 h followed by
ATP-based viability assessment.19


The initial SAR revealed that the amide NH was crucial
for activity. For example, simple methylation (26 vs 4
and 50 vs 32) resulted in significant loss of activity.
Introduction of branching into the alkyl group at the
4-position of the [1,2,3]thiadiazole increased activity,
with i-Pr (31), c-Pr (32), and c-Bu (33) being optimal.
However, introduction of a t-Bu (36) or phenyl (37) at
this position resulted in decreased activity. The 2-
chloro-6-fluoro substitution of the phenyl ring also ap-
peared to be necessary for potent activity. For example,
compounds with a 2-methylphenyl (28) or 2-methoxy-
phenyl (29) were less active. In addition, the 2,6-dichloro
(38) or 2,6-difluoro (39) substituted derivatives were also
less active in some cases compared to 2-chloro-6-fluoro
substitution (32). Consistent with these findings, remov-
ing one of the halogens (40) or replacing one of the hal-
ogens with small (41) or large (42) electron-donating
groups also resulted in decreased activity. Replacing
one of the halogens with other electron-withdrawing
groups, such as cyano (43) or CF3 (44), did not restore

a


22


F


Cl


CN b


23


F


Cl


NHAc


24 R = NHAc
25 R = NH2•HCl


F


Cl


R


Me


c


Scheme 4. Reagents and conditions: (a) MeMgCl, THF, rt, 24 h then


Ac2O, 120 �C, 20 min (43%); (b) (S,S)-Me–BPE–Rh (1 mol%), H2


(60 psi), rt, 12 h (90%); (c) 4 N HCl, 120 �C, 6 h (100%).

activity. Replacing the 2-chloro-6-fluorophenyl with a
1-naphthyl (45), 2-pyridyl (46) or substituted 2-pyridyl
(47) was detrimental to activity. However, addition of
a halogen to the 3-position of the 2,6-difluorophenyl
(49) gave an increase in necroptosis inhibition activity
with an EC50 value of 0.18 lM (Table 1).


Additional changes to the linker between the [1,2,3]thia-
diazole and the 2,6-dihalophenyl were also examined
(Table 2). The corresponding secondary amine (14)
and imide (17) derivatives of 32 were inactive. Also,
the benzylamide was necessary, with the homologous
phenethyl amide (51) and the truncated anilide (52)20


being significantly less active. Introduction of a methyl
group (53) onto the benzylic position gave a slight in-
crease in activity. Quite surprisingly, when the two enan-
tiomers of 53 were examined all of the necroptosis
activity resided in the (S)-enantiomer (55). However,
increasing the steric bulk of the benzylic substituent to
n-Bu (56), phenyl (57) or gem-dimethyl (58) resulted in
loss of activity.


Finally, modifications to the [1,2,3]thiadiazole heterocy-
cle were examined (Table 3). Replacement with a variety
of thiazoles (59–61) or an oxazole (62) was detrimental
to activity. Likewise, the pyridazine (63), which at-
tempted to replace the sulfur of the [1,2,3]thiadiazole
with a CH@CH, was also inactive. However, moderate

41 c-Pr H 2-Cl-6-Me–Ph 10


42 c-Pr H 2-Cl-6-(OPh)–Ph >100


43 c-Pr H 2-Cl-6-CN–Ph >100


44 c-Pr H 2-F-6-CF3–Ph >100


45 c-Pr H 1-Naphthyl >100


46 c-Pr H 2-Py 40


47 c-Pr H 3-F-2-Py 9.6


48 c-Pr H 2-Cl-3,6-di-F–Ph 0.52


49 c-Pr H 3-Cl-2,6-di-F–Ph 0.18


50 c-Pr Me 2-Cl-6-F–Ph 16


a Standard deviation <10%.







Table 3. EC50 determinations of necroptosis inhibition in FADD-


deficient Jurkat T cells treated with TNF-a


H
N


F


Cl
O


Z
Y


X


R1


R2


Compound X Y Z R1 R2 EC50
a


(lM)


59 S CH N Me H 20


60 S CMe N Me H >100


61 S C(4-ClPh) N Me H >100


62 O CH N Me H >100


63 CH@CH N N Me H >100


64 S CH CH Me H 7.0


65 S CH CH Me Me 3.9


66 S CH CBr Me H 1.3


67 S CH CCN Me H 1.2


68 S CH CH c-Pr H 5.1


69 S CH CMe Cl H 3.9


70 S CH CH Cl H 9.6


71 S CMe CH H H 3.9


72 S CH CH H H 9.4


73 S CH CMe H H 3.7


74 S CH C(CH2)4 H 0.48


75 S CH CH OEt H >100


76 S CH CR3 Me H >100


77 O CH CH Me H 13


R3 = SO2-4-Cl–Ph.
a Standard deviation <10%.


Table 2. EC50 determinations of necroptosis inhibition in FADD-


deficient Jurkat T cells treated with TNF-a


N
N


S X


H
N Y


F


R


Compound X Y R (R)/(S) EC50
a (lM)


14 CH2 CH2 Cl — >100


17 C@O C@O Cl — >100


51 C@O CH2CH2 Cl — 27


52 C@O — F — >100


53 C@O CH(Me) Cl (R)/(S) 0.40


54 C@O CH(Me) Cl (R) >100


55 C@O CH(Me) Cl (S) 0.28


56 C@O CH(n-Bu) Cl (R)/(S) >100


57 C@O CH(Ph) Cl (R)/(S) >100


58 C@O C(Me)2 Cl — >100


a Standard deviation <10%.
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Figure 2. Cell type/stimulus specific activities of necrostatins. FADD-


deficient Jurkat, L929 and mouse adult lung fibroblast cells were


treated for 24 h with 10 ng/mL human TNF-a and/or 100 lM


zVAD.fmk as indicated in the presence of 30 lM of necrostatin 1, 2


or 55. Cell viability was determined using an ATP-based assessment


method. Values were normalized to cells treated with necrostatins in


the absence of necroptotic stimulus, which were set as 100% viability.


Error bars reflect standard deviation values (N = 2).
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activity could be obtained with a variety of thiophene
derivatives (64–74), except for the ethoxy derivative 75
and the sulfone derivative 76. In one case (74) the nec-
roptosis activity approached that seen for the most po-
tent [1,2,3]thiadiazoles. However, replacement of the
[1,2,3]thiadiazole with a furan (77) was less effective.


In our previous analyses, we discovered that although 1
showed activity in a broad range of necroptosis cellular
systems, 2 was restricted to specific cell types/stimuli.9,10


For example, 2 efficiently inhibited necroptosis initiated

by TNF-a in mouse fibrosarcoma L929 cells, but was
ineffective against zVAD.fmk-induced necroptosis in
the same cell line.10 Therefore, a similar analysis with
the [1,2,3]thiadiazole series was performed. Compound
55 showed the same activity profile as 2, providing effec-
tive protection of Jurkat or L929 cells from TNF-a-in-
duced necroptosis, while lacking activity in zVAD.fmk
treated L929 cells (Fig. 2). However unlike 2, [1,2,3]thia-
diazole 55 was fully active in SV40-transformed mouse
adult lung fibroblasts stimulated to undergo necroptosis
with a combination of TNF-a and zVAD.fmk, in a sim-
ilar manner to 1. Collectively, these results demonstrate
that the [1,2,3]thiadiazole series possess a distinct mode
of necroptosis inhibition compared to the previously de-
scribed necrostatins. These data further illustrate that
cell-based screening for necrostatins allows for identifi-
cation of both ‘universal’ (i.e. 1) and diverse cell type/
stimulus specific necroptosis inhibitors (i.e. 2 and 55).
It remains to be determined whether cell type specificity
observed in vitro translates into in vivo models of path-
ologic injury. If it does, then cell type/stimulus specific
inhibitors of necroptosis, such as the tricyclic (i.e. 2)
and the [1,2,3]thiadiazole series (i.e. 55), may offer
advantages under conditions where molecule specificity
may be beneficial, such as treating chronic conditions
like neurodegenerative diseases.


In conclusion, a series of [1,2,3]thiadiazole benzylamides
was found to inhibit TNF-a-induced necroptosis in
FADD-deficient variant of human Jurkat T cells. A
SAR study revealed that: (i) secondary 2,6-dihalo substi-
tuted benzylamides were required; (ii) when a small alkyl
group (i.e. methyl) was present in the benzylic position
all the necroptosis inhibitory activity resided with the
(S)-enantiomer; (iii) small branched or cyclic alkyl
groups (i.e. i-Pr, c-Pr or c-Bu) were optimal in the 4-po-
sition of the [1,2,3]thiadiazole; (iv) replacement of the
[1,2,3]thiadiazole with a variety of thiophene derivatives
was tolerated, although with some erosion of potency.
In addition, the [1,2,3]thiadiazole series showed a unique
cell type/stimulus necroptosis inhibition profile com-
pared with two previously described classes of inhibi-
tors. Studies are currently underway to evaluate the
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pharmacology of these compounds in animal models of
disease where necroptosis is likely to play a substantial
role (i.e. cerebral ischemia, traumatic brain injury, and
liver injury). Additionally, these compounds are being
used to further interrogate the mechanism(s) of necrop-
totic cell death.
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Abstract—Amide derivatives of 5,6-dimethoxy-2,3-dihydro-1H-inden(-1-yl)acetic acid were synthesized and evaluated for their anti-
inflammatory and analgesic activity. Few selected compounds were also screened for their antipyretic, anti-arthritic, and ulcerogenic
potential. Most of the compounds exhibited good activity profile and were free of gastrointestinal toxicity of common NSAIDs.
However these compounds failed to decrease secondary lesions of adjuvant induced arthritis and also did not inhibit TNF-a in lipo-
polysaccharide induced pyresis.
� 2007 Elsevier Ltd. All rights reserved.

Indan is one such molecular framework which serves as
an inert carrier for holding various biologically active
molecules in a stereospecific manner. The indan nucleus
thus fixes the relative position of functional groups and
imparts greater specificity of biological activity.1 A num-
ber of indan and indene derivatives have been synthe-
sized which incorporate structural features required for
various pharmacological activities, for example, diure-
tic,2 hypoglycemic,3 antihypertensive,4 antiproliferative,5


antimicrobial,6 acetyl cholinesterase inhibitors,7 HIV-1
Integrase inhibitors,8 anticancer,9 anticonvulsant,10 mus-
cle relaxant,11 and in the treatment of Alzheimer’s
disease.12


Various indan derivatives possessing anti-inflammatory
activity have been reported.13,14 Indan-1-carboxylic acid
seems to involve essential conformation of phenyl acetic
acids for exerting the anti-inflammatory activity.15 Re-
search in this area has led to the development of Clida-
nac, 6-chloro-5-cyclohexylindan-1-carboxylic acid, with
an ED30 of 0.85 mg/kg.16 However due to gastrointesti-
nal side effects of nonsteroidal anti-inflammatory drugs
(NSAIDs), research has been shifted to the development
of nonulcerogenic, selective cyclooxygenase-2 (COX-2)
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inhibitors. Among all the Indan derivatives tested to
date only 6-[(2,4-difluorophenyl)-thio]-5-methanesulfo-
namido-1-indanone, Flosulide,17 has been identified as
a potent selective COX-2 inhibitor.


Recently the biochemical differences between the COX-
isoforms have been exploited to improve upon the selec-
tivity of carboxylate-containing NSAIDs.18 It has been
reported that derivatization of carboxylate moiety of
Indomethacin,19 Meclofenamic acid20 and Ketoprofen21


to corresponding amides produced selective COX-2
inhibitors.


Based on the above-reported facts and our earlier work
with aliphatic amide derivatives of Indan-1-acetic acid,
we designed, synthesized, and biologically evaluated
some aromatic amide derivatives of 5,6-dimethoxyin-
dan-1-acetic acid for anti-inflammatory and related bio-
logical activities. The idea behind derivatization was to
lower the side effects of gastric irritation and ulceration,
which is associated with free carboxyl group. Neutral-
ization of the carboxyl group by amidation was expected
not only to enhance absorption by increasing lipophilic-
ity but also to impart COX-2 selectivity.


The starting reagent for the preparation of the key inter-
mediate, 5,6-dimethoxy-2,3-dihydro-1H-inden(-1-yl)ace-
tic acid (6), was vanillin (1). The hydroxyl group of
vanillin was methylated using dimethyl sulfate under
alkaline conditions to get the methylated product-
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veratraldehyde22 (2). Veratraldehyde was reacted with
two moles of ethylacetoacetate (EAA) in the presence
of catalytic amount of piperidine at room temperature;
as a result the aldehydic group of 2 was converted into
bisacetoacetate (3). Acidic hydrolysis of 3 was carried
out with 6 N potassium hydroxide (KOH) in 90% etha-
nol to get the diacid 4. Compound 4 was treated with
polyphosphoric acid (PPA) when intramolecular Friedel
Crafts cyclization and hence ring closure took place to
give the ketonic product 5. The ketone group of com-
pound 5 was reduced using Clemmensen’s reduction to
give 5,6-dimethoxy-2,3-dihydro-1H-inden(-1-yl)acetic
acid23 (6). Compound 6 was treated with oxalyl chloride
in the presence of catalytic amount of dimethylformam-
ide to convert the carboxyl group of 6 into acyl halide.
The acyl halide thus obtained was reacted with various
aromatic amines following Schotten Bauman’s principle
for the formation of desired amides 7a–n24 (Scheme 1).
The proposed structure of the amide derivatives was
confirmed by the disappearance of the broad OH stretch
at 3400–2400 cm�1 and presence of a peak around
3300 cm�1 (NH stretch) corresponding to secondary
amides. The formations of amides were further con-
firmed by the presence of a small singlet at 7–8 ppm in
1H NMR. All the synthesized compounds were charac-
terized by elemental microanalysis and spectroscopic
data. The physical data of all the synthesized com-
pounds are given in Table 1. Experimental details and
data for synthesis are cited in the References and
Notes.25–29
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Scheme 1. Reagents and conditions: (a) Me2 SO4/KOH; (b) ethylacetoacetate


PPA, 4 h heating on waterbath with intermittent stirring; (e) Zn/Hg/HCl, 8 hr


room temperature.

The anti-inflammatory activity of the test compounds
was evaluated using carrageenan-induced rat paw ede-
ma model.30 The results (Table 2) show that the test
compounds exhibit variable anti-inflammatory activity,
and a few among them have significant acute as well
as residual anti-inflammatory activity even at 24 h after
a single oral dose. Though the peak activity of the test
compounds was found to be lower than that of Indo-
methacin (10 mg/kg, p.o.) their residual activity at 24 h
exceeded that of the latter. The activity seemed to be
dependent on the type and position of substituents on
the phenyl ring of these aromatic amides. 4-Chloro-
phenyl derivative (7c) was found to be most active and
showed longer activity profile with 70.0% inhibition at
24 h. Replacements of chloro group at para position
with the bulkier bromo group (7d) as well the chloro
group at the meta position (7b) decreased the activity.
However, the compounds 7b and 7d showed good
anti-inflammatory activity at 24 h. There was substantial
decrease in activity with electron donating substituents
(7g, 7i, and 7k) at para position. The ortho substituted
derivatives (7e, 7h, and 7l) showed poor activity possibly
because of steric hindrance. The higher residual activity
may be associated with the high lipophilicity of the
amide derivatives (Table 1) in comparison to the free
acid 6having logP value of 2.11. Due to high lipophilic-
ity these amide derivatives are likely to form lipid depots
in the body which may be responsible for longer activity
profile of these compounds. In order to find out if some
active metabolite is responsible for higher activity at lat-
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Table 1. Physical data of compounds (7a–7n)


H3CO
CH2CONR'R''


H3CO


Compound R 0 R00 Molecular formula Yield (%) Mp (�C) Recrystallization solvent LogP


7a H C6H5 C19H21NO3 72.8 148–149 Dil. alcohol 2.98


7b H C6H4(m-Cl) C19H20ClNO3 65.6 104–106 Dil. alcohol 3.84


7c H C6H4(p-Cl) C19H20ClNO3 70.6 118–120 Dil. alcohol 3.79


7d H C6H4(p-Br) C19H20BrNO3 65.2 151–152 Dil. alcohol 3.82


7e H C6H4(o-CH3) C20H23NO3 69.5 132–134 Dil. alcohol 3.26


7f H C6H4(m-CH3) C20H23NO3 72.6 146–148 Dil. alcohol 3.40


7g H C6H4(p-CH3) C20H23NO3 75.7 128–129 Dil. alcohol 3.49


7h H C6H4(o-OCH3) C20H23NO4 71.5 118–120 Dil. alcohol 2.97


7i H C6H4(p-OCH3) C20H23NO4 60.1 180–181 Dil. alcohol 3.06


7j H C6H4(p-NO2) C19H20N2O5 57.5 164–166 EtOAc/hexane 3.08


7k H C6H4(p-NHCOCH3) C21H24N2O4 60.7 206–208 EtOAc 2.38


7l H 2-Pyridyl C18H20N2O3 54.6 112–114 Dil. alcohol 2.19


7m H 3-Pyridyl C18H20N2O3 55.7 120–122 Dil. alcohol H 2.16


7n H 4-Pyridyl C18H20N2O3 58.6 104–106 EtOAc/hexane 2.19


LogP values were calculated using www.logp.com.


Table 2. Carrageenan induced rat paw edema: anti-inflammatory activity


Compound Increase in paw volume (ml) ± SEM (% inhibition of edema)


1 h 2 h 3 h 4 h 6 h 24 h


7a 0.22 ± 0.0113 0.34 ± 0.0058 0.44 ± 0.0071 0.40 ± 0.008 0.33 ± 0.0174 0.21 ± 0.0087


[31.25]* [32.0]* [36.23]* [37.5]* [38.88]* [30.0]*


7b 0.22 ± 0.0141 0.36 ± 0.0198 0.52 ± 0.0250 0.475 ± 0.016 0.33 ± 0.0213 0.11 ± 0.006


[31.25]* [28.0]* [24.64]* [25.78]* [38.88]* [63.33]*


7c 0.09 ± 0.0125 0.185 ± 0.014 0.27 ± 0.0123 0.25 ± 0.0108 0.21 ± 0.0088 0.09 ± 0.008


[71.88]* [63.0]* [60.88]* [60.94]* [61.11]* [70.00]*


7d 0.16 ± 0.0130 0.30 ± 0.0117 0.39 ± 0.0138 0.38 ± 0.0125 0.29 ± 0.0131 0.10 ± 0.0019


[50.00]* [40.0]* [43.48]* [40.62]* [46.30]* [66.67]*


7e 0.25 ± 0.0136 0.41 ± 0.0186 0.51 ± 0.0164 0.48 ± 0.0182 0.40 ± 0.0135 0.23 ± 0.0158


[21.88]ns [18.00]ns [26.09]* [25.0]* [25.93]* [23.33]*


7f 0.20 ± 0.0163 0.355 ± 0.0143 0.43 ± 0.0151 0.38 ± 0.0137 0.335 ± 0.008 0.175 ± 0.0112


[37.5]* [29.0]* [37.68]* [40.62]* [37.96]* [41.67]*


7g 0.21 ± 0.0129 0.37 ± 0.0256 0.45 ± 0.0154 0.43 ± 0.0254 0.34 ± 0.0102 0.21 ± 0.0065


[34.38]* [26.0]* [34.78]* [32.81]* [37.04]* [30.00]*


7h 0.23 ± 0.0142 0.42 ± 0.0204 0.54 ± 0.0161 0.49 ± 0.0168 0.41 ± 0.0135 0.21 ± 0.0143


[28.12]* [16.0] [21.74] [23.44]* [24.07]* [30.0]*


7i 0.21 ± 0.0117 0.41 ± 0.0093 0.51 ± 0.0073 0.465 ± 0.0171 0.38 ± 0.0137 0.18 ± 0.0106


[34.38]* [18.0]ns [26.09]* [27.34]* [29.63]* [40.00]*


7j 0.20 ± 0.0181 0.32 ± 0.0364 0.43 ± 0.0275 0.40 ± 0.0131 0.34 ± 0.0215 0.17 ± 0.0056


[37.50]* [36.0]* [37.68]* [37.5]* [37.04]* [43.33]*


7k 0.24 ± 0.014 0.41 ± 0.0138 0.53 ± 0.0169 0.495 ± 0.0149 0.41 ± 0.0184 0.20 ± 0.0119


[25.0]* [18.0]ns [23.19]* [22.66]* [24.07]* [33.33]*


7l 0.24 ± 0.0161 0.34 ± 0.0138 0.48 ± 0.0142 0.45 ± 0.0152 0.38 ± 0.0114 0.20 ± 0.0154


[25.0]* [32.0]* [30.43]* [29.69]* [29.63]* [33.33]*


7m 0.24 ± 0.0147 0.35 ± 0.0058 0.46 ± 0.0176 0.42 ± 0.0148 0.35 ± 0.0208 0.19 ± 0.0114


[25.0]* [30.0]* [33.33]* [34.38]* [35.18]* [36.67]*


7n 0.185 ± 0.013 0.28 ± 0.013 0.40 ± 0.0068 0.35 ± 0.0143 0.29 ± 0.0183 0.16 ± 0.0143


[42.19]* [44.0]* [42.03]* [45.31]* [46.29]* [46.67]*


6 0.26 ± 0.034 0.38 ± 0.034 0.50 ± 0.0335 0.49 ± 0.0256 0.43 ± 0.0226 0.22 ± 0.0125


[18.75]ns [24.0]* [27.53]* [23.94]* [20.37]* [26.67]*


Indomethacin 0.16 ± 0.0145 0.21 ± 0.0125 0.24 ± 0.0131 0.27 ± 0.0113 0.28 ± 0.0154 0.26 ± 0.0141


[50]* [58]* [65.22]* [57.8]* [48.15]* [13.33]


Control 0.32 ± 0.0221 0.50 ± 0.0187 0.69 ± 0.0263 0.64 ± 0.0169 0.54 ± 0.0196 0.30 ± 0.0154


Anti-inflammatory activities of the test compounds and indomethacin were tested at 100 mg/ kg and 10 mg/kg, respectively, in male Wistar rats


weighing 170 ± 20 g.


One hour after oral dosing, 0.1 ml of 1% carrageenan was administered into the subplantar region of the right hind paw and the paw volumes were


measured using an Ugo Basile plethysmometer at 0, 1, 2, 3, 4, 6, and 24 h after the carrageenan injection.


Each value represents means ± SEM (n = 6).


Significance level *p < 0.05 as compared with the control group.
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ter hours we also studied the anti-inflammatory activity
of compound 7c in carrageenan induced rat paw edema
model using SKF-525A,31 a standard hepatic micro-
somal enzyme inhibitor, pretreated rats. Examination
of Table 7 reveals that there is no significant difference
between data generated from this test and those gener-
ated using standard protocol. This indicates that proba-
bly the test compound par se is the active species.


The analgesic activity was determined by acetic acid in-
duced writhing assay.32 From the results described in
Table 3 it was seen that the activity was dependent on
the type and position of substituents on the phenyl ring
of the aromatic amides. The 4-chlorophenyl (7c) and 3-
pyridyl (7m) derivatives were found to have good anal-
gesic activity compared to the standard drug aspirin.
The 4-methoxyphenyl (7i) derivative which showed poor
anti-inflammatory activity was found to have relatively
good analgesic activity.

Table 3. Acetic acid-induced writhing assay: analgesic activity


Compound Writhing ± SEM % Age inhibition


7a 19.83 ± 2.48* 42.80


7b 16.83 ± 0.79* 51.46


7c 9.17 ± 1.85* 73.55


7d 21.67 ± 0.49* 37.50


7e 24.26 ± 1.85* 30.03


7f 15.83 ± 1.33* 54.34


7g 20.33 ± 1.15* 41.36


Aspirin 13.33 ± 1.09* 61.55


Indomethacin 16.83 ± 1.30* 51.46


Male Swiss albino mice, 20 ± 5 g, were administered the test drugs orally at 1


100 mg/kg, respectively.


One hour after the oral dosing they were injected i.p. with 0.1 ml/10 g of 1%


Five minutes after the injection the writhings were noted for next 15 min.


Each value represents means ± SEM (n = 6).


Significance level *p < 0.05 as compared with the control group.


Table 4. Lipopolysaccharide-induced pyresis: antipyretic activity


Compound Rectal temperature (�C) ± S


0 h 1 h 2 h 3 h T


7b 36.96 ± 0.21 36.61 ± 0.15 35.34 ± 0.16 36.72 ± 0.14


[�0.35] [�1.62] [�0.24] �
7c 36.79 ± 0.15 37.26 ± 0.19 35.10 ± 0.23 36.25 ± 0.24


[�0.47] [�1.69] [�0.54] �
7f 37.0 ± 0.13 36.81 ± 0.12 35.66 ± 0.19 36.49 ± 0.15


[�0.19] [�1.34] [�0.51] �
7i 36.64 ± 0.18 36.62 ± 0.14 34.80 ± 0.17 35.98 ± 0.22


[�0.12] [�1.84] [�0.66] �
7n 36.85 ± 0.16 36.74 ± 0.20 34.62 ± 0.13 35.98 ± 0.17


[�0.11] [�2.23] [�0.87] �
Aspirin 37.11 ± 0.17 36.68 ± 0.13 35.66 ± 0.14 36.60 ± 0.16


[�0.43] [�1.45] [�0.51] �
Indomethacin 36.81 ± 0.12 36.42 ± 0.15 35.78 ± 0.18 36.70 ± 0.19


[�0.39] [�1.03] [�0.11] �
Control 37.13 ± 0.14 36.52 ± 0.17 35.85 ± 0.20 36.94 ± 0.16


[�0.61] [�1.28] [�0.19] �
Male Wistar rats (170 ± 20 g were administered orally the test drugs at 100


100 mg/kg, respectively.


After half an hour of oral administration of the drugs LPS dissolved in apy


The rectal temperature was determined using telethermometer probes immed


Each value represents means ± SEM (n = 6).


TI represents the temperature index.

Few selected compounds were subjected to lipopolysac-
charide(LPS)-induced hyperthermia assay. It is gener-
ally accepted that the NSAIDs exhibit their anti-
inflammatory effect primarily through inhibition of
prostaglandin synthesis. However, relatively recent
in vitro studies have indicated that NSAIDs also inter-
fere with peripheral proinflammatory cytokine produc-
tion. It is well known that LPS produces a biphasic
response in the rat. It shows an initial hypothermia up
to 3 h of its administration. It has been shown that this
hypothermia is triggered by tumor necrosis factor-a
(TNF-a).33 The test compounds (Table 4 and Fig. 1)
exhibited significant antipyretic property, but none of
these compounds exhibited antagonism of the initial
LPS-induced hypothermia as shown by first temperature
index in Table 4 thus indicating that antagonism of
TNF-a is not possibly involved in the mechanism of ac-
tion of these compounds. However, the test compounds
were able to significantly reduce the hyperthermia in-

Compound Writhing ± SEM % Age inhibition


7h 26.17 ± 1.12* 24.52


7i 14.33 ± 1.17* 58.67


7j 15.33 ± 1.54* 55.78


7k 24.00 ± 1.37* 30.78


7l 18.00 ± 2.25* 48.05


7m 10.17 ± 1.56* 70.67


7n 13.83 ± 2.09* 60.11


6 19.41 ± 1.68* 44.01


Control 34.67 ± 1.67


00 mg/kg. and the standard indomethacin and aspirin at 10 mg/kg and


v/v acetic acid.


EM (change in rectal temperature �C)


I 4 h 5 h 6 h 7 h TI


37.01 ± 0.11 37.19 ± 0.09 37.40 ± 0.13 37.38 ± 0.18


2.21 [0.05] [0.23] [0.44] [0.42] 1.14


36.68 ± 0.18 36.96 ± 0.21 7.20 ± 0.17 37.19 ± 0.14


2.70 [�0.11] [0.17] [0.41] [0.40] 0.87


37.22 ± 0.20 37.46 ± 0.23 37.71 ± 0.19 37.82 ± 0.17


2.04 [0.22] [0.46] [0.71] [0.82] 2.21


36.49 ± 0.19 36.78 ± 0.17 36.90 ± 0.20 37.07 ± 0.16


2.62 [�0.15] [0.14] [0.26] [0.43] 0.68


36.98 ± 0.21 37.20 ± 0.23 37.59 ± 0.16 37.27 ± 0.19


3.21 [0.13] [0.35] [0.74] [0.42] 1.64


37.22 ± 0.15 37.31 ± 0.11 37.36 ± 0.12 37.42 ± 0.15


2.39 [0.11] [0.20] [0.25] [0.31] 0.87


37.03 ± 0.14 37.11 ± 0.20 37.16 ± 0.13 37.36 ± 0.17


1.53 [0.22] [0.30] [0.35] [0.55] 1.42


37.47 ± 0.15 37.89 ± 0.18 38.16 ± 0.21 38.43 ± 0.13


2.08 [0.34] [0.76] [1.03] [1.30] 3.43


mg/kg. and the standard indomethacin and aspirin at 10 mg/kg and


rogenic saline was injected at dose of l00 lg/kg i.p.


iately before and 1, 2, 3, 4, 5, 6, and 7 h after LPS administration.
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Figure 1. Antipyretic activity profile against LPS-induced pyresis.


Table 6. Evaluation of Ulcer index


Compound Dose (mg) Time Ulcer index


Control 6h 0


Indomethacin 30 6h 31.37 ±4.56


7b 100 6h 0


7c 100 6h 0


7c 500 6h 0


7g 100 6h 0


7j 100 6h 0


Control 14 days 0


Indomethacin 1 14 days 42 ± 5.33


7f 100 14 days 0


7b 100 14 days 0


Twenty-four hour fasted Wistar male rats (175 ± 25 g) were given the


test compounds and indomethacin at the dose level of 100 mg/kg p.o.


and 30 mg/kg p.o., respectively.


After six hours of oral dosing the rats were sacrificed and the stomachs


were taken out and cut along the greater curvature and were examined


for any ulcers.


Each value represents means ± SEM (n = 4).
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duced by LPS as shown by the second temperature index
in Table 4. Compounds 7c and 7i showed antipyretic
activity comparable to standard aspirin.


Compounds were selected for adjuvant-induced arthritis
assay based on the inhibition of carrageenan-induced
edema, analgesic and antipyretic activity profile. Adju-
vant-induced arthritis producing a biphasic response in
rats was used for the evaluation of activity against
arthritis.34 Results of this test are summarized in Table
5. The compound 7b showed moderate activity and the
animals did gain more weight than those treated with
Indomethacin indicating a better toxicity profile com-
pared to the reference drug. Other compounds were
not able to reduce the secondary inflammation of left
hind paw and hence were considered to possess poor
anti-arthritic activity.


Some selected compounds (based on anti-inflammatory
and analgesic activity profile) were tested for their
ulcerogenicity potential.35 No animal treated with test
compounds at the level of 100 mg/kg developed ulcer

Table 5. Adjuvant-induced arthritis: anti-arthritic activity


Compound Increase in paw volume (ml) ± SEM (% inhibiti


3rd day 8th day 13th day


7b 1.40 ± 0.0213 1.47 ± 0.0191 1.37 ± 0.0206


[37.5]* [25.76]* [35.68]*


7c 1.60 ± 0.0182 1.82 ± 0.0225 2.03 ± 0.0219


[28.57]* [8.08] [4.69]


7f 1.87 ± 0.0221 1.60 ± 0.0235 1.69 ± 0.0197


[16.52]* [19.19]* [20.66]*


7j 1.63 ± 0.0203 1.63 ± 0.0217 1.90 ± 0.0239


[27.23]* [17.68]* [10.80]


7n 1.86 ± 0.0188 1.76 ± 0.0196 1.71 ± 0.0261


[16.96]* [11.11] [19.72]


Indomethacin 1.40 ± 0.0178 1.11 ± 0.0185 1.14 ± 0.0213


[37.50]* [43.94]* [46.48]*


Control 2.24 ± 0.0175 1.98 ± 0.0189 2.13± 0.0201


Male Wistar rats weighing 160 ± 10 g were given the test compounds and ind


daily for 14 days starting from the day before the administration of 0.1 ml Fr


of each rat.


Each value represents means ± SEM (n = 6).


Significance level *p < 0.05 as compared with the control.


Each value represents means ± SEM (n = 6).
# Uninjected left paw.

(Table 6). The compound 7c did not produce any ulcers
at the highest tested dose of 500 mg/kg. It may, however,
be noted here that chronic administration of the test
compounds at the dose level of 100 mg/kg for 14 days
did not cause any ulceration of the gastric mucosa as re-
vealed in the post mortem studies of sacrificed animals
at the end of the adjuvant-induced arthritis study.


In conclusion, the aromatic amide derivatives of 5,6-
dimethoxy-2,3-dihydro-1H-inden(-1-yl)acetic acid exhib-
ited good anti-inflammatory and analgesic activity. These
compounds were found to be long acting and their resid-
ual anti-inflammatory activity at 24 h exceeded that of
Indomethacin. The anti-inflammatory and analgesic
activity was dependent on position and type of substitu-
ents on the phenyl ring of the aromatic amides. These
compounds did not inhibit TNF-a but showed signifi-

on of edema) Secondary lesions Weight change (g)


13th day#


1.08 ± 0.0196 Moderate 7.21 ± 0.140


[31.65]*


1.53 ± 0.0179 Severe 3.51 ± 0.131


[3.16]


1.32 ± 0.0213 Severe 4.56 ± 0.129


[16.46]*


1.46 ± 0.0175 Severe 4.01 ± 0.133


[7.60]


1.35 ± 0.0179 Severe 4.25 ± 0.154


[14.56]


1.02 ± 0.0181 Moderate 5.68 ± 0.124


[35.44]*


1.58 ± 0.0165 Severe 2.88 ± 0.117


omethacin at the dose level of 100 mg/kg p.o. and 10 mg/kg p.o. once


eund’s complete adjuvant into the subplantar surface of right hind paw







Table 7. Study with Cytochrome P450 enzyme inhibitor


Compound Increase in paw volume (ml) ± SEM (% inhibition of edema)


1 h 2 h 3 h 4 h 6 h 24 h


SKF-525A & 7c 0.075 ± 0.0138 0.18 ± 0.0151 0.26 ± 0.0183 0.24 ± 0.0169 0.19 ± 0.0135 0.07 ± 0.0114


[64.29] [56.10] [56.67] [57.89] [59.57] [68.18]


7c 0.07 ± 0.0147 0.17 ± 0.0176 0.24 ± 0.0154 0.23 ± 0.0143 0.185 ± 0.0161 0.07 ± 0.0125


[66.7] [58.53] [60.0] [59.65] [60.63] [68.18]


Control 0.21 ± 0.0267 0.41 ± 0.0148 0.60 ± 0.0173 0.57 ± 0.0203 0.47 ± 0.0165 0.22 ± 0.0135


Male Wistar rats were pretreated with SKF 525A (50 mg/kg i.p.) and one hour later, test drug 7c was administered at 100 mg/kg p.o.


The remaining protocol followed was the same as that of anti-inflammatory screening by carrageenan induced rat paw edema model.


Each value represents means ± SEM (n = 6).


The results obtained were analyzed by Student’s t-test and the difference between the two groups was not found to be statistically significant.
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cant antipyretic activity in LPS induced pyresis. The
adjuvant induced arthritis study reveals that these com-
pounds though have longer activity profile are not effec-
tive in preventing the formation of secondary lesions.
The compounds were found to be free from ulcerogenic-
ity liability of common NSAIDs. Further evaluation of
COX-2 inhibition is required for establishing the mech-
anism of their low gastrointestinal toxicity.
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Compound 3 (40 g, 0.089 mol) was dissolved in a hot
solution of KOH (160 g in 120 ml of water) and 80 ml of
90% ethanol was added. The hot reaction mixture was
refluxed on a water bath for 1 h. Alcohol was then
removed as far as possible by distillation under reduced
pressure, and after dilution with water it was cooled and
washed with solvent ether. The aqueous layer on acidifi-
cation with cold conc. HCl with cooling gave crude 4
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which was filtered and recrystallized from hot water. Mp
189–191 �C, yield 65–70%, IR (cm�1): 3300–2400 (br OH
stretch), 1710 (C@O stretching),1225 (C–O stretch of
OCH3), 1260 (C–O stretch of COOH), 1010 (C–O stretch
of OCH3), 1H NMR: d (ppm) (CDCl3): 2.59, 2.70 (dd,
CH2, 4H), 3.59 (qn, CH, 1H), 3.84 (s, OCH3, 3H), 3.86(s,
OCH3, 3H), 6.81 (m, ArH, 3H), 10.08 (br s, COOH, 2H).


27. Synthesis of 5,6-dimethoxy-3-oxo-2,3-dihydro-1H-inden(-1-
yl)acetic acid (5): Cyclization of compound 4 was effected
by treating the powdered acid (15 g, 0.056 mol) with
polyphosphoric acid (PPA) (225 g) on a steam bath for 4 h
with stirring. After decomposition of the hot reaction
mixture with crushed ice, the keto acid (5) was isolated by
extraction with chloroform. The solvent was distilled off to
get the crude keto acid. The crude product was finally
recrystallized from acetone to get the pure compound.
Yield 75–80%; mp 177–178 �C; IR (cm�1): 3400–2400 (br
OH stretch), 1724 (C@O stretching), 1045, 1255 (C–O
stretch of OCH3), 1H NMR: d (ppm) (CDCl3) J in Hz:
2.46 (dd, CH2, 1H, J 3.0), 2.52 (dd, CH2, 1H, J 9.3), 2.79
(dd, CH2, 1H, J 5.2), 2.91 (dd, CH2, 1H, J 7.3), 3.79 (qn,
CH, 1H, J 1.86), 3.91 (s, OCH3, 3H), 3.98 (s, OCH3, 3H),
7.00 (s, ArH, 1H), 7.15 (s, ArH, 1H), 10.12 (br s, COOH,
1H).


28. Synthesis of 5,6-dimethoxy-2,3-dihydro-1H-inden(-1-
yl)acetic acid (6): Compound 5 was subjected to Clem-
mensen’s reduction. 0.1 mol of compound 5 was treated
with 50 g of zinc amalgam, 50 ml of conc. HCl, and 75 ml
of water. About 200 ml of benzene was added as a co-
solvent. The reaction mixture was refluxed on steam bath
for 8 h. The organic layer was separated and the aqueous
layer and zinc granules were further extracted with
benzene. The pooled organic phase was dried over
anhydrous sodium sulfate and was finally distilled off to
get the reduced acid. Mp 152–153 �C (benzene); yield 75–
80%; IR (cm�1): 3400–2800 (br OH stretch), 1712 (C@O
stretching),1256(C–O stretch of OCH3), 1210 & 1183 (C–

O stretch of COOH), 1040 (C–O stretch of OCH3); 1H
NMR: d (ppm) (CDCl3): 1.81, 2.43 (m, CH2, 2H), 2.49,
2.80 (dd, CH2, 2H), 2.89 (m, CH2, 2H), 3.55 (qn, CH, 1H),
3.86 (s, OCH3, 3H), 3.88 (s, OCH3, 3H), 6.76 (s, ArH,
1H), 6.78(s, ArH, 1H), 10.1 (br s, COOH, 1H) M.S
236(M+).


29. General methods for the synthesis of amide derivatives (7a–
n): A solution of compound 6 in dry dichloromethane and
catalytic amount of dimethylformamide was treated with
oxalyl chloride in 1:2.5 molar ratio under ice-cold condi-
tions. The solution was allowed to stand for 24 h at room
temperature with occasional stirring. Excess oxalyl chlo-
ride was removed by co-distillation with dry benzene
under reduced pressure. The acyl halide thus obtained was
not characterized and was used directly in the next step.
To a solution of the acyl halide in dichloromethane was
added a mixture of triethylamine (1.1 mol) and the
appropriate amine in dichloromethane with constant
stirring under ice-cold conditions. The mixture was kept
at ambient temperature for 12 h. The resulting reaction
mixture was then extracted with 0.1 N HCl, water,
saturated solution of NaHCO3, brine, and water. The
organic phase was dried with anhydrous sodium sulfate
and then distilled off to obtain the amides.
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Abstract—A series of 3-benzylidene-7-alkoxychroman-4-one derivatives were synthesized and evaluated for their antioxidant activities.
The antioxidant activity was assessed using three methods, namely, 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging, ferric
reducing antioxidant power (FRAP), and thiobarbituric acid reactive substances (TBARS) assays. 3-Benzylidene-7-alkoxychro-
man-4-one derivatives bearing catecholic group on benzylidene moiety exhibited excellent antioxidant activity. Compounds having
catechol moiety exhibited potent antioxidant activities in all tested methods and they were more active than the reference drug, Trolox.
� 2007 Elsevier Ltd. All rights reserved.

Generation of reactive oxygen species (ROS) and free
radicals in vivo is involved in a wide range of human dis-
eases.1 ROS, including superoxide anion, hydrogen per-
oxide, and hydroxyl radical, are by-products of a variety
of pathways of aerobic metabolism. They are unstable
and react readily with a wide range of biological sub-
strates, such as lipids, DNA, and proteins, resulting in
cell damage.2–4 The human body possesses innate
defense mechanisms to counter free radicals in the form
of enzymes such as superoxide dismutase, catalase, and
glutathione peroxidase. The unbalance between forma-
tion and detoxification of free radical species results in
the progression of oxidative stress and leads to the
development of a wide spectrum of serious diseases,
for example, cancer, atherosclerosis, aging, immunosup-
pression, inflammation, ischemic heart disease, diabetes,
hair loss, and neurodegenerative disorders such as Alz-
heimer’s and Parkinson’s diseases.5–7 Many studies have
suggested that agents with the ability to protect against
ROS may be therapeutically useful in these diseases.
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Vitamin C, vitamin E, selenium, b-carotene, lycopene,
lutein and other carotenoids have been used as supple-
mentary antioxidants. Apart from these, polyphenolic
plant secondary metabolites such as flavonoids play an
important role in the defense against free radicals.8–10


These compounds show antiviral, antibacterial, vasoac-
tive, antiatherogenic, antiproliferative, and antiinflam-
matory properties, and preventing role in cancer,
Alzheimer’s, Parkinson’s, and cardiovascular dis-
eases.11–13 Some of these activities are at least partially
related to their antioxidant properties. Chalcones
(1,3-diaryl-2-propen-1-ones) are flavonoids lacking a
heterocyclic C ring. Various chalcones were assessed
for their inhibitory effects on lipid peroxidation and rad-
ical scavenging activities. Among those tested, naturally
occurring butein 1, sappanchalcone 2, and licochalcones
B and D (3 and 4, respectively) showed potent scaveng-
ing activity on 1,1-diphenyl-2-picryl-hydrazyl (DPPH)
radicals.14,15 On the other hand, homoisoflavonoids (3-
benzylidenechroman-4-ones) are related to flavonoids
and occur as natural products and exhibit biological
activity. Also, among this category of flavonoids, com-
pounds, for example, sappanone A (5) and intricatinol
6 displayed high antioxidant activity (Fig. 1).16,17
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In an effort to develop a novel antioxidant, we synthe-
sized a series of 3-benzylidene-7-alkoxychroman-4-one
derivatives 7 and evaluated their antioxidant activities
(Fig. 1). Indeed, the target compounds 7 can be consid-
ered as O-alkyl analog of sappanone A (5), also possess-
ing same basic structure in respect to intricatinol 6 but
with different hydroxylation and O-methyl substitution
pattern (alkoxy moiety on chroman ring instead on ben-
zylidene residue).


The synthesis of 3-benzylidene-7-alkoxychroman-4-one
derivatives 7 was achieved through the route outlined in
Scheme 1. The reaction of resorcinol 8 with 3-chloroprop-
ionic acid using trifluoromethane sulfonic acid furnished
2 0,4 0-dihydroxy-3-chloro propiophenone 9 which was

HO OH
8


O


HO OH Cl HO


RO


9


R= Me; E


a b


Scheme 1. Synthesis of 3-benzylidene-4-chromanones 5, 7a–i, and 12. Reage


80 �C for 30 min; (b) 2.0 M NaOH; (c) appropriate alkyl iodide, K2CO3, DM

cyclized using 2 M NaOH to give 7-hydroxy-4-chroma-
none 10, in 61% yield.18 Alkylation of 7-hydroxy-4-chro-
manone 10 with appropriate alkyl iodide in the presence
of K2CO3 gave 7-alkoxy chroman-4-one 11.19 Acid cata-
lyzed condensation of 7-hydroxy-4-chromanone 10 with
4-hydroxybenzaldehyde or 3,4-dihydroxybenzaldehyde
afforded 3-benzylidene-7-hydroxy-chromanones 12 and
5, respectively.16,20,21 Similarly, condensation of 7-alkoxy
chroman-4-one 11 with different aryl aldehydes afforded
3-benzylidene-7-alkoxychroman-4-one derivatives 7 in
good yields (Scheme 1).20,21


Antioxidants may be classified according to their mode
of action as being free radical scavenger, chelators of
metal ions involved in catalyzing lipid oxidation or oxy-
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gen scavengers that react with oxygen in closed sys-
tems.22 Several different methods are available and have
been used to assess the total antioxidant capacity of
numerous molecules. In the present study, three com-
monly used antioxidant evaluation methods, the DPPH
(1,1-diphenyl-2-picrylhydrazyl) radical scavenging, fer-
ric reducing antioxidant power (FRAP) methods, and
thiobarbituric acid reactive substances (TBARS) assay
were chosen to determine the antioxidant potential of
the target compounds in comparison with Trolox.


DPPH radical scavenging activity. The DPPH radical
scavenging model is extensively used to evaluate antiox-
idant activities in less time than other methods. DPPH is
a stable free radical that can accept an electron or
hydrogen radical and thus be converted into a stable,
diamagnetic molecule. DPPH has an odd electron and
so has a strong absorption band at 517 nm. When this
electron becomes paired, the absorption decreases with
respect to the number of electrons taken up. The scav-
enging effect of the synthesized compounds on the
DPPH radical was evaluated according to the method
reported previously.23,24 The IC50 values of these com-
pounds are presented in Table 1. Among 3-benzyli-
dene-7-alkoxychroman-4-ones, compounds 7f–i (IC50:
24.30 ± 0.51 to 27.15 ± 0.52 lM), having catechol moie-
ties, showed good DPPH free radical scavenging activ-
ity, superior in respect to sappanone A (5, O-desalkyl
analog) and Trolox. The same order of activity was fol-
lowed by compound 7e, the 4 0-hydroxy-3 0,5 0-dimeth-
oxybenzylidene analog. In fact, all monohydroxy (or
methoxy) benzylidene derivatives (7a–d and 12) did
not show significant DPPH free radical scavenging
activity at concentrations 6100 lg/mL.


Lipid peroxidation inhibitory activity. The effects on lipid
peroxidation in rat brain homogenates were examined

Table 1. Antioxidant activities of 3-benzylidene-7-alkoxychroman-4-ones 7a


O


RO O


Compound R R 0 DPPH radical scave


activity (IC50, lM)


7a Me 4-OH >100


7b Me 4-MeO >100


7c Me 3-MeO >100


7d Me 2-MeO >100


7e Me 4-OH-3,5-(OMe)2 30.76 ± 0.62


7f Me 3,4-(OH)2 27.15 ± 0.52


7g Et 3,4-(OH)2 24.30 ± 0.51


7h n-Pr 3,4-(OH)2 25.44 ± 0.53


7i n-Bu 3,4-(OH)2 24.50 ± 0.58


5 H 3,4-(OH)2 35 ± 0.47


12 H 4-OH >100


Trolox 36.27 ± 0.49


a NA, no activity.

using thiobarbituric acid reactive substances (TBARS)
assay according to the method reported previously.25,26


The lipid peroxidation inhibitory activity of each com-
pound was expressed as IC50 value, that is, the concen-
tration in lM necessary to inhibit TBARS formation by
50%, and was calculated from the corresponding log-
dose inhibition curve. While monohydroxy (or methoxy)
benzylidene derivatives (7a–d and 12) showed insignifi-
cant activity (IC50 > 100 lM), catecholic compounds
7f–i and 4 0-hydroxy-3 0, 5 0-dimethoxybenzylidene analog
7e exhibited potent inhibition of lipid peroxidation
(IC50 < 15 lM). They were more potent than the refer-
ence compound Trolox. However, no significant differ-
ence was observed between the active compounds 7e–i.


Ferric reducing antioxidant power (FRAP) assay. The
FRAP assay measures the ability of a compound to re-
duce the ferric 2,4,6-tripyridyl-s-triazine complex to the
colored ferrous complex. FRAP values are obtained by
comparing the absorbance change at 593 nm in test
reaction mixtures with those containing ferrous ions in
known concentration.27,28 According to the data pre-
sented in Table 1, compound 7f having catechol and 7-
methoxy substituents showed the most antioxidant
power in FRAP assay. Generally, all ortho-hydroxy or
methoxy phenolic compounds exhibited comparable or
more potent antioxidant potential in FRAP assay in re-
spect to reference drug Trolox.


Overall, the result of DPPH assay was relatively consis-
tent with those of the FRAP and TBARS assays. In
other words, a glance at Table 1 shows that compounds
7a–d and 12 which showed no activity toward DPPH
radicals were inactive also in TBARS and FRAP assays,
while compounds 7e–i and 5 that exhibited antioxidant
activity based on TBARS and FRAP assays showed
good activity in DPPH method as well. The present

–i and related compounds 5 and 12 in comparison with Trolox


R'


nging Inhibition of lipid


peroxidation (IC50, lM)


FRAP value (Fe2+ lM)


(100 lg)


>100 NAa


>100 NA


>100 NA


>100 NA


10.96 ± 0.34 61.61 ± 0.58


12.11 ± 0.42 71.64 ± 0.47


11.88 ± 0.39 62.73 ± 0.48


11.36 ± 0.48 53.82 ± 0.54


10.96 ± 0.51 44.62 ± 0.48


14.33 ± 0.52 49.3 ± 0.27


>100 NA


41.57 ± 0.39 41.93 ± 0.45
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results demonstrate that catecholic 3-benzylidene-7-
alkoxychroman-4-ones were more effective, as antioxi-
dants in the three assays, than other monooxygenated
benzylidenechroman-4-ones and well-defined antioxi-
dant, Trolox. The antioxidative activity of these com-
pounds lends further support to the fact that the
catechol system is more important for antioxidative
activity. Among catecholic compounds, comparison be-
tween antioxidant activities of compound 5 and O-alkyl
analogs 7f–i revealed that O-alkyl groups are well toler-
ated in terms of different type of antioxidative properties
and in some cases, the compounds had superior activity
with respect to their parent compound 5. We conclude,
therefore, that selected analogs of benzylidenechroman-
4-ones that are devoid of phenolic groups on chroman
ring (by O-alkylation of 7-hydroxy group) and bearing
catecholic benzylidene moiety are excellent antioxidant
agents in three different antioxidant assays (DPPH,
TBARS, and FRAP).
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Figure 2. The proposed mechanism for the antioxidant activity of 3-benzyli

Perusal of the literature also revealed a promising
agreement between our results and the reported activi-
ties of a number of flavonoids. Indeed, 3-benzyliden-
echroman-4-ones (homoisoflavonoids) are related to
flavonoids and occur as natural products and exhibit
antioxidant activity. It has been reported that in other
group of flavonoids, the required structural criteria for
high antioxidant activity included the ortho-dihydroxy
groups (catechol structure) in the B-ring or in the A-
ring. For instance, quercetin, quercetin 3,5-di-O-gluco-
side, luteolin, (+)-catechin, (�)-epicatechin and fisetin
are all highly active against DPPH radicals having
IC50 = 10.89, 14.41, 11.04, 18.19, 16.09, and
14.06 lM, respectively.29 All of them have 3 0, 4 0-di-
OH in common, yet noticeable differences exist among
their A and B rings. Other structural features, for
example, the methoxy group (methoxylation) might
play a certain role in reducing or increasing the activity
of the flavonoids. For example, hesperetin was more
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effective than the corresponding flavanone (naringenin)
without the methoxy group, but glycitein was close to
the corresponding isoflavone (daidzein) without the
methoxy group.30,31 Similarly, our observation with
catecholic 3-benzylidenechroman-4-ones 7f–i indicated
that these compounds showed relatively high and close
IC50 values ranging from 24.5 to 27.15 lM in DPPH
radical scavenging method and also alkoxy substituent
on the chroman ring could modulate lipophilicity and
physicochemical properties. In addition, O-alkyl
groups are well tolerated in the terms of different types
of antioxidative properties and in some cases, the com-
pounds had superior activity with respect to their parent
compound 5.


Antioxidative activity is a multifactorial potential.
Propensity of radical formation and stabilization, abil-
ity of metal complexation, and lipophilicity are impor-
tant factors for the antioxidant activity. The presence
of ortho-electron donating hydroxy or methoxy substi-
tuent of the phenolic compounds is known to increase
the stability of the radical and hence, the antioxida-
tive activity.32 This would also contribute to the for-
mation of the complex with transition metal ions. In
addition, the formation of an internal hydrogen-bond
in catechol moieties and presence of para-substituted
conjugated side chains result in a high propensity to
electron transfer and stabilization of radical species.
Considering these possibilities, an explanation for
the potent antioxidant activity of 3-benzylidene-7-
alkoxychroman-4-one derivatives 7f–i might be found
in the possible stabilization of the radical that is
formed after hydrogen abstraction. As shown in Fig-
ure 2, the free electron that is generated due to
hydrogen abstraction of one of the catecholic hydro-
xyl groups can be delocalized over the 3-benzylidene
moiety and chromanone ring. This involves a keto–
enol transformation of the carbonyl group, and the
extension of conjugation to chroman ring. In this
way the unpaired electron is transferred to the car-
bonyl group. The unpaired electron can then be trans-
ferred to the other aromatic group in chroman ring.
As could be seen from Figure 2, in some of these
structures, the positive charge is located on the 7-oxy-
gen atom to which alkyl is attached. The electron
releasing character of alkyl attached to oxygen partic-
ularly stabilized the latter species. This indicated that
the presence of the O-alkyl groups at C-7 position of
3-benzylidenechroman-4-one could be beneficial for
radical stabilization and strengthen the activity of
the catecholic 3-benzylidene-7-alkoxychroman-4-one
analogs.


In summary, 3-benzylidene-7-alkoxychroman-4-one deriva-
tives bearing catecholic group on benzylidene moiety
exhibited excellent antioxidant activity.
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Abstract—A series of 1,3-dihydro-benzo[b][1,4]diazepin-2-one derivatives was evaluated as non-competitive mGluR2/3 antagonists.
Attachment of an 8-(2-aryl)-ethynyl-moiety produced compounds inhibiting the binding of [3H]-LY354740 to rat mGluR2 with low
nanomolar affinity and consistent functional effect at both mGluR2 and mGluR3.
� 2007 Elsevier Ltd. All rights reserved.
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LL-Glutamic acid (LL-Glu) is an excitatory neurotransmit-
ter in the mammalian central nervous system (CNS) and
activates several classes of glutamate receptors. These
are divided into two major groups termed ionotropic
(iGluR) and metabotropic (mGluR) glutamate recep-
tors.1 The family of mGluRs consists of at least eight
subtypes, grouped according to their sequence homol-
ogy, pharmacology, and intracellular coupling. Group
I receptors (mGluR1 and 5) are positively coupled to
phospholipase C, whereas group II (mGluR2 and 3)
and group III (mGluR4, 6, 7, and 8) receptors are nega-
tively coupled to adenyl cyclase. In recent years the
mGluRs were recognized as valuable therapeutic tar-
gets.2 In particular mGluR2/3 agonists show antipsy-
chotic properties and mGluR2/3 antagonists may be
useful as antidepressants and cognitive enhancers as
demonstrated in different animal models.3,4
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Our program focused initially on non-amino acid
mGluR2/3 ligands, including non-competitive ones,
with the aim to increase receptor selectivity and improve
pharmacokinetic properties. Random screening was per-
formed using a forskolin-stimulated cAMP production
in mGluR2-transfected CHO cells. Compounds with
antagonistic properties were further characterized using
the inhibition of (1S, 3R)-ACPD (10 lM)-stimulated
[35S]GTPcS binding using membranes from rat
mGluR2-transfected CHO cells.5 This study revealed
two promising structural classes (1 and 2, Fig. 1), which
have been evaluated until moderately potent and selec-
tive compounds were identified in both classes.6,7 Inter-
estingly when compounds of type 2 were tested in
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Figure 1. Random screening hits. 1, 1-[2-(2,6-Dichloro-phenyl)-7-


methyl-5H-thiazolo[3,2-a]pyrimidin-6-yl]-ethanone IC50 30 lM; 2, E-


1-[2-(2,4-Dichlorophenyl)-2-2isobutoxyvinyl]-1H-[1,2,4]-triazole IC50


6 lM [35S]GTPcS binding assay.
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Figure 2. (a) Effect of the non-competitive antagonist 14m on the


functional responses induced by increasing concentrations of the


mGluR2 agonist (1S, 3R)-ACPD in the [35S]GTPc S assay. Increasing


concentrations of 14m reduce the maximal response to the agonist with


no changes in EC50 values. EC50 values: (1S, 3R)-ACPD


12.1 lM, + 14m (10 nM) 11.8 lM, + 14m (30 nM) 12.6 lM. [j,


(1S, 3R)-ACPD (n = 6); d, 14m 3 nM (n = 4); m, 14m 10 nM (n = 3);


., 14m 30 nM (n = 4); �, 14m 100 nM (n = 3)]. (also cf. Ref. 12). (b)


Indirect measurement of the affinity of 14m for the recombinant rat


mGluR2 expressed in CHO cells. Inhibition curve is normalized as %


of the maximum specific bound. Compound 14m partially inhibits the


radioligand binding to mGluR2 with a residual 25% of specific bound


([3H]-LY354740, 10 nM). The binding of this radioligand to mGluR2


is GTPcS sensitive and it is blocked by pertussin toxin.
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displacement studies they were able to inhibit concentra-
tion dependently both [3H]-DCG IV and [3H]-LY354740
binding to rat mGluR25,7,8 and appeared to be selective
versus AMPA and NMDA ionotropic receptors. There-
fore, a second random screening was carried out using
the [3H]-LY354740 binding assay which discovered
among other hits the compound 3 (Fig. 1). Herein we re-
port on the characterization of compounds obtained
from the screening hit 3—a 1,3-dihydro-benzo[b][1,4]
diazepin-2-one—with an inhibition of [3H]-LY354740
binding to rat mGlu2 receptors with IC50 values ranging
from 6.4 lM to low nanomolar affinity. Selectivity and
specificity data are also provided.


We were attracted to compounds of type 3 due to the
high levels of chemical tractability through their assem-
bly via condensation reactions of 1,2-phenylenedi-
amines and b-ketoesters (Scheme 1). The central
building block for the variation of the phenylenedi-
amine part was prepared by iodination9 of 5-chloro-
2-nitroaniline 4 furnishing 5-chloro-4-iodo-2-nitroani-
line 5. Mono Boc protection was most conveniently
achieved by a two-step procedure: first bis-protection
with Boc2O/cat. DMAP and second selective removal
of one Boc group by treatment with TFA. The chlorine
was replaced by O- (in compound 5) and N-nucleo-
philes (in compound 6) in an SNAr fashion, whereas
the iodine in compounds of type 8 was amenable for
palladium-catalyzed cross couplings, for example,
Sonogashira-type reactions with terminal alkynes to
give compounds of type 9. Finally very mild reduction
of the nitro group was performed with SnCl2Æ2H2O in
pyridine/DMF at ambient temperature to produce the
mono Boc protected 1,2-phenylenediamine building
blocks 10. The regioselective synthesis was achieved
by simple condensation of mono Boc protected 1,2-
phenylenediamines 10 and b-ketoesters 11 or [1,3]-
dioxinones 12 in refluxing toluene to the corresponding
b-ketoamides 13, which were deprotected and concom-
itantly cyclized by treatment with TFA yielding the
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Scheme 1. General synthesis of unsymmetrically 7,8-substituted 1,3-dihydr


NaOAc, AcOH, 23–80 �C, 95%; (b) Boc2O, DMAP, THF, rt, 99%; (c) TFA,


DMSO, rt, 80–98%; (f) alkyne, PdCl2(PPh3)2, PPh3, CuI, Et3N, THF, 50–6


reflux, 40–95%; (i) TFA [optional anisole], DCM, rt.

unsymmetrically 7,8-substituted 1,3-dihydro-benzo[b]
[1,4]diazepin-2-ones 14.10


The concentration-dependent displacement of the [3H]-
LY354740 binding to rat mGluR2 in the experimental
conditions described by Schweizer et al.8 was then used
to determine the structure activity relationship (SAR)
of compounds obtained after the screening hit 3
(>95% purity). Compound 14m and derivatives par-
tially inhibit [3H]-LY354740 binding to mGluR2 with
a residual of 25% specific bound (Fig. 2b). Considering
the non-competitive nature of this inhibition (Fig. 2a)
IC50 values are reported (Table 1) as relative measure
of affinity.8

I NO2


NHBocCl


I NO2


NHBocR7


R8 NO2


NHBocR7


N


N
H O


R8


R7


R4


N
H


NHBoc


Ar


O O


8 R7 = NR'R", OR
             R',R" = 1º & 2º alkyl


f


e


14


i


13


6


9


o-benzo[b][1,4]diazepin-2-ones 14. Reagents and conditions: (a) ICl,


DCM, 0 �C, 99%; (d) ROH, KOH, DMSO, rt, 75–95%; (e) R 0R00NH,


5 �C, 50–95%; (g) SnCl2Æ2H2O, pyridine, DMF, 50–90%; (h) toluene,







Table 1. Activities of the 1,3-dihydro-benzo[b][1,4]diazepin-2-ones 14 (R4, R7, and R8 refer to the positions of Rs in Scheme 1)


Compound R4 R8 R7 Rat mGluR2 [3H]-LY354740 bindinga IC50 (lM)


14a MeO Me H 6.58


14b Cl Me H 2.82


14c CF3 Me H 1.53


14d CN Me H 2.90


14e H Ph-C„C– H 0.026


14f MeO Ph-C„C– H 0.962


14g Cl Ph-C„C– H 0.080


14h CF3 Ph-C„C– H 0.268


14i I Ph-C„C– H 0.154


14j CONH2 Ph-C„C– H 0.358


14k


O


N
X


X = O
X = NMe


Ph-C„C– H 0.360


14l 1.04


14m CN Ph-C„C– H 0.034


14n CN 2-Cl–C6H4-C„C– H 0.076


14o CN 4-Me-C6H4-C„C– H 0.064


14p CN 4-MeO-C6H4-C„C– H 0.068


14q CN 4-F-C6H4-C„C– H 0.034


14r CN 2-F-C6H4-C„C– H 0.030


14s CN 2,4-Di-F-C6H3-C„C– H 0.480


14t CN 2-Thiophenyl-C„C– H 0.032


14u CN 2-Thiazolyl-C„C– H 0.300


14v CN 2-Pyridyl-C„C– H 0.870


14w CN HO(Me)2C-C„C– H 26


14x CN H2C@C(Me)-C„C– H 0.400


14y CN Ph-C„C– NMe2 0.060


14z CN Ph-C„C–


N
X


X = O 0.378


14aa CN Ph-C„C– X = NMe 0.278


14ab CN Ph-C„C– X = S 0.040


14ac CN Ph-C„C– X = SO 0.446


14ad CN Ph-C„C– X = SO2 0.160


14ae CN Ph-C„C– X = CHOMe 0.082


14af CN Ph-C„C– OMe 0.092


14ag CN Ph-C„C– OCH2CH2OMe 0.028


14ah CN Ph-C„C– OCH2CO2H 0.600


14ai CN Ph-C„C– OCH2CONH2 2.4


14aj CN Ph-C„C– OCH2CONHBut 0.026


14ak CN Ph-C„C– OCH2CN 0.018


a Values are means of three experiments.
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In the R4 position a clear preference for meta-substitu-
tion at the phenyl ring was quickly established (14a–d).
With the introduction of a phenylacetylene moiety in
the 8-position we found an enhanced affinity compared
to 3 (14e) and more thoroughly investigated the struc-
ture activity relationship (SAR) at the phenyl in 4-posi-
tion. The functional group tolerance proved to be wide,
ranging from simple halides (14g and 14i), methoxy
(14f), trifluoromethyl (14h) to carboxamides (14j–l),
but among the substituted compounds the cyano group
showed the highest affinity (14m).


Keeping this nitrile constant we explored the variation
of the alkyne in the 8-position. Substituted phenyl resi-
dues produced very active molecules, for example, a 2-
chloro- (14n), a 4-methyl- (14o) or a 4-methoxy-phenyl
(14p) were almost equal in affinity. Fluoro substitution
in 2- and 4-position of the phenyl group led to com-
pounds with equal properties (14q and 14r) like 14m,
as well as the 2-thiophenyl-group (14t). 2,4-Di-fluoro
substitution however led to the less favored 14s. The

introduction of a nitrogen containing heterocycle, for
example, 2-thiazolyl (14u) or 2-pyridyl (14v), resulted
in an approximately 10- and 30-fold drop in affinity.
Using a smaller non-aromatic substituent with a tertiary
alcohol as in 14w produced an almost inactive com-
pound, but elimination of water from 14w generated
the olefin 14x and a regain in potency was observed.
As a conclusion, the acetylenic groups in 8-position were
preferably chosen from lipophilic aromatic residues like
phenyl-, 2- or 4-F-phenylacetylene (14m, 14q and 14r).
To complete the overall SAR, we decorated 14m with
a MeO group in 6- or with a Cl in 9-position, which
led to completely inactive compounds (data not shown).


The addition of more polar substituents in 7-position
was made to reduce the high lipophilicity of the com-
pounds (14m c logP 4.44; calculated log(coctanol/cwater)).
As described in Scheme 1, N-nucleophiles were intro-
duced in the 7-position by SNAr reaction. The simple
lipophilic dimethylamino group (14y c logP 4.62) was
well tolerated, but the larger and more polar morpho-
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Figure 3. Concentration–response curves for the inhibition of GIRK


currents by 14m in CHO cells stably expressing GIRKs and transiently


transfected with: (a) rat mGluR2 (Glutamate 10 lM) and (b) rat


mGluR3 (glutamate 1 lM). (c) Glutamate concentration–response


curves in CHO cells expressing GIRKs and rat mGluR2 generated in


the absence (d, control) and presence of 14m (j, 100 nM) showing the


non-competitive nature of block of the compound. This effect was


reversible.
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lino group (14z c logP 4.23) and the more basic N-meth-
ylpiperazinyl group (14aa c logP 4.20) resulted in loss of
affinity. For the substituents in the 7-position not the
size but more likely the polarity seemed to be the domi-
nant factor for affinity since the even larger but most
lipophilic 14ae (c logP 5.14) proved to be a very potent
compound.


The restricted scope in the 7-position was also nicely
demonstrated by the examination of the thiomorpholino
compound and its oxide derivatives (14ab–ad). The most
lipophilic 14ab (c logP 5.08) was most active, the most
polar sulfoxide 14ac (c logP 2.94) the least active,
whereas the sulfone 14ad with intermediate polarity
(c logP 3.06) again showed intermediate properties.


As for the oxygen-linked moieties the small simple meth-
oxy group (14af, c logP 4.52) and the larger 2-
(methoxy)ethoxy group (14ag, c logP 4.25) are both well
tolerated. The attachment of a carboxylic acid group via
an oxygen linker as in 14ah (c logP 3.78) produced a
moderately active compound.


A correlation between polarity of groups in the 7-posi-
tion with the in vitro activity was obtained in the corre-
sponding amide series. The primary amide (14ai c logP
3.01) is about 100-fold less active than the less polar
N-tert-butylamide (14aj, c logP 4.84) and the corre-
sponding nitrile (14ak, c logP 3.54), therefore exhibiting
the same trend of activities as observed for the thiomor-
pholino compound and its oxides (14ab–ad).


We further assessed the selectivity of 14m (among other
compounds) and this compound neither activated nor
inhibited glutamate-stimulated rat mGlu1a and mGlu5a
receptors (using a Ca2+ mobilization functional assay,
when tested at 30 lM final concentration) nor the bind-
ing of [3H]-LL-AP4 to rat mGlu8a receptor. Compound
14m is also devoid of any affinity at the NMDA and
GABAA receptors (data not shown).


The non-competitive nature of 14m was exemplified by
measuring the effect on the binding of [35S]GTPcS in-
duced by (1S,3R)-ACPD (Fig. 2a),11,12 which partially
inhibits [3H]-LY354740 binding to mGluR2 with a resid-
ual of 25% specific bound (Fig. 2b). The antagonist prop-
erties of 14m were also evaluated electrophysiologically in
CHO cells stably expressing the human Kir3.1 and
Kir3.2c GIRK subunits and transiently transfected with
either rat mGlu2 or rat mGlu3 receptors (Fig. 3). In these
cells, glutamate induced an inward K+ current that was
reversible and dependent on the glutamate concentration,
which was concentration-dependently inhibited by 14m.


In summary, we have explored the SAR of a novel series
of 1,3-dihydro-benzo[b][1,4]diazepin-2-one derivatives
which are selective, non-competitive antagonists at
mGluR2/3. Attachment of an 8-(2-aryl)-ethynyl moiety
produced compounds inhibiting the binding of [3H]-
LY354740 to rat mGluR2 with low nanomolar affinity.
These compounds represent a very promising structural
class of non-amino acid antagonists with very high
affinity to group II mGlu receptors.
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Abstract—A series of 6-bicycloaryloxynicotinamides were identified as opioid receptor antagonists at mu, kappa, and delta recep-
tors. Compounds in the 6-(2,3,4,5-tetrahydro-1H-benzo[c]azepin-7-yloxy)nicotinamide scaffold exhibited potent in vitro functional
antagonism at all three receptors.
� 2007 Elsevier Ltd. All rights reserved.

The prevalence of obesity in the industrialized world,
particularly in the United States, has reached epidemic
proportions.1 Today close to 65% of the adult popula-
tion in the US is overweight (BMI P 25) or obese
(BMI P 30). More alarming trend is the increase in
the number of overweight children and teenagers (10–
15% of the youth population). International data indi-
cate that the epidemic is not isolated to the US but is
in fact a growing global health problem. In other words,
the prevalence of obesity is not only rising in other
developed and affluent countries but also is now spread-
ing to less affluent countries. The prevention and treat-
ment of excess weight is critical for the health of both
individuals and our society not only because obesity in-
creases the risk of a number of diseases, such as type 2
diabetes mellitus, dyslipidaemia, hypertension, and cor-
onary heart disease, but also because it disposes an enor-
mous economic impact on our society. Medical
intervention along with lifestyle modification is now
considered a necessity to prevent the growing and mul-
tilateral negative consequences of overweight and
obesity.


Flurries of research activities to discover effective and
safe antiobesity agents have spurred in recent years
as fenfluramine and dexfenfluramine (Fen–Phen) were
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removed from the market, and orlistat and sibutramine,
the current approved drugs, have limited clinical use due
to their poor efficacy and significant side effect profiles.2


Most recently, Rimonabant was approved for the treat-
ment of obesity in Europe and a high hope was raised
for this CB1 antagonist as a new therapeutic agent that
held promise not only to treat obesity but also to allevi-
ate other metabolic syndromes.3 But its submission to
FDA in the US was withdrawn just prior to its initially
expected approval when concerns over its side effects
especially on patients with history of depression were
raised and its risk/benefit ratio was questioned by the
FDA Advisory Board, who unanimously voted down
its approval as a result. Continual research and develop-
ment of an antiobesity agent with favorable side effect
profiles for a long-term use is, therefore, warranted
and required. We have reported that nonselective opioid
receptor antagonist (OpRA) LY255582 and its analogs
demonstrated potent anorectic activity, reducing body
fat in obese rats by decreasing food intake and stimulat-
ing lipid utilization.4 LY255582, however, precluded its
clinical development due to its poor oral bioavailability
and unacceptable margin of safety resulting from irrita-
tion at the site of drug administration via other routes.
We then began to search an orally efficacious OpRA
with activity comparable to LY255582 and acceptable
safety profiles for the treatment of obesity and recently
discovered new carboxamido-biaryl ethers that were
structurally unrelated to morphine (Fig. 1). We identi-
fied and reported5 6-(4-(2-benzylaminoethyl)phen-
oxy)nicotinamide (1) as an initial lead having good
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Table 1. Opioid receptor antagonism of carboxamido-biaryl ethers


O


N
H


N


NH2


O


( )n ( )m


Compound m n Receptor binding affinity at high Na, Ki (nM)6 GTPcS functional antagonism, Kb (nM)7


Mu Kappa Delta Mu Kappa Delta


1 2 1 7.44 ± 2.94 136.26 ± 59.55 70.21 2.25 ± 0.47 18.41 ± 7.99 23.14 ± 6.88


2 1 2 0.17 ± 0.02 8.38 ± 2.30 1.16 ± 0.23 0.07 ± 0.02 1.15 ± 0.24 0.97 ± 0.14


LY255582 0.15 ± 0.01 4.68 ± 0.83 4.82 ± 0.49 0.043 ± 0.008 0.32 ± 0.03 1.19 ± 0.21


Naltrexone 0.87 ± 0.02 5.28 ± 0.12 16.31 ± 0.28 0.59 ± 0.02 2.99 ± 0.10 11.06 ± 0.32


The data are expressed in mean ± SEM where the assay run n P 2 and value without SEM where n = 1.
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Figure 1. Carboxamido-biaryl ethers, novel opioid receptor antagonists structurally unrelated to morphine.
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binding affinities at mu, kappa, and delta opioid recep-
tors (Table 1). We also reported how the carbon chain
length and the position of the amine nitrogen between
the two phenyl rings affected the receptor binding affin-
ities and identified a more potent antagonist 2 at all
three opioid receptor subtypes.


One of the concerns raised in our early SAR exploration
of this series of compounds was the stability of unsubsti-
tuted benzylic carbon of the side chain. We therefore
considered two aspects of further SAR exploration: (1)
conformational constraint of the benzylic nitrogen atom
in a ring system with one of the neighboring phenyl
rings, e.g., as isoindoline, tetrahydroisoquinoline, or
benzoazepine; and (2) replacement of the terminal ben-
zylic amine tether with other amine tether. For the first
modification there are two possible sites to constrain the
amine nitrogen in a ring system: (a) tie the nitrogen into
the middle phenyl ring; or (b) attach it to the terminal
phenyl ring (Fig. 2).

O


N
H


N


NH2


O


( )n ( )m


(a)


(b)


Figure 2. Modification of carboxamido-biaryl ether side chain.

Compounds with these modifications were prepared as
shown in Scheme 1.8 3,4-Dimethylphenyl methyl ether
was dibrominated with NBS in the presence of benzoyl
peroxide radical initiator in CCl4 at reflux in 32% (Route
A). Treatment with benzylamine in the presence of ben-
zyltriethylammonium chloride in 50% NaOH/toluene
solution afforded N-benzylisoindolin-5-yl methyl ether
in a 71% yield. Demethylation with 48% HBr at reflux
followed by etherification with 6-chloronicotinamide
and K2CO3 in N,N-dimethylacetamide/toluene solution
at reflux produced the compound 3 in 40%. Debenzyla-
tion by hydrogenolysis followed by alkylation with 2-
phenethylbromide and Et3N in DMF at 70 �C furnished
4. Compounds 5–7 were prepared from 3-methoxyphen-
ethylamine, which was first converted to a tetrahydroiso-
quinoline intermediate with paraformaldehyde and
CH3COCl in 88% HCO2H as shown in Route B.
Demethylation and N-BOC protection set up the inter-
mediate ready for etherification with 6-chloronicotina-
mide (47% for 3 steps). BOC-deprotection with TFA in
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Scheme 1. Synthesis of 6-bicycloaryloxynicotinamides.8
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CH2Cl2 after the 6-aryloxynicotinamide formation and
alkylation with an appropriate halide (RX) as in Route
A afforded the target compounds. Compounds 8 and 9
were prepared as exemplified by 8 in Route C. N-BOC-
7-hydroxy-3,4-dihydro-1H-isoquinoline was prepared
according to a literature procedure.9 Etherification with

6-chloronicotinamide and Cs2CO3 in DMF at 100 �C,
BOC-deprotection, and reductive amination of benzal-
dehyde with the resultant isoquinoline in the presence
of NaHB(OAc)3 and acetic acid in dichloroethane
yielded 8. Reductive amination of phenylacetaldehyde
similarly afforded the compound 9. The compound 10
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was prepared as shown in Route D. 6-Methoxytetralone
was treated with NaN3 in methanesulfonic acid to form
7-methoxy-2,3,4,5-tetrahydro-1H-benzo[c]azepin-1-one
in a 50% yield.10 Reduction of the amide to the amine
with BH3 in THF, demethylation with BBr3 in CH2Cl2,
and N-BOC protection afforded a precursor phenol for
etherification with 6-chloronicotinamide. N-BOC depro-
tection after the biaryl ether formation and alkylation
with phenethyl bromide and K2CO3 in DMF as de-
scribed above provided 10. Route E describes the synthe-
sis of compounds 11 and 12. An amide formation from 3-
methoxyphenylacetyl chloride with methylaminoacetal-
dehyde dimethyl acetal and NaHCO3 in CHCl3 followed
by acid-catalyzed cyclization afforded 8-methoxy-3-
methyl-1,3-dihydro-benzo[d]azepin-2-one in an excellent
yield. Sequential treatment of the intermediate by (1)
reduction of the double bond, (2) deoxygenation of the
amide oxygen with LAH, (3) N-demethylation with 1-
chloroethyl chloroformate, (4) trifluoroacetylation of
the resultant amine, and (5) O-demethylation with
BBr3 provided N-trifluoroacetyl-2,3,4,5-tetrahydro-1H-
benzo[d]azepin-7-ol in good yields. Treatment of the
alcohol with NaH, etherification with 6-chloronicotina-
mide, deacetylation with 7.0 M NH3 in MeOH, and
alkylation with an appropriate alkyl halide as before
afforded the target compound 11 or 12.

Table 2. Effects of incorporation of nitrogen atom into a bicyclic system wi


N
( )m


( )n


( )p1


Compound No. of CH2 carbon


m n p1 M


3 1 1 1 10


4 1 2 1 65


5 1 1 2 17


6 1 2 2 15


7 1 3 2 18


8 2 1 1 23


9 2 2 1 >3


10 1 2 3 10


11 2 1 2 40


12 2 2 2 91


The data are expressed in mean ± SEM where the assay run n P 2 and val


Table 3. Effects of incorporation of nitrogen atom into a bicyclic system wi


N
( )m


( )n


( )p2


Compound No. of CH2 carbon Receptor binding affinity at high


m n p2 Mu Kappa


13 1 2 1 nd nd


14 2 1 2 5.05 ± 0.92 187.97 ± 34.70


1 2 1 – 7.44 ± 2.94 136.26 ± 59.55


The data are expressed in mean ± SEM where the assay run n P 2 and valu

Table 2 shows the results of modification (a). Isoindo-
line incorporation (3 and 4) was most detrimental to
the receptor antagonism activities. Isoquinolinyl deriv-
atives 5–9 also suffered considerable loss in the binding
affinity, especially at kappa and delta receptors. The
trend that we saw before in the effects of terminal chain
lengths5 was translated into the ring system where 6
(n = 2) exhibited best overall activities among 5–7
(n = 1–3). More pronounced effect of the ring system it-
self was observed with the isoquinolin-7-yl analog 9
(m = 2, p1 = 1), which almost completely lost activities
at all three receptors as compared to the isoquinolin-6-
yl 6 (m = 1, p1 = 2). This may be explained by the fact
that the terminal phenethyl chain was forced to change
its location and orientation due to the ring constraint
in 9. Compounds 5 and 8, however, showed similar
activities at all three receptors. This rationale was also
supported by the results of benzoazepinyl derivatives
10–11. The more flexible benzo[c]azepinyl 10 (m = 1,
p1 = 3) regained activities comparable to 1 and 6,
whereas the benzo[d]azepinyl 11 or 12 (m = 2, p1 = 2)
lost considerable activities presumably due to the
change in the orientation of their terminus. Among
the constrained ring systems studied, the compound
10 showed the best overall profiles at the three
receptors.

th the middle phenyl ring


O N


NH2


O


Receptor binding affinity at high Na, Ki (nM)6


u Kappa Delta


08 >5000 >5000


8.8 ± 118.5 >5000 2274 ± 315


9.0 2150 2351 ± 201


.95 1221 179.6 ± 27.8


5.0 ± 18.9 555.9 ± 112.5 2139 ± 37


1.59 2428.17 2448.94 ± 29.29


333 3606 >5000


.09 ± 1.85 360.6 ± 34.6 169.39 ± 5.80


5.8 2873 2708 ± 55


.49 >4897 1377 ± 70


ue without SEM where n = 1.


th the terminal phenyl ring


O N


NH2


O


Na, Ki (nM)6 GTPcS functional antagonism, Kb (nM)7


Delta Mu Kappa Delta


nd 27.42 ± 4.69 38.49 ± 7.05 146.68 ± 24.24


144.07 ± 4.71 0.97 ± 0.16 38.87 ± 0.10 130.99 ± 7.31


70.21 2.25 ± 0.47 18.41 ± 7.99 23.14 ± 6.88


e without SEM where n = 1. nd = not determined.







Table 4. Side chain SAR of 6-(2,3,4,5-tetrahydro-1H-benzo[c]azepin-7-yloxy)nicotinamide


O N


N
R


NH2


O


Compound R Receptor binding affinity at high Na, Ki (nM)6 GTPcS functional antagonism, Kb (nM)7


Mu Kappa Delta Mu Kappa Delta


15 n-Butyl 20.81 ± 0.09 nd 503.7 ± 29.1 4.22 ± 0.36 11.06 ± 0.33 >43


16 n-Pentyl 11.86 ± 1.60 105.88 ± 21.12 187.00 5.73 ± 2.99 9.99 ± 0.93 >28


17 n-Hexyl 12.03 ± 1.96 116.41 ± 30.74 163.22 1.94 ± 0.35 11.28 ± 0.56 5.91 ± 0.68


18 3-Methylbutyl 11.14 ± 1.49 78.09 ± 7.79 232.46 ± 27.76 2.36 ± 0.10 5.49 ± 0.13 48.24 ± 21.24


19 4-Methylpentyl 7.55 ± 1.41 105.95 ± 4.92 107.88 ± 9.38 1.39 ± 0.27 8.94 ± 2.16 15.22 ± 5.13


20 5-Methylhexyl 11.93 ± 0.52 318.95 ± 20.94 239.77 4.14 ± 2.06 >13 >28


21 3,3-Dimethylbutyl 18.33 ± 2.55 71.62 ± 20.57 409.29 ± 59.44 9.12 ± 0.18 7.58 ± 0.30 >58


22 2-Ethylbutyl 42.03 ± 0.16 61.65 ± 12.85 3888 ± 282 15.77 25.76 >58


23 4,4,4-Trifluorobutyl 24.42 ± 7.06 nd 388.15 ± 2.46 3.87 ± 0.18 >37 >43


24 3-Cyclohexylpropyl 41.67 ± 6.69 703.78 ± 11.43 466.27 5.14 186.75 >28


25 2-Morpholin-4-ylethyl 128.70 ± 3.46 359.89 ± 51.63 1909 >23 >13 >28


26 3-Morpholin-4-ylpropyl 215.87 ± 28.05 3254 ± 575 2576 >23 >13 >28


The data are expressed in mean ± SEM where the assay run n P 2 and value without SEM where n = 1. nd = not determined.
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Another possible incorporation of the nitrogen atom is
to incorporate it with the terminal phenyl ring (route
(b), Fig. 2). Two isoquinolinyl derivatives 13 and 14 in
Table 3 were prepared from tetrahydroisoquinoline
and an appropriate aldehyde intermediate (prepared
by slight modification of methods reported earlier5) via
conventional reductive amination (Route F in Scheme
1). The compound 14 that mimics 1 showed comparable
binding affinities with 1, though less potent in the
in vitro functional antagonism at the delta receptor.
The compound 13 showed much less potent functional
activities as compared to 2 presumably due to the differ-
ences in the orientation of the terminal region between
the two. Though these two compounds showed respect-
able in vitro functional antagonism, the compounds
with the nitrogen incorporated into the ring system with
the middle phenyl ring, shown in Table 2, were chosen
for further SAR exploration, as they provided more ver-
satile and simple side chain modifications.


As stated earlier, one of our initial concerns was the
in vivo stability of the benzylic side chains. We therefore
decided to explore the feasibility of alkyl or cycloalkyl
side chains in the benzo[c]azepinyl series based on 10
(Table 2). Alkyl (15–17) or branched alkyl chains (18–
22) showed reasonable binding affinities at the three opi-
oid receptor subtypes, although more variable and less
potent at the kappa and delta receptors. Cycloalkyl ter-
mini such as cyclohexyl (24) and morpholinyl (25–26)
groups were not favored. Most compounds in Table 4
exhibited excellent in vitro antagonism at the mu and
kappa receptors. The compounds 17–19 showed respect-
able in vitro functional antagonism at all three recep-
tors. This suggests that requirement of the amino side
chain terminus of the carboxamido-biaryl ether series
does not limit to the aryl group but rather seems more
related to the hydrophobic or steric environment in or-
der to antagonize the three opioid receptors.


In conclusion, we discovered several biaryl ethers having
a wide range of amine tethers with excellent activity

against three opioid receptor subtypes through the
SAR study of carboxamido-biaryl ethers as opioid
receptor antagonists. The 6-(2,3,4,5-tetrahydro-1H-
benzo[c]azepin-7-yloxy)nicotinamide scaffold (Table 4)
holds potential for further modification and develop-
ment to identify potent and metabolically stable opioid
receptor antagonists.
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Abstract—Several potent oxazolidinone antibacterial agents were obtained by systematic modification of the linker between the five-
membered heterocycle and the piperazinyl ring of RBx 7644 (Ranbezolid, 1) and its thienyl analogue 2, leading to the identification
of an expanded spectrum compound RBx 8700 (6b).
� 2007 Elsevier Ltd. All rights reserved.

Oxazolidinones have emerged as a new class of anti-
bacterial agents active against Gram-positive nosoco-
mial infections. Linezolid1 (ZyvoxTM, Pfizer) is the
only drug from the oxazolidinone class of com-
pounds to be approved for use in humans. Linezolid
is active against Gram-positive pathogens such as
strains of methicillin-resistant Staphylococcus aureus
(MRSA), methicillin-resistant Staphylococcus epide-
rmidis (MRSE), vancomycin-resistant Enterococcus
faecium (VRE), Streptococcus pyogenes (S. pyogenes)
and Streptococcus pneumoniae (S. pneumoniae).2 Lin-
ezolid is inactive against Gram-negative bacilli and
has modest activity against fastidious Gram-negative
bacteria such as Haemophilus influenzae (H. influen-
zae). Linezolid exhibits its antibacterial activity by
inhibiting bacterial protein synthesis via binding to
the 50S ribosomal subunit and interfering with the
fMet-tRNA binding to the P-site of the ribosomal
peptidyltransferase centre.3
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We have been interested in furyl and thienyl heterocyclic


derivatives of oxazolidinones,4–8 and have previously
reported the discovery of Ranbezolid9 (RBx 7644, 1)
as a lead molecule active against Gram-positive patho-
gens. RBx 7644 has a 5-nitrofuryl ring linked with a
methylene linker to the piperazin-1-yl-3-phenyloxazoli-
din-2-one core. Herein, we describe the synthesis and
antibacterial activity of a series of compounds 3–6
(Table 1) obtained by varying the linker between the
piperazine and five-membered heterocycle of the furyl
and thienyl compounds 1 and 2, respectively. Compound
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Table 1. Structures of compounds (3–11)
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6b (RBx 8700, Table 1) has a five-membered 5-nitrothi-
ophene attached directly to the piperazine ring, and mod-
ification of this lead compound led to compounds 7–11.


The synthesis of compounds 3–1110 is depicted in
Schemes 1–3. As shown in Scheme 1, 2-acetyl-5-nitrofu-
ran (12a) and 2-acetyl-5-nitrothiophene (12b) were
reduced to their corresponding alcohols (13a–b) with

sodium borohydride. These secondary alcohols were
converted to triflate derivatives 14a–b using triflic
anhydride. The triflate derivatives were used to alkylate
the piperazin-1-yl-3-phenyloxazolidin-2-one compound
1511 to give compounds 3a and 3b. Using achiral reverse
phase HPLC (C18 KromasilTM column, UV detector),
compounds 3a and 3b were found to have purities of
96.1% (mobile phase: 20 mM sodium acetate, pH 5.5,
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Scheme 1. Reagents and conditions: (a) NaBH4, THF-H2O, 0 �C, 3 h; (b) triflic anhydride, triethylamine, dichloromethane, 0 �C to rt, 6 h (for 14a),


3 h (for 14b); (c) 15, triethylamine, THF, 0 �C to rt, 24 h, 31% (for 3a), 30% (for 3b).
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Scheme 3. Reagents and conditions: (a) 15 (trifluoroacetate salt) or 22, N-ethyldiisopropylamine, acetonitrile, 60 �C, 4 h, 46% (for 6b); 80 �C, 30 h,
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15 (trifluoroacetate salt), racBINAP, Cs2CO3, Pd2(dba)3, DMF, 95 �C, 10 h, 12% (for 7), <10% (for 8).
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and methanol, 60–40–60% gradient) and 88.8% (mobile
phase: 20 mM sodium acetate, pH 5.5, and methanol,
80–20–80% gradient), respectively, with no other major
peak >5% being detected. The diastereomeric purities
of compounds 3a and 3b were not determined.

An amide bond was formed between the N-piperazinyl
group of compound 15 and 5-nitrothiophene-2-carbox-
ylic acid (16), 3-(5-nitro-2-furyl)acrylic acid (17a) and
3-(5-nitro-2-thienyl)acrylic acid (17b), respectively,
using N-(3-dimethylaminopropyl)-N 0-ethylcarbodiimide
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hydrochloride (EDAC), N-methylmorpholine (NMM)
and 1-hydroxy-benzotriazole (HOBt) to obtain com-
pounds 4b, 5a and 5b (Scheme 2). 5-Nitrofuran-2-car-
boxylic acid (18) was treated with thionyl chloride to
generate the acid chloride 19, which was then used to
acylate the compound 15 to produce compound 4a.


The synthesis of compounds 6–11 is shown in Scheme
3. Nucleophilic substitution of the bromine of 2-bro-
mo-5-nitrothiophene (20) and 5-bromothiophene-2-car-
boxaldehyde (21) by compound 15 (trifluoroacetate
salt) using N-ethyldiisopropyl amine in acetonitrile at
elevated temperatures led to the synthesis of com-
pounds 6b and 9, respectively. Similarly, nucleophilic
substitution of 20 by the difluorophenyl analogue 22
((S)-N-[[3-[3,5-difluoro-4-(piperazin-1-yl)phenyl]-2-oxo-
5-oxazolidinyl]methyl]-acetamide trifluoro-acetate) led
to the compound 10. For nucleophilic substitution of
20 by the phenyl without fluorine analogue 23((S)-N-
[[3-[4-(piperazin-1-yl)phenyl]-2-oxo-5-oxazolidinyl]methyl]
-acetamide trifluoroacetate), and 2-bromo-5-nitrofuran
(24) by 15 (hydrochloride salt), the reaction was carried
out with inorganic bases such as potassium carbonate
or sodium hydroxide at room temperature to produce
compounds 11 and 6a, respectively. Buchwald’s meth-
od of C–N bond formation12,13 was employed for the
reaction of 2-acetyl-5-bromothiophene (25) or 2-bro-
mo-5-cyanothiophene (26) with compound 15 (trifluo-
roacetate salt) to give compounds 7 and 8, respectively.


The in vitro14 activity (against a panel of resistant and
susceptible Gram-positive pathogens) and in vivo15


activity (against MRSA 562) of the compounds are pre-
sented in Table 2. Replacing the methylene linker of
RBx 7644 (1) or the thienyl analogue 2 with a 1-alkyl-
methylene linker gave the highly active in vitro com-
pounds 3a and 3b. Compound 3a was also active
in vivo. Changing the methylene linker to an oxo linker

Table 2. In vitro and in vivo activity


Compound MIC (lg/ml) (organisms


S.a 25923 MRSA 562 MRSA 33 VRE 6A E.fa


1 1 1 2 2 2


2 8 8 8 8 8


3a 1 1 1 0.25 0.12


3b 0.5 0.5 0.5 0.5 0.5


4a 1 n.d. 0.5 1 1


4b 0.125 0.06 0.06 0.5 0.5


5a 0.5 0.25 0.25 <0.125 0.5


5b 0.5 1 0.5 0.5 1


6a 16 16 8 8 8


6b 0.25 0.25 0.25 0.25 0.25


7 >16 >16 >16 >16 >16


8 4 2 2 n.d. 2


9 1 0.5 0.5 1 <0.2


10 0.25 0.25 0.25 0.25 0.25


11 2 1 1 1 1


Linezolid 2 2 2 2 2


Vancomycin 1 0.5 0.5 >16 4


a Organisms: S.a 25923, Staphylococcus aureus ATCC 25923; MRSA 562, m


resistant Staphylococcus aureus 33; VRE 6A, vancomycin-resistant Enteroco


19615, Streptococcus pyogenes ATCC 19615; S.pn 6303, Streptococcus pne

gave amides 4a and 4b which were very active in vitro
and in vivo, with the thienyl analogue 4b being several
fold more active than its methylene analogue 2. Exten-
sion of the oxo linker to an acryloyl linker produced
highly active in vitro compounds (5a and 5b), but with
loss of in vivo activity. The absence of a linker, wherein
a 5-nitrofuryl or 5-nitrothienyl ring is attached directly
to the piperazine compound 15, led in the case of the thi-
ophene analogue to a compound (6b, RBx 8700) having
high activity against staphylococci, enterococci and
streptococci strains, and in the case of the furan ana-
logue to a compound (6a) having low activity.


In the in vitro experiments, the rank order of potencies
of the thienyl analogues was 6b (the linker is –), 4b
(–CO–) > 5b (–CH2@CH2CO–), �3b (–CH(CH3)–) > 2
(–CH2–). For the furyl analogues, the rank order was
5a (–CH2@CH2CO–) > 1 (–CH2–), �3a (–CH(CH3)–) >
4 (–CO–) > 6a (–). It is speculated that the observed
decrease in activity in the thiophene series may be asso-
ciated with a decrease in the planarity of the heterocy-
cle–linker–piperazinyl system. The decrease in activity
in the furan series appears to be less associated with
the presence of mesomeric interactions between the het-
erocycle, linker and piperazinyl groups, and more
related to either a decrease in the steric size of the linker
group (and a concomitant decrease in the size of the
heterocycle–linker–piperazinyl system) or a decrease in
the flexibility of the linker.


A comparison of the furan-containing compounds with
their thiophene analogues reveals some interesting dif-
ferences. In the case of compounds 6a and 6b, in which
there exists a direct attachment of the piperazine ring
nitrogen atom to the 2-position of the 5-membered het-
eroaromatic ring, the thienyl compound 6b has higher
potency. It may be that the activity seen correlates with
charge delocalization from the 5-membered heteroaro-

)a ED50 mg/kg (po) MRSA 562


29212 S.py 19615 S.pn 6303


0.125 0.125 4.33


1 8 >25


5 0.06 1 9.1


2 2 >25


2 2 8.24


0.125 0.5 9.77


<0.125 0.5 >25


0.5 1 >25


4 4 n.d.


0.125 0.125 11.15


>16 >16 n.d.


0.25 0.5 n.d.


5 0.5 0.5 >25


0.5 0.5 >25


0.5 0.5 n.d.


2 2 5.6


0.5 0.5 8.8 (s.c.)


ethicillin-resistant Staphylococcus aureus 562; MRSA 33, methicillin-


ccus faecium 6A; E.fa 29212, Enterococcus faecalis ATCC 29212; S.py


umoniae ATCC 6303.
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matic ring into the 5-nitro group. Such an effect is more
favoured in a 5-nitrothiophene than a 5-nitrofuran be-
cause the development of positive charge (in the ground
state) on the heteroatom is more favourable with thio-
phene than with furan. The charge delocalization is ex-
pected to be assisted by the presence of the 2-amino
group. In compounds 4a and 4b, the thienyl compound
4b also has higher potency. Once again, delocalization
of charge from the heteroaromatic ring into the 5-nitro
group is anticipated, but in this case such delocalization
can also occur into the 2-carboxamido group. As ex-
plained above, the amount of delocalization will be
greater for the thiophene compound, but here the expla-
nation is confused by the possible existence of rotational
isomers arising from the presence of syn and anti
amide groups, leading to the possibility that the
two compounds may adopt different ground-state
conformations.


The furan-containing compound 1 is the more potent of
the pair of methylene-linked compounds 1 and 2. Whilst
mesomeric interactions between the piperazine nitrogen
atoms and the heteroaromatic groups cannot occur in
these cases, the 5-aminomethyl group would be expected
to have an electron-withdrawing inductive effect upon
the aromatic ring. Of more importance, however, may
be the conformational differences arising from rotation
around the methylene linker bonds. Branching of the
methylene linkers by a methyl group results in equipo-
tent compounds, with the thienyl analogue 3b being one-
fold more potent than the furyl analogue 3a against
staphylococci, and 3a being one- or more fold potent
than 3b against enterococci and streptococci. The signif-
icant gain in potency of compounds 3a and 3b over their
methylene counterparts 1 and 2 cannot be explained by
electronic effects, and the introduction of the methyl
groups is probably having a profound effect upon the
compounds, conformational preferences. In addition,
compounds 3a and 3b may exist as diastereoisomers,
and it may be that the isomers possess differing antibac-
terial activities.


Compounds 5a and 5b were essentially equipotent, and
it is speculated that a complex mixture of mesomeric,
steric and conformational effects is playing major roles
in defining the compounds, activities. It is interesting
to note that Lohray et al.17 have reported on a series
of compounds containing a phenyl group linked to a
piperazine ring nitrogen atom via an extended conju-
gated linker and shown that electron-donating substitu-
ents such as methoxy and electron-withdrawing
substituents such as acetamido have no effect on anti-
bacterial activity.


In the in vivo experiments, compounds 3a, 4a, 4b and 6b
were all active against MRSA 562, but slightly less po-
tent than Ranbezolid. The reasons for the potency dif-
ferences were not investigated further, but may be due
to differing pharmacokinetic and metabolic profiles.
Compound 6b showed moderate activity against fastid-
ious Gram-negative bacteria such as H. influenzae
(MIC50 = 8 lg/ml) and good activity against M. catarrh-
alis (MIC50 = 2 lg/ml), thus extending the spectrum of

oxazolidinones.18 Compound 6b was also highly active
against sensitive and multi-drug resistant (MDR) Myco-
bacterium tuberculosis (M. tuberculosis) strains19,20 with
MIC90 values of 0.25 and 1 lg/ml, respectively.


Compound 6b exhibited an expanded range of microbi-
ological activity, so the nitro group was replaced with
other electron-withdrawing groups (compounds 7–9).
The results were disappointing with the acetyl derivative
7 showing no activity at less than 16 lg/ml, the nitrile
derivative 8 showing only modest activity, and the for-
myl derivative 9 showing high activity but no activity
in vivo. Changing the fluorophenyl ring of 6b to a
difluorophenyl ring gave a compound (10) with similar
in vitro activity but reduced in vivo activity. The simple
phenyl analogue 11 was inferior to the monofluorophe-
nyl compound 6b in all aspects.


In summary, changing the methylene linker of com-
pounds 1 (RBx 7644) and 2 led to many compounds
with superior in vitro activities. Compound 6b (RBx
8700) exhibited an expanded spectrum in vitro activity
along with in vivo efficacy.
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Abstract—The dipeptidyl epoxyesters 3 and 4 are potent, irreversible inhibitors of cruzain and rhodesain.
� 2007 Elsevier Ltd. All rights reserved.

Cysteine proteases are an important class of enzymes
involved in the hydrolysis of peptides and proteins.1,2


The papain family of cysteine proteases includes
cathepsins, calpains, and the parasitic cysteine prote-
ases cruzain and rhodesain which are essential for
the development and survival of the protozoan Try-
panosoma cruzi and Trypanosoma brucei, respectively.3


T. cruzi causes Chagas’ disease in humans in South
and Central America,4,5 whereas T. brucei causes
sleeping sickness in humans in large areas of central
and southern Africa.6,7 Consequently, inhibition of
cysteine proteases has emerged as an important strat-
egy for the treatment of these diseases.


In 1998 dipeptidyl a,b-epoxy ketones 1 and 2 were re-
ported as cysteine protease inhibitors.8 For improved
potency and selectivity, we envisioned a new class of
inhibitors, represented by structures 3 and 4, which
incorporated the epoxyester unit.


We report herein the design and synthesis of a new class
of cysteine protease inhibitors, represented by structures
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3 and 4, that combine the reactivity of the E-64c9,10


epoxide electrophile with the Cbz-Phe-HPhe sequence
already known as a selective moiety for effective cruzain
inhibition.11–13


Although the stereochemistry of the epoxide in E-64c is
2(S),3(S) and precedents8 of epoxy inhibitors pointed to
2(S) as the best selection, we carried out a synthesis of
both isomeric epoxides 3 and 4.


The preparation of these inhibitors involved an enantio-
selective anti aldol14 reaction using thiazolidinethione 5
(prepared by acylation of thiazolidinethione derived
from LL-phenylalanine), ethyl 4-oxo butenoate (prepared
from furfural),15 and MgBr2 as a catalyst (Scheme 1).
The crude mixture of protected aldols was then treated
with 1 M aq HCl and separated by chromatography,
affording a 4:1 mixture of free aldols 6 and 7. Then pro-
tection and removal of the chiral auxiliary in 6 with
H2O2 and LiOH gave carboxylic acid 8 which was sub-
mitted to Curtius reaction16 using DPPA and Et3N
affording isocyanate 9. Compound 9 was then directly
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Scheme 1. Synthetic scheme for the preparation of dipeptidyl epoxyesters 3 and 4.
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coupled17 with Cbz-Phe and 4-DMAP furnishing dipep-
tidyl enoate 10. Then compound 10 was deprotected and
epoxidized with TBPLi giving a 7:3 mixture of syn/anti
epoxyalcohols which were separated by chromatogra-
phy. The selectivity of the epoxidation reaction is in
agreement with our previous results related to the nucle-
ophilic epoxidation of c-hydroxy a,b-unsaturated es-
ters.18 Finally Dess–Martin oxidation19 of 11 syn
afforded ketone 3. The isomeric dipeptidyl epoxyester
4 was prepared by an analogous sequence starting from
aldol 7. In this case, the epoxidation of the dipeptidyl
allylic alcohol gave a 7:3 mixture, with the syn isomer
15 predominating.


The stereochemical assignments of 6 and 7 were verified
by NMR experiments of oxazolidinones 16 and 17,
respectively (Fig. 1). The derivatization of the aldols
into the cyclic compounds was accomplished by thiazoli-
dinethione removal and Curtius degradation sequence.
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Figure 1. Stereochemical assignments of 6 and 7 determined using the oxazo

The stereochemistries of 16 and 17 were assigned on
the basis of coupling constant analysis (J4,5 = 5.5 Hz
for 16 and J4,5 = 7.5 Hz for 17) and by NOE experi-
ments: 16 gave NOE between H-4 and homobenzylic
protons, whilst 17 gave NOE between H-4 and H-5.


The stereochemistries of the epoxides were assigned
through NMR experiments applied to lactones 18 and
19 (Fig. 2). Epoxides 11 and 15 were treated with so-
dium thiophenolate and the resulting diols were further
cyclized in acidic media. In both cases the resulting lac-
tones 18 and 19 gave NOE between H-2 and H-4 denot-
ing the relative syn stereochemistry of the preceding
epoxyalcohols.


The dipeptidyl epoxyesters 3 and 4 and their preceding
epoxyalcohols 11 and 15 were screened against cruzain,
rhodesain, and T. brucei cathepsin B20 (Table 1). Alco-
hols 9 and 13 did not inhibit cysteine proteases whilst
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Figure 2. Stereochemical assignments of epoxides 11 and 15 determined from lactone derivatives 18 and 19.


Table 1. Inhibitory effect and determination of IC50 values for novel dipeptidyl epoxyester inhibitors and previous inhibitors


Inhibition IC50 (nM)


Compound Tbb in vitro (%) Cruzain (%) Rhodesain (%) Tbb CathB (%) Cruzain Rhodesain Tbb CathB


11 �37 5 �4 6 n.d. n.d. n.d.


15 17 1 3 3 n.d. n.d. n.d.


3 42 93 98 51 20 3.5 �1000


4 �2 55 80 47 50 30 400


1 >1000


2 10


K11777 99 100 72 5 5 2000


Tbb, Trypanosoma brucei brucei.
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3 and 4 inhibited cruzain and rhodesain. IC50 determina-
tions21 indicated that 3 and 4 are potent inhibitors of
cruzain and rhodesain, with 3 being more potent than
4, especially against rhodesain. Curiously, compound
3, having stereochemistry opposite to that of E-64c,
was the most active inhibitor. Neither 3 nor 4 inhibited
cathepsin B. In addition, dipeptidyl epoxyester 3 was
much more potent than its analog 1, while 4 was slightly
less potent than the corresponding epoxyketone 2. Com-
pound 3 was also the most active against Trypanosoma
brucei brucei in vitro.22


Kinetic analyses were performed on the most interesting
compounds,23 which confirmed that they are time-
dependent inhibitors of cysteine proteases (Table 2).
The second order rate constant for inactivation of cruz-
ain by 3 is 3-fold greater than that of 4 and 4-fold great-
er in the case of rhodesain. Compound 3 displayed a
second order rate constant higher than that for E-64c,

Table 2. Second order rate constants, kinact/Ki or kass (s�1 M�1), of


inhibitors 1, 2, 3, 4 and E-64c against cruzain, rhodesain, and T. brucei


cathepsin B21


Compound Versus cruzain


kinact/Ki


Versus rhodesain


kinact/Ki


Versus Tbb


CathB kass


3 82,900 92,090 120


4 25,200 23,500 84.5


1 128,200 — —


2 330,000 — —


E-64c 70,600 — —

and both dipeptidyl epoxyesters 3 and 4 showed second
order rate constants that were lower than the values for
epoxyketones 1 and 2.


Further studies on the development of the dipeptidyl
epoxyesters series as cysteine protease inhibitors are
ongoing and the results will be reported.
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6700 F. V. González et al. / Bioorg. Med. Chem. Lett. 17 (2007) 6697–6700

5. Godal, T.; Nagera, J. In WHO Division of Control in
Tropical Diseases. World Health Organization: Geneva,
pp 12–13.


6. Molyneux, D. H. In Trypanosomiasis and Leishmaniasis:
Biology and Control; Hide, G., Mottram, J. C., Coombs,
G. H., Holmes, P. H., Eds.; CAB Int.: Oxford, 1997; pp
39–50.


7. WHO. Control and surveillance of African trypanosomi-
asis. World Health Org. Tech. Rep. Ser. 1998, 881.
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Abstract—The fruiting body of Inonotus obliquus, a medicinal mushroom called chaga, has been used as a traditional medicine for
cancer treatment. Although this mushroom has been known to exhibit potent antioxidant activity, the mechanisms responsible for
this activity remain unknown. In our investigation for free radical scavengers from the methanolic extract of this mushroom, inon-
oblins A (1), B (2), and C (3) were isolated along with the known compounds, phelligridins D (4), E (5), and G (6). Their structures
were established by extensive spectroscopic analyses. These compounds exhibited significant scavenging activity against the ABTS
radical cation and DPPH radical, and showed moderate activity against the superoxide radical anion.
� 2007 Elsevier Ltd. All rights reserved.

Free radicals have been implicated in the pathogenesis
of various diseases, including myocardial and cerebral
ischemia, arteriosclerosis, diabetes, rheumatoid arthritis,
inflammation, and cancer-initiation, as well as in the
aging process.1,2 There is considerable evidence that
antioxidants could help to prevent these diseases
because they have the capacity to quench free radicals.3


Although some synthetic antioxidants, such as butylated
hydroxyanisole (BHA) and butylated hydroxytoluene
(BHT), exhibit potent free radical scavenging effects,
they have been demonstrated to exert toxicological
effects as compared with natural antioxidants.4,5 Thus,
the demand for alternative and safe antioxidants from
natural sources has gradually grown.


In contrast, medicinal mushrooms produce various clas-
ses of secondary metabolites with potent antioxidant
activity. As part of our ongoing efforts to search for free
radical scavengers from medicinal mushrooms, new
antioxidant polyphenols, inonoblins A (1), B (2), and
C (3), have been isolated together with the known com-
pounds phelligridins D (4), E (5), and G (6) from the
methanolic extract of the fruiting body of Inonotus obli-
quus (Fig. 1). I. obliquus (Pers.: Fr.) Pil. [syn; Fuscoporia
obliqua (Pers.: Fr.) Aoshima], also called chaga mush-

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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room, is a white-rot fungus that belongs to family
Hymenochaetaceae,6 and is a medicinal mushroom that
is widely distributed in Europe, Asia, and North Amer-
ica. This mushroom, which preferably lives on tree
trunks, usually of Betula (birch) and rarely on Ulmus,
Alnus, and Fraxinus, has been used as a folk medicine
for cancer treatment in Russia and western Siberia,
and has also been used to prevent and treat heart, liver,
and stomach diseases and tuberculosis.7,8 In a previous
investigation on the chemical constituents of this mush-
room, inotodiol,9 trametenolic acid,10 inonotsuoxides,11


and other triterpenes12–14 with antitumor and antifungal
activity were reported. Although the extract of this
mushroom is known to exhibit potent antioxidant activ-
ity,15 the mechanisms responsible for this activity remain
unknown. In this paper, we describe the isolation and
structural determination of antioxidant polyphenols iso-
lated from the fruiting body of I. obliquus, as well as
their free radical scavenging activity.


The ground fruiting body of the fungus I. obliquus (3 kg)
was extracted twice with MeOH at room temperature.
After the removal of MeOH under reduced pressure,
the aqueous solution was partitioned between n-hexane,
chloroform, ethyl acetate, and n-butanol and water, in
that order. Compounds 1, 2, and 4–6 were purified from
the ethyl acetate-soluble portion by the bioassay-guided
fractionation using an ABTS (2,2 0-azino-bis-[3-ethyl-
benzthiazoline-6-sulfonic acid]) radical scavenging as-
say. The ethyl acetate extract was chromatographed
on a Sephadex LH-20 column eluted with MeOH to
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Figure 1. Structures of compounds 1–6.
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yield five yellow fractions (fractions 1–5). Fraction 1 was
rechromatographed on a Sephadex LH-20 column
eluted with 70% aqueous MeOH, followed by prepara-
tive reversed-phase TLC developed with 60% aqueous
MeOH, to afford compound 2 (4 mg). Fraction 2 was
subjected to a Sephadex LH-20 column eluted with
70% aqueous MeOH to yield compound 5 (7 mg). Frac-
tion 3 was rechromatographed on a Sephadex LH-20
column eluted with 70% aqueous MeOH, followed by
preparative reversed-phase TLC developed with 70%
aqueous MeOH, to yield compound 4 (10 mg). Fraction
4 was chromatographed on a Sephadex LH-20 column
eluted with 70% aqueous MeOH to yield compound 1
(7 mg). Compound 6 (3 mg) was purified by chromatog-
raphy with a Sephadex LH-20 column eluted with 70%
aqueous MeOH, followed by preparative reversed-phase
HPLC on a column eluted with 52% aqueous MeOH
containing 0.04% trifluoroacetic acid. Compound 3
was purified from the n-butanol-soluble portion. After
concentration of the butanol extract under reduced pres-
sure, the aqueous solution was subjected to a Diaion
HP-20 column. The column was washed with 30% aque-
ous MeOH, and the active substance was then eluted
with 50% aqueous MeOH. The active eluate was con-
centrated and chromatographed on a reversed-phase
Sep-pak column eluted with a gradient of increasing
MeOH (20–90%) in water. The active fraction was fur-
ther purified by chromatography with a Sephadex LH-
20 column eluted with 70% aqueous MeOH, followed
by preparative reversed-phase TLC developed with
50% aqueous MeOH, to yield compound 3 (5 mg).


Compounds 4–6 were identified as phelligridins D, E,
and G, respectively, on the basis of their physicochemi-
cal properties and NMR spectral data, which were in
good agreement with those published previously. Com-
pound 1, designated as inonoblin A, was isolated for
the first time in this study, and its physicochemical prop-
erties and structural determination were reported previ-
ously.16 Recently, this compound was re-isolated from
another medicinal fungus, Phellinus igniarius, which is
used for the treatment of wounds, abdominalgia, and
bloody gonorrhea in traditional Chinese medicine.17

Compound 2 was obtained as a yellow powder, and its
positive electron spray ionization (ESI) mass provided
a quasi-molecular ion peak at m/z 473 [M+Na]+, while
the negative ESI-mass yielded a quasi-molecular ion
peak at m/z 449 [M�H]�. The molecular formula was
found to be C23H14O10 according to its high resolution
mass spectrometry result (m/z 449.0455 [M�H]�,
�5.4 mmu) in combination with 1H and 13C NMR spec-
tral data. The UV absorption maxima at 253 and
389 nm, similar to compound 1, suggested that com-
pound 2 had the same chromophore as did compound
1. In the 1H NMR spectrum in CD3OD, six sp2 methine
singlets at d 8.29, 7.66, 7.52, 6.99, 6.78, and 6.39, and a
methyl singlet at d 1.81 were evident (Table 1). The 13C
NMR spectrum revealed the presence of 23 carbons,
including one overlapping carbon at d 111.9. According
to the HMQC spectrum, these carbon peaks were estab-
lished as one methyl, six sp2 methines, and 16 quater-
nary carbons, including one ketone and two ester
carbonyls and six oxygenated sp2 carbons. The structure
of compound 2 was determined by the HMBC spec-
trum, as shown in Figure 2. A structural moiety of
8,9-dihydroxypyrano[4,3-c]isochromene-1,6-dione was
assigned by the long-range correlations from H-4 to C-
2, C-3, and C-5, H-2 0 to C-2, C-4 0, and C-6 0, and H-5 0


to C-1 0, C-3 0, C-4 0, and C-7 0, and these proton and car-
bon chemical shifts were in good agreement with the
corresponding protons and carbons of compound 1.17


Additional long-range correlations from H-7 to C-8,
C-13, and C-14, H-9 to C-11 and C-13, and H-12 to
C-8 and C-10 revealed the presence of an indene-5,6-diol
moiety. Finally an acetyl group was connected to C-14
by the HMBC correlations from H-16 to C-14 and C-
15, and an indene moiety was conjugated to C-5 by
the long-range correlations from H-4 to C-6 and H-7
to C-5. Compound 2 was optically inactive, which sug-
gests that the biogenetic formation of the chiral center
(C-14) is non-stereoselective. From the above results,
the structure of compound 2 was established as a new
polyphenol antioxidant as shown in Figure 1.


Compound 3 was obtained as a yellow powder, and its
molecular weight was established to be 462 Da by the







Table 1. 1H and 13C NMR data of compounds 2 and 3 in CD3ODa


No. 2 3


dC dH dC dH


1 161.7 166.4


2 101.2 104.6


3 162.0 168.0


4 98.8 6.39 (1H, s)b 101.3 6.19 (1H, s)


5 155.4 160.5


6 137.7 116.6 6.59 (1H, d, J = 16.0)


7 140.1 7.66 (1H, s) 137.4 7.30 (1H, d, J = 16.0)


8 134.8 128.8


9 111.9 6.99 (1H, s) 114.9 7.02 (1H, d, J = 2.0)


10 148.3 146.8


11 148.7 148.7


12 111.3 6.78 (1H, s) 116.6 6.77 (1H, d, J = 8.4)


13 139.8 122.0 6.94 (1H, dd, J = 8.4, 2.0)


14 90.4


15 206.5


16 22.6 1.81 (3H, s)


1 0 128.7 124.2


2 0 111.9 8.29 (1H, s) 120.6 6.81 (1H, s)


3 0 154.9 149.3


4 0 148.4 146.6


5 0 115.5 7.52 (1H, s) 116.7 7.10 (1H, s)


6 0 113.4 125.0


7 0 160.9 169.0


8 0 112.4 6.31 (1H, d, J = 2.0)


9 0 172.7


10 0 113.8 6.16 (1H, br d, J = 2.0)


11 0 169.0


12 0 19.6 2.21 (3H, s)


a NMR data were measured at 400 MHz for proton and at 100 MHz


for carbon.
b Proton resonance integral, multiplicity, and coupling constant


(J = Hz) are in parentheses.
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Figure 2. HMBC correlations for compounds 2 and 3.
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electron spray ionization (ESI) mass measurements pro-
viding quasi-molecular ion peaks at m/z 463 [M+H]+ in
the positive ion mode and at m/z 461 [M�H]� in the
negative ion mode. The molecular formula was estab-
lished to be C25H18O9 according to its high resolution
mass spectrometry data (m/z 461.0903 [M�H]�,

+3.0 mmu) in combination with 1H and 13C NMR spec-
tral data. The UV absorption maxima at 248, 323, and
385 nm suggested that compound 3 had a hispidin moi-
ety. The 1H NMR spectrum in CD3OD with a trace of
trifluoroacetic acid-d showed signals resulting from a
1,2,4-trisubstituted benzene at d 7.02 (1H, d,
J = 2.0 Hz), 6.94 (1H, dd, J = 8.4, 2.0 Hz), and 6.77
(1H, d, J = 8.4 Hz), three sp2 methine singlets at d
7.10, 6.81, and 6.19, two olefinic methine signals attrib-
utable to a trans-1,2-disubstituted double bond at d 7.30
(1H, d, J = 16.0 Hz) and 6.59 (1H, d, J = 16.0 Hz), two
meta-coupled sp2 methine doublets at d 6.31 (1H, d,
J = 2.0 Hz) and 6.16 (1H, d, J = 2.0 Hz), and a methyl
singlet at d 2.21 (Table 1). The 13C NMR spectrum re-
vealed the presence of 25 carbons, including the overlap-
ping carbons at d 116.6 and 169.0, and the HMQC
spectrum established 11 proton-bearing carbons. The
structure of compound 3 was determined according to
the HMBC spectrum, as shown in Figure 2. The hispidin
moiety was assigned by the long-range correlations from
H-4 to C-2, C-3, C-5, and C-6, H-6 to C-4, C-5, and C-8,
H-7 to C-5, C-9, and C-13, H-9 to C-7, C-10, C-11, and
C-13, H-12 to C-8 and C-10, and H-13 to C-7, C-9, and
C-11, and these chemical shift values were consistent
with the corresponding protons and carbons of the
hispidin moiety. Long-range correlations from H-2 0 to
C-4 0 and C-6 0 and H-5 0 to C-1 0, C-3 0, and C-4 0 revealed
the presence of a 4,5-disubstituted catechol moiety that
was, in turn, connected to C-2 by the long-range corre-
lation from H-2 0 to C-2. A 2-methyl-4H-pyran-4-one
moiety was also suggested by the HMBC correlations
from H-8 0 to C-7 0 and C-10 0, and from the methyl pro-
tons of H-12 0 to C-10 0 and C-11 0. Finally, a 4H-pyran-4-
one group was conjugated to a catechol moiety by the
correlations from H-5 0 to C-7 0 and H-8 0 to C-6 0.
Therefore, compound 3 was established as a new hispi-
din-class polyphenol antioxidant. Based on its structural
features, this compound seems to be biogenerated by
the oxidative coupling of precursor hispidin and
hispolon, which might be catalyzed by mushroom
peroxidase.17


The antioxidant activities of compounds 1–6 were eval-
uated by measuring free radical scavenging activity
using three different assays, the ABTS radical scaveng-
ing activity assay, the DPPH radical scavenging activity
assay, and the superoxide radical anion scavenging
activity assay (Table 2). ABTS radical scavenging activ-
ity was carried out by using an ABTS radical cation
decolorization assay with minor modifications.18 All of
the compounds isolated exhibited higher ABTS cation
radical scavenging activity than trolox and caffeic acid,
well-known antioxidants that were used as controls. In
addition, compounds 4 and 5 showed higher activities
than a synthetic antioxidant, BHA, while compounds
1 and 6 were comparable to BHA. Although less active
than BHA, compounds 2 and 3 exhibited significant
ABTS�+ cation radical scavenging activities. To investi-
gate the scavenging effect to the DPPH radicals, each
concentration of compounds 1–6 was added to 95 lL
of 150 lM DPPH ethanol solution, the mixture was
incubated for 20 min at room temperature, and the
absorbance was measured at 517 nm using an ELISA







Table 2. Free radical scavenging activities of compounds 1–6


Compounds TEACa,b Superoxidee


IC50
b (lM)


ABTSc DPPHd


Inonoblin A (1) 0.43 1.45 93.6 ± 4.4


Inonoblin B (2) 0.58 1.42 90.8 ± 5.3


Inonoblin C (3) 0.65 0.82 97.6 ± 5.5


Phelligridin D (4) 0.33 1.51 85.5 ± 3.5


Phelligridin E (5) 0.40 1.57 120.2 ± 7.6


Phelligridin G (6) 0.43 1.48 92.3 ± 4.7


Caffeic acid 0.66 0.41 10.2 ± 2.3


BHA 0.43 1.34 34.3 ± 1.6


a Expressed as IC50 of compound (lM)/IC50 of trolox (lM).
b Results presented as the mean (n = 3) ± SD.
c 2,2 0-Azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid).
d a,a-Diphenyl-b-picrylhydrazyl.
e Xanthine/xanthine oxidase.
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reader. Compound 3 showed potent DPPH radical scav-
enging effect and higher activity than trolox or BHA.
However, the other compounds were less active than
caffeic acid, BHA, and trolox, which were used as con-
trols. Superoxide radical scavenging activity was evalu-
ated by the xanthine/xanthine oxidase method with
minor modifications.19 Results indicated that com-
pounds 1–4 and 6 exhibited moderate superoxide radical
anion scavenging activity with IC50 values in the range
of 85–98 lM, approximately nine times and three times
less active than caffeic acid and BHA, respectively, as de-
scribed in Table 2.


The medicinal fungus, I. obliquus, of the Hymenochaet-
aceae family has been used as a traditional medicine for
the treatment of cancer. Although the antioxidant activ-
ity of I. obliquus is well characterized,15 the compounds
responsible for this antioxidant activity have yet to be
determined. In this study, we focused on the secondary
metabolites with free radical scavenging activities in
the fruiting body of I. obliquus, and found six major pol-
yphenol antioxidants, inonoblins A–C and phelligridins
D, E, and G. These compounds might be responsible for
the antioxidant activity of the medicinal mushroom,
I. obliquus.
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Abstract—Based upon observations from our initial findings, additional myxopyronin B analogs have been prepared and tested
for in vitro inhibitory activity against DNA-dependent RNA polymerase and antibacterial activity against Escherichia coli and
Staphylococcus aureus.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. The naturally occurring enantiomer (R) of myxopyronin B


(1). All reported analogs were prepared as racemic mixtures.


OHO

Although antibiotic resistance has been around for more
than 60 years since the discovery of penicillin, the prob-
lem has grown exponentially in recent years. Factors
contributing to this rapid growth of antibiotic resistance
include the overuse of powerful, broad-spectrum antibi-
otics to treat common infections (e.g., ear infections), as
well as the use of antibiotics in inappropriate situations
(e.g., viral infections like the common cold). Despite im-
proved efforts for the rational use of existing agents,
there remains a strong need for novel antibiotics. Myxo-
pyronin B (Fig. 1, 1), a bacterial metabolite isolated
from Myxococcus fulvus Mx 150, represents such a
candidate.1


Myxopyronin B exhibits antibacterial activity against
Gram-positive and Gram-negative bacteria through
selectively inhibiting the bacterial DNA-dependent
RNA polymerase (RNAP).2 As an attractive lead for
the development of RNAP inhibitors, myxopyronin B
displays the following: selectivity versus human RNAP;
good cell penetration that is reflected in a strong corre-
lation between in vitro activity and cell potency; and po-
tency against rifampicin-resistant Staphylococcus
aureus.3
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Herein we report the synthesis and biological evaluation
of eight new myxopyronin analogs compared to those
presented in our initial report.4 Among them, five com-
pounds are derivatives of desmethyl myxopyronin B
(Fig. 2, 2) since this compound has enhanced potency
and simplified structure. While our initial efforts focused
on the changes to the side chains, our recent studies also
included modifications to the pyrone core (see Schemes
1 and 2).
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2 Desmethyl myxopyronin B


Figure 2. The synthetic desmethyl myxopyronin B (2).
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Although pyrones have been used as a synthetic scaffold
in HIV protease5 and human sputum elastase inhibi-
tors,6 the 2-pyrone moiety of myxopyronin B is a poten-
tial electrophile.7 To avoid this problem, we evaluated
the importance of the pyrone core to the activity of
myxopyronin B by preparing analogs 6a,8 6b9 (Scheme
1) and 1210 (Scheme 2). The synthesis of 6a is described
as follows. Compound 3a was prepared as previously
reported11 and subjected to Horner–Emmons–Wadsworth
homologation, followed by acid hydrolysis to afford the
carboxylic acid 5a in 79% yield. It should be noted that
although the ester hydrolysis could also be achieved in
basic media (LiOH, THF/H2O), the pyridone moiety
was simultaneously converted to its corresponding pyr-
one.11 Compound 5a was converted to the enecarbamate
6a in two steps by a Curtius rearrangement as reported
by Panek and co-workers.12


To study the biologic necessity of the enolic pyrone core,
we explored the possibility of replacing it with a simple
phenol. Analog 12 was synthesized from commercial
available 3 0-hydroxyacetophenone (7) as shown in
Scheme 2. The hydroxyl group of 7 was first protected
as its methoxymethyl ether. A Wittig olefination, fol-
lowed by catalytic hydrogenation, was utilized to intro-
duce the right side chain. For the installation of the left
side chain,13 a directed ortholithiation–acylation strat-
egy was adopted to give rise to compound 11. Com-
pound 11 was then treated with TiCl4 in CH2Cl2,
followed by AcOH/THF/H2O to sequentially remove
the MOM and TBS protecting groups. The resulting
carboxylic acid was converted to the enecarbamate 12
under the same conditions as described for 6a and 6b.


Several analogs were made based on modifications to
the left side chain. The syntheses of analogs 15a14 and
15b15 are depicted in Scheme 3. Aromatic side chains

were readily prepared via aldol condensations catalyzed
by piperidine. In the case of 15b, diphenylphosphorazi-
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Figure 3. The structures of myxopyronin analogs 16, 17, and 18.
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date was utilized for the formation of the acyl azide
intermediate of the Curtius rearrangement.


To further investigate the importance of the dienone sys-
tem in the left side chain, and remove a potential electro-
philic species from the molecule, analogs 16,16 17,17 and
1818 (Fig. 3) were synthesized using techniques reported
in our previous publication.4


In vitro inhibitory activity (IC50) against RNAP (Esche-
richia coli) of the myxopyronin B analogs was measured
utilizing an adapted nucleotide coupled NADPH/pyro-
phosphate release assay (Table 1) described in the
literature.19


The antibacterial potency (MIC) of the analogs was
determined in growth inhibition tests against E. coli,
E. coli (Tol C), and S. aureus. All compounds were
tested for cytotoxicity in a T-cell proliferation assay20


and displayed no toxicity up to 40 lM (�18 lg/mL).
The results are compiled in Table 1.


When the pyrone core of myxopyronin B was replaced
with a more stable N-methyl pyridone, the analogs
(Table 1, entries 6a and 6b) displayed substantial

Table 1. In vitro activity against RNAP (IC50) and antibacterial


potency (MIC) of the myxopyronin analogs based on myxopyronin B


(1) and desmethyl myxopyronin B (2)


Compound IC50
a (lM) MICb (lg/mL)


1 0.92 >64/2/1


6a 20.5 >64/>64/>64


12 38% >64/>64/>64


16 <20% >64/16/>64


2 0.34 >64/1/4


6b 15 >64/>64/>64


15a <20% >64/>64/>64


15b <20% >64/>64/>64


17 <20% >64/>64/>64


18 <20% >64/>64/>64


a The IC50 value was not determined for weak inhibitors, instead the


percentage of inhibition at 10 lM is listed.
b MIC: minimum inhibitory concentration (lg/mL), determined as


average of triplicate measurements in serial dilution against E. coli


(first value), E. coli Tol C (second value), and S. aureus (third value).

decrease in activity in the RNAP enzymatic assay and
complete loss of potency against all three bacterial
strains. When the pyrone core of compound 12 was
replaced with phenol, it led to weak enzymatic inhibition
and loss of antibacterial activity.


Attempts to modify the left chain of myxopyronin B and
desmethyl myxopyronin B (Table 1, entries 16, 15a, 15b,
17, and 18) were mostly fruitless as well. Compound 16
displayed mild antibacterial activity against E. coli (Tol
C), but was inactive in the enzymatic assay and against
E. coli and S. aureus.


In conclusion, the data generated from this continued
study further confirmed that the antibacterial activities
of myxopyronin B were very sensitive to both subtle
and dramatic changes in its structure.
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I.; Chu, C.; Lynch, A. S.; Landick, R. Science 2003, 302,
650.


4. Doundoulakis, T.; Xiang, A. X.; Lira, R.; Agrios, K. A.;
Webber, S. E.; Sisson, W.; Aust, R. M.; Shah, A. M.;
Showalter, R. E.; Appleman, J. R.; Simonsen, K. B.
Bioorg. Med. Chem. Lett. 2004, 14, 5667.


5. Skulnich, H. I.; Johnson, P. D.; Howe, W. J.; Tomich, P. K.;
Chong, K.-T.; Watenpaugh, K. D.; Janakiraman, M. N.;
Dolak, L. A.; McGrath, J. P.; Lynn, J. C.; Horng, M.-M.;
Hinshaw, R. R.; Zipp, G. L.; Ruwart, M. J.; Schwende, F.
J.; Zhong, W.-Z.; Padbury, G. E.; Dalga, R. J.; Shiou, L.;
Possert, P. L.; Rush, B. D.; Wilkonson, K. F.; Howard, G.
M.; Toth, L. N.; Williams, M. G.; Kakuk, T. J.; Cole, S. L.;
Zaya, R. M.; Lovasz, K. D.; Morris, J. K.; Romines, K. R.;
Thaisrivomgs, S.; Aristoff, P. A. J. Med. Chem. 1995, 38,
4968.


6. Cook, L.; Ternai, B.; Ghosh, P. J. Med. Chem. 1987, 30,
1017.


7. For examples, see: (a) Kiang, A. K.; Tan, S. F.; Wong, W.
S. J. Chem. Soc. C 1971, 2721; (b) Castillo, S.; Ouadahi,
H.; Herault, V. Bull. Soc. Chim. Fr. 1982, 2, 257.


8. Satisfactory spectroscopic data were obtained for all new
compounds. All final analogs were purified by flash
column chromatography and characterized by 1H NMR
and LC–MS. 6a: 1H NMR (400 MHz, CD3OD) d: 0.86 (t,
J = 7.2 Hz, 3H), 1.20 (d, J = 6.8 Hz, 3H), 1.20–1.29 (m,
2H), 1.34–1.41 (m, 2H), 1.49–1.56 (m, 2H), 1.68–1.76 (m,
2H), 1.79 (s, 3H), 1.97–2.06 (m, 2H), 2.03 (s, 3H), 2.47–
2.57 (m, 1H), 3.08 (s, 3H), 3.66 (s, 3H), 5.01–5.08 (m, 1H),
5.49–5.52 (m, 1H), 5.74 (s, 1H), 6.36–6.41 (m, 2H).


9. 6b: 1H NMR (400 MHz, CD3OD) d: 0.95 (t, J = 7.2 Hz,
3H), 1.32–1.38 (m, 2H), 1.44–1.50 (m, 2H), 1.66–1.72 (m,
2H), 1.77 (s, 3H), 1.98 (s, 3H), 2.02–2.07 (m, 2H), 2.17 (t,
J = 7.2 Hz, 2H), 2.40 (t, J = 7.6 Hz, 2H), 3.13 (s, 3H), 3.66
(s, 3H), 5.04–5.11 (m, 1H), 5.73 (s, 1H), 6.12–6.20 (m, 2H),
6.35–6.44 (m, 1H).
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10. 12: 1H NMR (400 MHz, CD3OD) d: 0.95 (t, J = 7.2 Hz,
3H), 1.24 (d, J = 6.8 Hz, 3H), 1.30–1.40 (m, 2H), 1.43–1.55
(m, 2H), 1.60–1.69 (m, 2H), 1.77 (s, 3H), 1.83–1.95 (m,
2H), 2.02 (s, 3H), 2.23 (t, J = 7.6 Hz, 2H), 2.73 (q,
J = 7.2 Hz, 1H), 3.66 (s, 3H), 5.02–5.09 (m, 1H), 6.28–6.34
(m, 2H), 6.76–6.79 (m, 2H), 6.95 (dd, J = 1.6, 11.6 Hz,
1H), 7.47 (d, J = 8.0 Hz, 1H).


11. Lira, R.; Agrios, K. A.; Doundoulakis, T.; Simonsen, K. B.;
Webber, S. E.; Xiang, A. X. Heterocycles 2006, 68, 1099.


12. Hu, T.; Schaus, J. V.; Lam, K.; Palfreyman, M. G.;
Wuonola, M.; Gustafson, G.; Panek, J. S. J. Org. Chem.
1998, 63, 2401.


13. Compound 10 was synthesized based on the following
route:


O


O


Bu H


O


Bu OH


O


1. n-BuLi, CuI, THF


2. LiAlH4, Et2O


3. TPAP, NMO, CH2Cl2


1. CH3C(PPh3)COOEt
CH2Cl2


2. 1M NaOH, EtOH


(COCl)2, DMF, CH2Cl2
10


92%


100%


82%


.
14. 15a: 1H NMR (400 MHz, DMSO-d6) d: 1.57–1.64 (m,


2H), 1.98–2.03 (m, 2H), 2.09 (s, 3H), 2.44–2.50 (m, 2H),
3.58 (s, 3H), 5.00–5.07 (m, 1H), 6.05 (s, 1H), 6.33–6.39 (m,
1H), 6.67 (s, 1H), 6.94 (d, J = 3.2 Hz, 1H), 7.14 (s, 1H),
7.91 (s, 1H), 9.23 (d, J = 9.6 Hz, 1H).


15. 15b: 1H NMR (400 MHz, DMSO-d6) d: 1.59–1.67 (m,
2H), 1.98–2.05 (m, 2H), 2.48–2.55 (m, 2H), 3.57 (s, 3H),
4.98–5.05 (m, 1H), 6.22 (s, 1H), 6.32–6.38 (m, 1H), 6.55 (s,
1H), 7.42–7.44 (m, 1H), 7.48–7.53 (m, 1H), 7.96 (s, 1H),
8.12 (dd, J = 30.4, 16.0 Hz, 2H), 9.22 (d, J = 8.8 Hz, 1H),
11.45 (s, 1H).

16. 16: 1H NMR (400 MHz, CD3OD) d: 1.60 (s, 3 H), 1.66 (s,
3H), 1.73 (s, 3H), 1.69–1.77 (m, 2H), 2.00–2.15 (m, 8H),
2.54 (t, J = 8.4 Hz, 2H), 3.66 (s, 3H), 3.96 (d, J = 8.0 Hz,
2H), 5.07–5.10 (m, 1H), 5.25–5.28 (m, 1H), 6.14 (s, 1H),
6.42 (d, J = 14.4 Hz, 1H).


17. 17: 1H NMR (400 MHz, CD3OD) d: 0.89 (t, J = 7.2 Hz,
3H), 1.28–1.36 (m, 10H), 1.74–1.82 (m, 4H), 2.07–2.13 (m,
2H), 2.65 (t, J = 7.6 Hz, 2H), 2.89 (t, J = 7.6 Hz, 2H), 3.66
(s, 3H), 5.04–5.11 (m, 1H), 6.42 (d, J = 12.8 Hz, 1H), 6.76
(s, 1H).


18. 18: 1H NMR (400 MHz, CD3OD) d: 0.90–0.93 (m, 3H),
1.35–1.40 (m, 4H), 1.74–1.82 (m, 4H), 2.07–2.12 (m, 2H),
2.65 (t, J = 7.6 Hz, 2H), 2.89 (t, J = 7.6 Hz, 2H), 3.66 (s,
3H), 5.03–5.11 (m, 1H), 6.42 (d, J = 12.8 Hz, 1H), 6.76 (s,
1H).


19. Johnson, J. C.; Shanoff, M.; Boezi, J. A.; Hansen, R. G.
Anal. Biochem. 1968, 26, 137, The cited assay was adapted
to 96-well plates to obtain reasonable throughput.
NADPH formation typically was monitored by fluores-
cence (excitation wavelength, �340 nm; emission wave-
length, �440 nm) rather than absorbance at 340 nm as in
the original assay to improve sensitivity. Although com-
pounds with strong absorbance at 340 nm can in principle
influence the assay, we found it to be acceptable for all
compounds discussed herein. Inhibitory potencies of
selected compounds were also evaluated by effects on
incorporation of radiolabeled nucleotide into RNA, and
comparable results were obtained.


20. Cell toxicity assays for CC50 determination were
conducted on CEM-SS T lymphocyte cells. Cellular
toxicity was measured using XTT (Sigma) and detected
with a fluorometer at 450 nm/650 nm using Genios/
Tecan (Xfluor). CEM-SS cells were incubated in 96-well
microtiter plates for 3 days. At the end of that time,
the cells were treated with an XTT solution, measure-
ments were recorded and CC50 determinations were
made.
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Abstract—The present article describes a series of 21 N-(aryl)-2-thiophen-2-ylacetamides, which were synthesized and evaluated for
their in vitro antibacterial activity against Mycobacterium tuberculosis, and the activity expressed as the minimum inhibitory con-
centration (MIC) in lg/mL. The compounds 2, 3, 7, 8, 11, 12, 15, 16, and 20 exhibited activity between 25 and 100 lg/mL and could
be a good start point to find new lead compounds in the fight against multidrug resistant tuberculosis.
� 2007 Elsevier Ltd. All rights reserved.

Nowadays, microorganisms resistant to multiple antimi-
crobial agents are a serious problem worldwide in the
fight against infectious diseases, increasing morbidity
and mortality with an overall increase in healthcare
costs. In this context, Tuberculosis (TB) has become
again an important public health problem worldwide
since the mid-1980s, due to two major factors, the AIDS
epidemic and the advent of multidrug resistant strains
(MDR). TB is responsible for 20% of all deaths in
adults, and each year there are about 8.9–9 millions of
new cases, of which 15% are children, and 1.7–2 millions
of deaths, of which 450,000 are children. Globally, the
number of TB cases is currently rising at 2% per year
with the estimative of 32% of the world population,
about 2 billion people, being infected by latent TB. In
the case of patients with AIDS, TB is the most common
opportunistic infection and cause of death killing 1 of
every 3 patients.1 Due to the increase of MDR-TB and
AIDS cases worldwide and the lack of new drugs now-
adays, there is an urgent need for new drugs to fight
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against this disease. In this context, thiophene nucleus
represents a very important field in drug discovery,
which is present in many natural and synthetic products
with a wide range of pharmacological activities.2 Con-
sidering that, the aim of this article is to present a series
of 21 N-(aryl)-2-thiophen-2-ylacetamide derivatives,
which have been synthesized, see Scheme 1, and evalu-
ated for their in vitro antibacterial activity against
Mycobacterium tuberculosis.


The synthesis of N-(aryl)-2-thiophen-2-ylacetamide
derivatives (2–22) involved the reaction between appro-
priate anilines and thiopheneacetyl chloride, as de-
scribed in the general procedure, leading to the desired
compounds (2–22) in 68–100% yields (Scheme 1).3 All
the compounds were identified by spectral data. In
general, IR spectra showed the C@O peak at 1652–
1695 cm�1. The 1H NMR spectrum showed the hydra-
zide (NH) proton as a large singlet at 9.25–10.78 ppm
and CH2CO proton as a singlet at 3.99–3.82 ppm. The
13C NMR spectrum showed the C@O signals at 175.2–
167.5, CH2CO signals at 40.4–36.1, and aromatic car-
bons at the region of 140–104 ppm3.


The antimycobacterial activities of compounds (2–22)
were assessed against M. tuberculosis ATTC 27294,4
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using the microplate Alamar blue assay (MABA)5


(Table 1). This methodology is nontoxic, uses ther-
mally stable reagent, and shows good correlation with
proportional and BACTEC radiometric methods.6,7


Briefly, two hundred microliters of sterile deionized
water was added to all outer-perimeter wells of sterile
96-well plates (falcon, 3072: Becton Dickinson, Lin-
coln Park, NJ) to minimize evaporation of the med-
ium in the test wells during incubation. The 96-well
plates received 100 lL of the Middlebrook 7H9 broth
(Difco laboratories, Detroit, MI, USA) and a serial
dilution of the compounds 9–16 was made directly
on the plate. The final drug concentrations tested were
0.01–10.0 lL/mL. Plates were covered and sealed with
parafilm and incubated at 37 �C for 5 days. After this
time, 25 mL of a freshly prepared 1:1 mixture of
Alamar blue (Accumed International, Westlake, Ohio)
reagent and 10% Tween 80 was added to the plate and
incubated for 24 h. A blue color in the well was inter-
preted as no bacterial growth, and a pink color was
scored as growth. The MIC (Minimal Inhibition Con-
centration) was defined as the lowest drug concentra-

Table 1. Antimycobacterial activities, LogP measurements, and yields of N


Compound R1 R2 R3 R


2 — — — —


3 CH3 — — —


4 OCH3 — — —


5 NO2 — — —


6 CF3 — — —


7 — Cl — —


8 — OCH3 — —


9 — CF3 — —


10 — NO2 — —


11 — — CH3 —


12 — — F —


13 — — Br —


14 — — OCH3 —


15 — — Cl —


16 — — NO2 —


17 CH3 — — —


18 Cl — — —


19 Cl — F —


20 F — Cl —


21 OCH3 — — O


22 — –OCH2O– — —


INH


RIP


a Minimal inhibition concentration is expressed in lg/mL.
b Calculated by www.logp.com.

tion, which prevented a color change from blue to
pink.


Cellular viability in the presence and absence of test
compounds was determined by Mosmans’s MTT (3-
(4,5-dimethylthiazol-2yl)-2,5-dimethyl tetrazolium bro-
mide; Merck) microcultured tetrazolium assay as de-
scribed.8,9 The cells (macrophage cell line, J774) were
plated in flat-bottomed 96-well plates (2.5 · 106 cells/
mL), cultured for 1 h in controlled atmosphere (CO2


5% at 37 �C), and non-adherent cells were washed by
gentle flushing with RPMI 1640. Adherent cells were
cultured in the presence of medium alone, Tween 20
(3%) (live and dead controls, respectively) or different
concentrations of compounds (0.1, 1.0, 10.0, and
100 lg/mL) in a triplicate assay. After 18 h, stock
MTT solution (5 mg/mL of saline; 20 lL/well) was
added to the culture and 4 h later, supernatant was dis-
charged and DMSO (100 lL/well) was added for forma-
zan crystal solubilization and the absorbance was read
at 540 nm in a plate reader (Bio-Rad—450). The results
were represented as percentage cell viability (Table 2).

-(arryl)-2-thiophen-2-ylacetamides (2–22)


4 R5 MICa LogPb Yield


— 25 2.55 96


— 100 2.74 90


— Resistant 2.66 100


— Resistant 2.81 100


— Resistant 3.86 100


— 50 3.55 70


— 50 2.71 70


— Resistant 3.94 68


— Resistant 2.86 100


— 100 2.96 88


— 100 3.01 98


— Resistant 3.31 96


— Resistant 2.75 86


— 100 3.44 76


— 50 2.77 92


CH3 Resistant 2.92 90


Cl Resistant 3.96 76


— Resistant 3.56 97


— 100 3.41 98


CH3 — Resistant 2.67 70


— Resistant 2.66 72


0.2 �0.58 —


1.0 �2.38 —



http://www.logp.com





Table 2. Cytotoxic effects of test compounds on murine macrophage


cells 18 h after the treatment


Compound 100 lg/mL 10 lg/mL 1 lg/mL 0.1 lg/mL


2 100% 100% 100% 100%


7 100% 100% 100% 100%


8 100% 100% 100% 100%


16 85,35% 100% 100% 100%


The percentage cell viability of compounds 2, 7, 8, and 16 in all con-


centrations tested.
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In conclusion, the antimycobacterial activities of the
N-(aryl)-2-thiophen-2-ylacetamide derivatives described
here suggest that they may be selectively targeted to
M. tuberculosis growth. These compounds are not cyto-
toxic to host cells at the concentrations effective in inhib-
iting M. tuberculosis infection. The compounds 2, 3, 7, 8,
11, 12, 15, 16, and 20 exhibited activity between 25 and
100 lg/mL when compared with first line drugs such as
isoniazid (INH) and rifampin (RIP), which could be a
good start point to further studies, as well as find new
lead compounds.

References and notes


1. http://www.who.int/tdr/diseases/tb/default.htm.
2. Kleemann, A.; Engel, J.; Kutscher; Reichert Pharmaceuti-


cal Substances; Syntheses, Patents, Applications; Thieme,
4th, ed.; 2001; vols. 1 and 2.


3. General procedures. Melting points were determined on a
Buchi apparatus and are uncorrected. Infrared spectra were
recorded on a Thermo Nicolet Nexus 670 spectrometer as
potassium bromide pellets and frequencies are expressed in
cm�1. Mass spectra (CG/MS) were recorded on a Agilent
Technologies 6890/5972A mass spectrometer. NMR spectra
were recorded on a Bruker Avance 500 spectrometer
operating at 500.00 MHz (1H) and 125.0 MHz (13C), in
deuterated dimethylsulfoxide. Chemical shifts are reported
in ppm (d) relative to tetramethylsilane. Proton and carbon
spectra were typically obtained at room temperature. For
TLC plates coated with silica gel were run in ethyl acetate
and spots were developed in Ultraviolet.
General procedures for the synthesis of N-(aryl)-2-thiophen-
2-ylacetamide derivatives (2–22): The N-(aryl)-2-thiophen-
2-ylacetamides derivatives (2–22) were prepared by reaction
between the appropriate anilines and thiophenylacetylchlo-
ride in tetrahydrofuran, under nitrogen atmosphere
(Scheme 1). After stirring for 2–3 h at room temperature
the reaction mixture was quenched with 30 mL of water
and extracted with ethylacetate (20 mL · 2). The combined
organic layers were washed with saturated aqueous
NaHCO3 and brine, dried (MgSO4), filtered, and concen-
trated in vacuo to produce the desired amides without
further purification.
Compound 2: N-(Phenyl)-2-thiophen-2-ylacetamide; yield:
96%; mp: 101–106 �C; CG/MS: m/z [M]+Æ 217; 1H NMR
[500.00 MHz (FIDRES ± 0.15 Hz), DMSO-d6] d: 10.15
(1H; s; NH); 7.58 (d; 2H; J = 8.0 Hz; H2 06 0); 7.37 (dd;
1H; J = 5.0 and 2.0 Hz; H1); 7.30 (t; 2H; J = 8.0 Hz; H30,5);
7.05 (t; 1H; J = 8.0 Hz; H4 0); 6.98–6.96 (m; 2H; H2,3); 3.87
(s, 2H, CH2CO) ppm. 13C NMR (125.0 MHz, DMSO-d6) d:
168.0; 139.0; 137.1; 128.8; 126.7; 126.3; 125.1; 123.4; 119.1;
37.6 ppm; IV mmax (cm�1; KBr pellets): 1657 (CO); com-
pound 3: N-(2-methylphenyl)-2-thiophen-2-ylacetamide;
yield: 90%; mp: 126–127 �C; CG/MS: m/z [M]+Æ: 231; 1H

NMR [500.00 MHz (FIDRES ± 0.15 Hz), DMSO-d6] d:
9.49 (1H; s; NH); 7.39–7.37 (m; 2H; H1,6 0); 7.19 (d; 2H;
J = 7.5 Hz; H3 0); 7.15 (t; 1H; J = 7.0 Hz; H4 0); 7.07; (t; 1H;
J = 7.5 Hz; H5 0); 7.0–6.97 (m; 2H; H2,3); 3.90 (s, 2H,
CH2CO); 2.18 (s; 3H; CH3) ppm. 13C NMR (125.0 MHz,
DMSO-d6) d: 168.0; 137.4; 136.0; 131.7; 130.3; 126.6; 126.2;
125.9; 125.3; 125.0; 36.9; 17.7 ppm; IVmmax(cm�1; KBr
pellets): 1652 (CO); compound 4: N-(2-methoxyphenyl)-2-
thiophen-2-ylacetamide; yield: 100%;mp: 58–60 �C; CG/
MS: m/z [M]+Æ: 247; 1H NMR [500.00 MHz
(FIDRES ± 0.15 Hz), DMSO-d6] d: 9.27 (s; 1H; NH); 7.94
(d, 1H, H30; J = 8.0 Hz) 7.38 (dd; 1H; J = 5.0 and 1.5 Hz;
H1); 7.08–7.02 (m; 2H; H6 0,4 0); 6.99–6.95 (m; 2H; H2,3);
6.88 (t; 1H; J = 8.0 Hz); 3.98 (s; 2H; CH2CO); 3.82 (s; 3H;
OCH3) ppm. 13C NMR (125.0 MHz, DMSO- d6) d: ppm
175.2; 144.4; 136.8; 135.0; 132.6; 131.1; 128.1; 124.0; 122.8;
118.9; 113.5; 56.4; 40.4 ppm; IV mmax (cm�1; KBr pellets):
1670 (CO); compound 5: N-(2-nitrophenyl)-2-thiophen-2-
ylacetamide; yield: 100%; mp: 40–42 �C; CG/MS: m/z [M]+Æ:
262; 1H NMR [500.00 MHz (FIDRES ± 0.15 Hz), DMSO-
d6] d: 10.45 (1H; s; NH); 7.96 (t; 1H; J = 8.0 Hz; H3 0); 7.69–
7.75 (m, 2H, H4 0,6 0); 7.41 (dd; 1H; J = 4.5 Hz and 1.0 Hz;
H1); 7.37 (t, 1H, J = 8.0 Hz; H5 0); 7.10–6.99 (m; 2H; H2,3);
3.95 (s, 2H, CH2CO) ppm. 13C NMR (125.0 MHz, DMSO-
d6) d: 168.2; 147.2; 141.9; 135.6; 134.0; 131.1; 126.7; 125.3;
125.2; 119.1; 115.4; 36.9 ppm; IV mmax (cm�1; KBr pellets):
1695 (CO); compound 6: N-(2-trifluorophenyl)-2-thiophen-
2-ylacetamide; yield: 100%; mp: 85–87 �C; CG/MS: m/z
[M]+Æ: 285; 1H NMR [500.00 MHz (FIDRES ± 0.15 Hz),
DMSO-d6] d: 9.73 (1H; s; NH); 7.72 (d; 1H; J = 10.0 Hz;
H30); 7.67 (t; 1H; J = 10.0 Hz; H4 0); 7.50 (d; 1H;
J = 10.0 Hz; H60); 7.45 (t; 1H; J = 10.0 Hz; H50); 7.39 (t;
1H; J = 4.5 Hz; H1); 6.99–6.97 (m; 2H; H2,3); 3.93 (s, 2H,
CH2CO) ppm. 13C NMR (125.0 MHz, DMSO-d6) d: 168.9;
136.7; 135.1; 132.9; 129.7; 126.6–123.1 (m); 125.0; 124.3;
122.1; 36.4 ppm; IV mmax (cm�1; KBr pellets): 1666 (CO);
compound 7: N-(3-chlorophenyl)-2-thiophen-2-ylacetamide;
yield: 70%; mp: 75–77 �C; CG/MS: m/z [M]+Æ: 251; 1H
NMR [500.00 MHz (FIDRES ± 0.15 Hz), DMSO-d6] d:
10.38 (1H; s; NH); 7.80 (s; 1H; H2 0); 7.44 (dd;1H; J = 8.0
and 0.5 Hz; H4 0); 7.38 (dd; 1 H; J = 5.0 and 1.5 Hz; H1);
7.33 (t; 1H; J = 8.0 Hz; H5 0); 7.10 (d; 1H; J = 8.0 Hz; H6 0);
6.99–6.97 (m; 2H; H2,3); 3.88 (s, 2H, CH2CO) ppm. 13C
NMR (125.0 MHz, DMSO-d6) d: 168.3; 140.4; 136.6; 133.0;
130.4; 126.6; 126.4; 125.0; 123.0; 118.6; 117.5; 37.4 ppm;
IVmmax (cm�1; KBr pellets): 1684 (CO); compound 8: N-(3-
methoxyphenyl)-2-thiophen-2-ylacetamide; yield: 70%; mp:
68–70 �C; CG/MS: m/z [M]+Æ: 247; 1H NMR [500.00 MHz
(FIDRES ± 0.15 Hz), DMSO-d6] d: 10.15 (s; 1H; NH); 7.38
(dd; J = 4.0 and 2.0 Hz; H1); 7.29 (s; 1H; H2 0); 7.20 (t; 1H;
J = 8.0 Hz; H5 0); 7.11 (d; 1H; J = 8.0 Hz; H40); 6.98–6.96
(m; 2H; H2,3); 6.62 (dd; 1H; J = 8.0 and 2.0 Hz; H6 0); 3.86
(s; 2H; CH2CO); 3.70 (s; 3H; OCH3) ppm. 13C NMR
(125.0 MHz, DMSO-d6) d: 167.9; 159.5; 140.1; 137.0; 129.5;
126.6; 126.3; 125.0; 111.4; 108.8; 104.9; 54.9; 37.5 ppm; IV
mmax (cm�1; KBr pellets): 1682 (CO); compound 9: N-(3-
trifluoromethylphenyl)-2-thiophen-2-ylacetamide; yield:
68%; mp: 66–68 �C; CG/MS: m/z [M]+Æ: 285; 1H NMR
[500.00 MHz (FIDRES ± 0.15 Hz), DMSO-d6] d: 10.53
(1H; s; NH); 8.07 (s; 1H; H2 0); 7.76 (d; 1H; J = 10.0 Hz;
H40); 7.53 (t; 1H; J = 10 Hz; H5 0); 7.41–7.38 (m; 2H;
H60,1); 6.99–6.97 (m; 2H; H2,3); 3.90 (s, 2H, CH2CO) ppm.
13C NMR (125.0 MHz, DMSO-d6) d: 168.6; 139.7; 136.6;
130.0; 129.7; 126.7; 126.5; 125.4; 125.2; 122.7; 119.7 (m);
115.2 (m); 37.5 ppm; IV mmax (cm�1; KBr pellets): 1669
(CO); compound 10: N-(3-nitrophenyl)-2-thiophen-2-ylace-
tamide; yield: 100%; mp: 96–97 �C; CG/MS: m/z [M]+Æ: 262;
1H NMR [500.00 MHz (FIDRES ± 0.15 Hz), DMSO-d6] d:
10.67 (1H; s; NH); 8.62 (s; 1H; H2 0); 7.91 (dd; 2H; J = 8.5
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and 2.5 Hz; H406 0); 7.61 (t; 1H; J = 8.0 Hz; H5 0); 7.40 (dd;
1H; J = 5.0 and 1.5 Hz; H1); 7.01–6.98 (m; 2H; H2,3); 3.93
(s, 2H, CH2CO) ppm. 13C NMR (125.0 MHz, CDCl3) d:
168.1; 148.6; 138.5; 134.8; 129.9; 128.1; 127.9; 126.5; 125.5;
119.2; 114.6; 38.5; IVmmax (cm�1; KBr pellets): 1673 (CO);
compound 11: N-(4-methylphenyl)-2-thiophen-2-ylaceta-
mide; yield: 88%; mp: 121–123 �C; CG/MS: m/z [M]+Æ:
231; 1H NMR [500.00 MHz (FIDRES ± 0.15 Hz), CDCl3]
d: 9.37 (1H; s; NH); 7.24 (d; 2H; J = 9.0 Hz; H3 0,5 0); 7.27;
(t; 1H; J = 3.5 Hz; H1); 7.01–6.98 (m; 2H; H2,3); 7.26 (d;
2H; J = 9.0 Hz; H2 0,6 0); 3.77 (s, 2H, CH2CO); 2.26 (s, 3H,
CH3) ppm. 13C NMR (125.0 MHz, CDCl3) d: 176.8; 139.6;
136.8; 135.0; 132.6; 129.5; 128.7; 118.0; 40.3; 20.4.; IV mmax


(cm�1; KBr pellets): 1670 (CO); compound 12: N-(4-
fluorophenyl)-2-thiophen-2-ylacetamide; yield: 98%; mp:
104–106 �C; CG/MS: m/z [M]+Æ: 235; 1H NMR
[500.00 MHz (FIDRES ± 0.15 Hz), DMSO-d6] d: 10.12
(1H; s; NH); 7.61 (dd; 2H; J = 8.5 and 3.5 Hz; H30,5 0);
7.37 (dd; 1H; J = 4.5 and 2.0 Hz; H1); 7.13; (t; 2H;
J = 8.5 Hz; H2 0,6 0); 6.98–6.96 (m; 2H; H2,3); 3.86 (s, 2H,
CH2CO) ppm. 13C NMR (125.0 MHz, DMSO-d6) d: 167.8;
158.0 (238 Hz); 136.9; 135.3; 126.6; 126.3; 124.9; 120.8
(J = 8 Hz); 115.2 (J = 22 Hz); 37.3 ppm; IVmmax (cm�1; KBr
pellets): 1665 (CO); compound 13: N-(4-bromophenyl)-2-
thiophen-2-ylacetamide; yield: 96%; mp: 138–139 �C; CG/
MS: m/z [M]+Æ: 297; 1H NMR [500.00 MHz
(FIDRES ± 0.15 Hz), DMSO-d6] d: 10.30 (1H; s; NH);
7.56 (d; 2H; J = 9.0 Hz; H3 0,5 0); 7.48 (d; 2H; J = 9.0 Hz;
H20,6 0); 7.38; (dd; 1H; J = 4.5 and 2.0 Hz; H1); 6.98–6.96
(m; 2H; H2,3); 3.87 (s, 2H, CH2CO) ppm. 13C NMR
(125.0 MHz, DMSO-d6) d: 168.1; 138.3; 136.8; 131.5; 126.6;
126.3; 125.0; 121.3; 114.8; 37.4 ppm; IV mmax (cm�1; KBr
pellets): 1660 (CO); compound 14: N-(4-methoxyphenyl)-2-
thiophen-2-ylacetamide; yield: 86%; mp: 138–139 �C; CG/
MS: m/z [M]+Æ: 247; 1H NMR [500.00 MHz
(FIDRES ± 0.15 Hz), DMSO-d6] d: 10.00 (1H; s; NH);
7.48 (d; 2H; J = 9.0 Hz; H3 0,5 0); 7.37; (t; 1H; J = 3.5 Hz;
H1); 6.97–6.96 (m;2H; H2,3); 6.87 (d; 2H; J = 9.0 Hz;
H20,6 0); 3.82 (s, 2H, CH2CO); 3.71 (s, 3H, OCH3) ppm. 13C
NMR (125.0 MHz, DMSO-d6) d: 167.5; 155.2; 150.6; 142.3;
137.3; 132.2; 114.5; 113.8; 55.2; 37.4 ppm; IV mmax (cm�1;
KBr pellets): 1679 (CO); compound 15: N-(4-chlorophenyl)-
2-thiophen-2-ylacetamide; yield: 76%; mp: 114–116 �C; CG/
MS: m/z [M]+Æ: 251; 1H NMR [500.00 MHz
(FIDRES ± 0.15 Hz), DMSO-d6] d: 10.30 (1H; s; NH);
7.62 (d; 2H; J = 9.0 Hz; H3 0,5 0); 7.38; (dd; 1H; J = 5.0 and
2.0 Hz; H1); 7.34 (d; 2H; J = 9.0 Hz; H2 0,6 0); 6.98–6.96 (m;
2H; H2,3); 3.87 (s, 2H, CH2CO) ppm. 13C NMR
(125.0 MHz, DMSO-d6) d: 168.1; 137.9; 136.8; 128.6;
126.8; 126.6; 126.3; 125.0; 120.6; 37.4 ppm; IV mmax (cm�1;
KBr pellets): 1658 (CO); compound 16: N-(4-nitrophenyl)-2-
thiophen-2-ylacetamide; yield: 92%; mp: 125–127 �C; CG/
MS: m/z [M]+Æ: 262; 1H NMR [500.00 MHz
(FIDRES ± 0.15 Hz), DMSO-d6] d: 10.78 (1H; s; NH);
8.22 (d; 2H; J = 7.5 Hz; H3 0,5 0); 7.84 (d; 2H; J = 7.5 Hz;
H20,6 0); 7.39; (dd; 1H; J = 5.0 and 0.5 Hz; H1); 7.0–6.97 (m;
2H; H2,3); 3.96 (s, 2H, CH2CO) ppm. 13C NMR
(125.0 MHz, DMSO-d6) d: 169.0; 145.2; 142.3; 136.3;
126.8; 126.7; 125.4; 118.9; 37.6 ppm; IV mmax (cm�1; KBr
pellets): 1683 (CO); compound 17: N-(2,5-dimethylphenyl)-
2-thiophen-2-ylacetamide; yield: 90%; mp: 132–133 �C; CG/
MS: m/z [M]+Æ: 245; 1H NMR [500.00 MHz
(FIDRES ± 0.15 Hz), DMSO-d6] d: 9.46 (1H; s; NH); 7.38
(dd; 1H; J = 6.5 and 2.0 Hz; H1); 7.05–6.97 (m; 5H;
H3,2,2 0-5 0); 3.82 (s; 2H; CH2CO); 2.09 (s; 6H; 2CH3)
ppm. 13C NMR (125.0 MHz, DMSO-d6) d: 167.7; 137.6;

135.1; 134.8; 127.6; 126.6; 126.4; 126.2; 124.8; 36.5;
17.9 ppm; IV mmax (cm�1; KBr pellets): 1644 (CO); com-
pound 18: N-(2,5-dichlorophenyl)-2-thiophen-2-ylaceta-
mide; yield: 76%; mp: 138–140 �C; CG/MS: m/z [M]+Æ:
285; 1H NMR [500.00 MHz (FIDRES ± 0.15 Hz), DMSO-
d6] d: 10.07 (1H; s; NH); 7.53 (d; 2H; J = 8.0 Hz; H3 0,5);
7.38 (dd; 1H; J = 5.0 and 0.5 Hz; H1); 7.34 (t; 1H; J = 8.0;
H4 0); 7.02–6.97 (m; 2H; H2,3); 3.92 (s; 2H; CH2CO) ppm.
13C NMR (125.0 MHz, DMSO-d6) d: 168.0; 142.0; 136.7;
132.8; 128.5; 126.6; 125.2; 116.9; 36.1 ppm; IV mmax (cm�1;
KBr pellets): 1671 (CO); compound 19: N-(2,4-chlorofluor-
ophenyl)-2-thiophen-2-ylacetamide; yield: 97%; mp: 113–
114 �C; CG/MS: m/z [M]+Æ: 269; 1H NMR [500.00 MHz
(FIDRES ± 0.15 Hz), DMSO-d6] d: 9.76 (1H; s; NH); 7.67
(dd; 1H; J = 8.5 and 5.5 Hz; H30); 7.48 (dd; 1H; J = 8.5 and
3.0 Hz; H5 0); 7.38 (dd; 1H; J = 5.0 and 0.5 Hz; H1); 7.21
(ddd; 1H; J = 8.5; 5.0 and 3.0 Hz; H6 0); 7.02–6.97 (m; 2H;
H2,3); 3.92 (s; 2H; CH2CO) ppm. 13C NMR (125.0 MHz,
DMSO-d6) d: 168.4; 158.7 (J = 244 Hz); 136.8; 131.4; 131.3;
127.8-127.7 (m); 126.6; 126.4; 125.0; 116.5 (J = 25.6 Hz);
114.4 (J = 22.0 Hz); 36.6 ppm; IV mmax (cm�1; KBr pellets):
1662 (CO); compound 20: N-(2,4-fluorochlorophenyl)-2-
thiophen-2-ylacetamide; yield: 98%; mp: 111–113 �C; CG/
MS: m/z [M]+Æ: 269; 1H NMR [500.00 MHz
(FIDRES ± 0.15 Hz), DMSO-d6] d: 10.05 (1H; s; NH);
7.93 (t; 1H; J = 9.0 Hz; H3 0); 7.47 (dd; 1H; J = 10 and
2.5 Hz; H50); 7.38 (dd; 1H; J = 4.5 and 1.5 Hz; H1); 7.24 (d;
1H; J = 10 Hz; H6 0); 6.98–6.96 (m; 2H; H2,3); 3.95 (s; 2H;
CH2CO) ppm. 13C NMR (125.0 MHz, DMSO-d6) d: 168.5;
153.0 (J = 247 Hz) 136.7; 128.1 (J = 23 Hz); 126.6; 126.4;
126.2; 125.0; 124.8; 124.5; 124.4; 116.0 (J = 95 Hz);
36.8 ppm; IV mmax (cm�1; KBr pellets): 1668 (CO); com-
pound 21: N-(2,5-dimethoxyphenyl)-2-thiophen-2-ylaceta-
mide; yield: 70%; mp: 97–99 �C; CG/MS: m/z [M]+Æ: 277; 1H
NMR [500.00 MHz (FIDRES ± 0.15 Hz), DMSO-d6] d:
9.25 (1H; s; NH); 7.71 (d; 1H; J = 5.0 Hz; H5); 7.38 (dd;
1H; J = 5.0 and 1.5 Hz; H4); 6.98–6.93 (m; 3H; H3 0,4 0,6 0);
6.61 (dd; 1H; J = 5.0 and 1.5 Hz; H3); 3.99 (s; 2H; CH2CO);
3.68 (s; 3H; OCH3); 3.67 (s; 3H; OCH3) ppm. 13C NMR
(125.0 MHz, DMSO-d6) d: 168.3; 152.8; 143.3; 137.1; 127.9;
126.6; 126.4; 125.0; 111.7; 108.0; 107.8; 56.1; 55.2;
37.1 ppm; IV mmax (cm�1; KBr pellets): 1685 (CO); com-
pound 22: N-(1,3-benzodioxol-5-yl-)-2-thiophen-2-ylaceta-
mide; yield: 72%; mp: 105–108 �C; CG/MS: m/z [M]+Æ: 261;
1H NMR [500.00 MHz (FIDRES ± 0.15 Hz), CDCl3] d:
10.6 (1H; s; NH); 7.30 (d; 1H; J = 4.0 Hz; H5); 7.28–7.16
(m; 4H; H4; Harom.) 7.04 (ls; 1H; H3); 5.90 (s; 2H; O–
CH2–O); 3.88 (s; 2H; CH2CO) ppm. 13C NMR
(125.0 MHz, CDCl3) d: 167.8; 147.8; 144.5; 135.6; 131.6;
127.9; 127.6; 126.7; 126.1; 113.2; 108.0; 102.9; 101.3;
38.4 ppm; IV mmax (cm�1; KBr pellets): 1665 (CO).
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Abstract—The synthesis of a series of andrographolide derivatives was described and their inhibitory effects on TNF-a and IL-6
secretion in mouse macrophages were also evaluated. Most of the tested compounds showed inhibitory effects, and the compounds
with the structure of 12-hydroxy-14-dehydroandrographolide showed better inhibitory activity than the compounds with the struc-
ture of isoandrographolide.
� 2007 Elsevier Ltd. All rights reserved.

Andrographolide 1 is a bicyclic diterpenoid lactone iso-
lated from leaves of Andrographis paniculata,1 which is
used extensively in the traditional systems of Chinese
medicine. Andrographolide was reported to possess a
wide spectrum of biological activities including antibac-
terial, antiinflammatory, antimalarial, immunomodula-
tion, antithrombotic, and hepatoprotective effect. It is
mainly used to treat pediatric pneumonia and respira-
tory tract infection in clinic.2–9


TNF-a and IL-6 are two major pro-inflammatory medi-
ators secreted by macrophages upon stimulation with
microbial infections such as LPS. These two pro-inflam-
matory cytokines have a wide array of functions. For
example, TNF-a can induce apoptosis and the secretion
of cytokines such as IL-1, IL-6, and IL-10; it can also
activate T cells and other inflammatory cells. However,
an overabundance of TNF-a and IL-6 is correlated with
the development of various diseases. It is reported that
TNF-a inhibitors can be used to treat many diseases
such as rheumatoid arthritis, diabetes, sepsis, Alzhei-
mer’s disease, tumor, and obesity,10–13 while the IL-6
inhibitors can be used in Alzheimer’s disease, psychiatric
disorders, cancer, diabetes, and depression.14–16
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Recently, it has been reported that andrographolide can
decrease the expression of TNF-a, IL-1, IL-6, IL-8, IL-
12 at mRNA levels in a concentration-dependent man-
ner in murine macrophages via suppression of the
ERK1/2, PI3K-AKt signaling pathway.17–19 However,
the effect of the andrographolide derivatives on LPS-in-
duced TNF-a and IL-6 expression has not been exam-
ined so far. Herein, in this paper, we report the
synthesis of a series of andrographolide derivatives
and their potential inhibitory effects on LPS-induced
TNF-a and IL-6 release in mouse macrophages.


The 14-hydroxy of andrographolide is chemically unsta-
ble, it can be rearranged to form isoandrographolide,
which is much more stable than andrographolide. Isoan-
drographolide has similar biological activities to androg-
rapholide, such as antiinflammatory and anticancer
properties.20 In addition, the 14-hydroxy can also be rear-
ranged to form 12-hydroxy-14-dehydroandrographolide
easily. It has been reported that 12-hydroxy-14-dehydro-
andrographolide possessed similar biological activity of
anticancer as andrographolide.21 Therefore, isoandrogra-
pholide and 12-hydroxy-14-dehydroandrographolide
were chosen as the lead generation here, and their deriva-
tives were synthesized. The synthesis of these derivatives is
summarized in Schemes 1–3. All the prepared compounds
were characterized by spectroscopic tools.22


Andrographolide (1) was treated with cons. hydrochlo-
ric acid at room temperature to afford isoandrographo-
lide (2) in 70% yield (Scheme 1), 2 was followed by
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Table 1. Mouse macrophage TNF-a inhibition assay data for


andrographolide and its derivatives


Normal (%) LPS-induced TNF-a (%)


Control 100 100


Andrographolide 63.94 ± 2.60 62.54 ± 2.00


3a 80.03 ± 2.13 99.43 ± 3.25


3b 82.78 ± 2.21 114.69 ± 2.33


3c 35.66 ± 2.04** 43.75 ± 2.63**


3d 203.54 ± 2.68 293.69 ± 2.77


3e 28.54 ± 1.92** 36.45 ± 2.23**


3f 81.74 ± 2.09 128.62 ± 2.89


3g 61.82 ± 2.08 230.56 ± 2.96


3j 44.40 ± 3.23** 105.88 ± 2.37


9a 106.65 ± 2.05 62.68 ± 2.55


9b 69.97 ± 2.21 96.87 ± 3.13


9c 79.62 ± 2.51 75.95 ± 2.81


9d 92.88 ± 2.22 60.8 ± 2.34


9e 65.78 ± 2.86 59.96 ± 2.74


9f 152.29 ± 2.52 41.60 ± 2.50**


9g 148.86 ± 2.47 61.03 ± 1.82


9h 115.10 ± 3.90 94.36 ± 2.80


Each value represents mean ± SD of four determinations. **P < 0.01


compared to andrographolide.


Table 2. Mouse macrophage IL-6 inhibition assay data for androg-


rapholide and its derivatives


Normal (%) LPS-induced IL-6 (%)


Control 100 100


Andrographolide 49.21 ± 3.67 56 ± 2.20


3a 72.87 ± 2.52 150.15 ± 3.13


3b 60.53 ± 2.25 110.25 ± 2.51


3c 31.39 ± 3.67** 85.25 ± 1.57


3d 48.20 ± 1.92 107.19 ± 3.52


3e 27.67 ± 2.38** 85.71 ± 2.81


3f 55.02 ± 2.69 114.12 ± 2.77


3g 79.66 ± 2.12 207.64 ± 3.09


3j 69.80 ± 3.11 101.81 ± 2.50


9a 95.10 ± 2.95 44.73 ± 2.11**


9b 82.56 ± 2.14 74.67 ± 2.54


9c 82.93 ± 2.67 46.61 ± 2.15**


9d 81.97 ± 3.51 37.53 ± 2.65**


9e 58.56 ± 2.80 29.21 ± 2.04**


9f 127.68 ± 2.83 32.1 ± 2.93**


9g 96.05 ± 1.60 56.87 ± 2.38


9h 70.14 ± 2.36 44.64 ± 2.22**


Each value represents mean ± SD of four determinations. **P < 0.01


compared to andrographolide.
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esterification with different acid anhydrides, acyl chlo-
rides, or SOCl2 to obtain 3a–g in good yields.


Treatment of 2 with triphenylchloromethane in the pres-
ence of N-methylmorpholine in CH2Cl2 at room temper-
ature afforded trityl ether 4 in 85% yield (Scheme 2).
Compound 4 was reacted with acetic anhydride, propi-
onic anhydride, or hexanoic anhydride in the presence
of 4-dimethylaminopyridine (DMAP) in CH2Cl2 at
room temperature to obtain corresponding esters 5h–j
in almost quantitative yield. Esters 5h–j were further
converted to 3h–j in 75% by hydrolysis of the trityl ether
with formic acid in CH2Cl2. To prepare 5h–j, it would
take much long time if DMAP is not added whether
the reaction was carried out at room temperature or at
refluxing temperature. The steric hindrance of the trityl
ether at C-19 was considered as a major factor.


Reaction of 1 with 2,2-dimethoxypropane in the pres-
ence of pyridinium p-toluenesulfonate (PPTs) in CH2Cl2
at 40 �C gave compound 6 in high yield (Scheme 3).
Treatment of 6 with pyridinium dichromate (PDC) in
refluxing CH2Cl2 obtained 7 in 50% yield. Compound
7 was followed by esterification with acid anhydrides,
acyl chlorides or with carboxylic acids in the presence
of dicyclohexylcarbodiimide (DCC) and DMAP to give
compounds 8a–h. For example, a mixture of 7, 4-nitro-
benzoic acid, DCC, and DMAP in CH2Cl2 was stirred
overnight at room temperature to obtain 8a in good
yield. Compounds 8a–h were treated with aq acetic acid
(acetic acid/water = 7:3) at room temperature for 30 min
and afforded 9a–h in almost quantitative yield.


The effects of andrographolide and its derivatives on
LPS-induced TNF-a and IL-6 expression in mouse
J774A.1 cells were examined using ELISA. Cells were
treated with 20 lM of andrographolide, its derivatives,
or vehicle control for 24 h. At the end of the treatment,
the culture media were collected and centrifuged at
14,000 rpm for 5 min. TNF-a and IL-6 levels in the med-
ia were determined by ELISA using mouse TNF-a and
mouse IL-6 ELISA MaxTM Set Deluxe Kits (Biolegend).
The total protein concentrations of the viable cell pellets
were determined using Bio-Rad protein assay reagents.
Total amounts of the TNF-a and IL-6 in the media were
normalized to the total protein amounts of the viable
cell pellets.


The results (Tables 1 and 2) showed that andrographo-
lide and its derivatives inhibited LPS-induced TNF-a
and IL-6 expression to various degrees in mouse macro-
phages. Among these compounds, 3c, 3e, and 9f with the
% inhibition as 43.75, 36.45, and 41.60, respectively,
were more potent than andrographolide (62.54%) in
inhibiting LPS-induced TNF-a expression; 9a, 9d, 9e,
9f, and 9h with the % inhibition as 44.73, 37.53, 29.21,
32.1, and 44.64, respectively, were more potent than
andrographolide (56%) in inhibiting LPS-induced IL-6
expression. For the isoandrographolide derivatives 3a–
j, 3c having hexanoyl moieties at C-3 and C-19 showed
better inhibitory activity in both TNF-a and IL-6
expression compared to its mono-hexanoyl derivative
3j, indicating that both hydroxyls in isoandrographolide

need to be converted into esters for potent activity. But
for 3d and 3e, with di-benzoyl groups at C-3 and C-19 in
3d and mono-benzoyl group in 3e, the contradictive re-
sults were presented. The hydrophilic analog 3f, in
which carboxyl groups were introduced at C-3 and
C-19, displayed almost no inhibitory acitivity in LPS-in-
duced TNF-a and IL-6 expression, indicating that the
improvement of aqueous solubility of isoandrographo-
lide would lead to a decline in inhibitory effects, and
the introduction of cyclosulfurous substituent (3g) is
deleterious to the inhibitory activity of isoandrographo-
lide. For the derivatives of 12-hydroxy-14-dehydroan-
drographolide 9a–h, the compounds having aryl
moiety at 12-C (e.g., 9d, 9e, 9f) showed better inhibitory
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activities than the compounds having alkyl moiety at 12-
C (e.g., 9a, 9b, 9c) in both TNF-a and IL-6 expression,
suggesting that the electron-withdrawing group at 12-C
might be good for potent activity of 12-hydroxy-14-
dehydroandrographolide. However, the underlying
mechanisms by which andrographolide and its deriva-
tives inhibited LPS-induced TNF-a and IL-6 expression
remain unknown and are the focus of our current
research.


In conclusion, a series of andrographolide derivatives
have been synthesized and their inhibitory effects on
LPS-induced TNF-a and IL-6 expression in mouse mac-
rophages have been evaluated. The data analysis indi-
cated no clear SAR for these compounds, but the
compounds with the structure of 12-hydroxyl-14-dehy-
droandrographolide showed better inhibitory activity
than the compounds having the structure of isoandrog-
rapholide, suggesting the structure of 12-hydroxy-14-
dehydroandrographolide might be a good generation
for further optimization.
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Abstract—Regiocontrollable selectivity of enzymatic method for synthesis of polymerizable derivatives of methyl shikimate was
described. Lipase acrylic resin from Candida antarctica (CAL-B) and immobilized lipase from Mucor miehei (MML) showed high
regioselectivity toward the secondary hydroxyl of methyl shikimate, which presents three hydroxyl groups with similar reactivity.
Catalysis by MML in acetone facilitated the single step synthesis of 5-O-acyl methyl shikimate derivatives in high yields, while
the use of CAL-B in acetone afforded 4-O-acyl methyl shikimate derivatives. The obtained series of methyl shikimate derivatives
would be important monomers for potential useful analogues of shikimic acid.
� 2007 Elsevier Ltd. All rights reserved.
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As a key intermediate of many hydroaromatic and aro-
matic compounds, shikimic acid (1) plays an important
role in the metabolism of carbohydrates as well as bio-
synthesis of folate coenzymes and essential aromatic
amino acids LL-phenylalanine, LL-tyrosine, and LL-trypto-
phan.1 It is an analogue of numerous natural products
such as quinic acid, cyathiformines B–D (2–4), and var-
ious isoprenoid quinones, which present interesting bio-
logical and pharmaceutical properties.2 Additionally,
shikimic acid is an important starting material for the
synthesis of neuraminidase inhibitors such as the antiin-
fluenza agent Tamiflu (5) (Scheme 1).3 Therefore,
analogues of shikimic acid have attracted much atten-
tion and are considered to be potential antibacterial,
antiviral, and antiparasitic agents.4,5


Regioselective modification of one hydroxyl group of
shikimic acid is an interesting but difficult challenge
due to several hydroxyl groups with similar reactivity
presenting in the structure of shikimic acid, and a clear
discrimination between them still remains a difficult
task.6,7 The substrate often reacts with more than one
hydroxyl group, thus inevitably leading to a mixture of
mono-, di- or multi-substituted products. Generally,
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conventional chemical methods involving tedious, mul-
ti-step blocking/debloking strategy show an almost com-
plete lack of regioselectivity.


Application of biocatalyst in modification of polyfunc-
tional compounds has been proved to be one of the most
attractive alternatives to the conventional chemical
methods due to its high selectivity and simplicity.8–10


Enzyme-catalyzed reactions offer a highly efficient
process under mild conditions, diminish undesired
side-reactions, and facilitate product recovery.11 Fur-
thermore, enzymes are proteins, and as such they are
completely biodegradable and environmentally accept-
able. As a result, this method has been extensively used
for the modification of carbohydrates, nucleosides, and
other natural products.12–14


The use of lipase in non-aqueous solvents has been pre-
viously described for preparation of shikimic acid deriv-
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Scheme 1. Structures of shikimic acid and its analogues.



mailto:xqyu@tfol.com





6688 C. Li et al. / Bioorg. Med. Chem. Lett. 17 (2007) 6687–6690

atives. Riva et al. were the first to research lipase-cata-
lyzed regioselective acylation of quinic acid, shikimic
acid, and their derivatives in organic solvents.15 How-
ever, acylation of methyl shikimate showed no regiose-
lectivity with any of the enzymes tested. Gotor and co-
workers reported enzymatic regioselective acylation of
methyl shikimate exclusively at the C-4 position hydro-
xyl group.16 To our knowledge, highly regioselective
enzymatic acylation of shikimic acid toward other hy-
droxyl positions has never been reported. Moreover,
few modified shikimic acid derivatives possess polymer-
izable group, which can be used for copolymerization
with other bioactive compounds such as sugar, amino
acids, or reaction with other agents to form potential
useful analogues of shikimic acid.


Herein, we describe a facile regiocontrollable method of
the acylation toward the different secondary hydroxyls
of methyl shikimate to obtain polymerizable derivatives.
4-O-acyl and 5-O-acyl vinyl derivatives of methyl shi-
kimate had been prepared through two different meth-
ods, respectively. The methyl shikimate derivatives
obtained would be useful as significant intermediates
and monomers for preparation of useful natural prod-
ucts, macromolecular compounds, and bioactive
derivatives.


The carboxyl present in the shikimic acid leads to low
solubility and reactivity, therefore methyl shikimate
was prepared in order to enhance the solubility and
reaction rate. The key point of present work was to iden-
tify an appropriate enzyme catalyst suitable for acyla-
tion of methyl shikimate at different hydroxyl
positions. Enzymes derived from different sources al-
ways exhibit different properties, such as specificity,
activity, stability, and so on. In order to choose the
appropriate enzymes to selectively catalyze the acylation
toward the different hydroxyls of methyl shikimate, 10
commercially available enzymes,17 including seven li-
pases and three proteases, were chosen to catalyze the
transesterification for comparison in a predominant
anhydrous acetone, which has lower toxicity, easier pro-
cessing, and can dissolve substrates very well. The con-
trol experiment was carried out in the absence of
enzyme catalyst, no product was detected by TLC and
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Scheme 2. Enzymatic synthesis of 4-O-acyl and 5-O-acyl vinyl esters of met

HPLC even after 96 h. After all 10 kinds of enzymes
were tested, the result showed that the use of MML
(Lipozyme�) facilitated the single step synthesis of 5-
O-acyl methyl shikimate, while catalysis by CAL-B gave
4-O-acyl methyl shikimate. The other enzyme catalysts
showed very low activity and selectivity in this acylation
of methyl shikimate. The synthesis routes are shown in
Scheme 2.


A typical enzymatic experimental procedure for the syn-
thesis of 7a and 8a is illustrated in Scheme 2. The reac-
tion was initiated by adding 10 mg/mL enzyme to 10 mL
anhydrous acetone containing 0.3 g (1.06 mmol) methyl
shikimate and 4.24 mmol divinyl adipate. The suspen-
sion was maintained at 30 �C and shaken at 200 rpm
for 12 h. Formation of products was detected by TLC.
The reaction was terminated by filtering out the enzyme,
and the filtrate was concentrated under reduced pres-
sure. The products were isolated by silica gel chromatog-
raphy with an eluent consisting acetone/CH2Cl2 (1:5, v/v).
The vinyl ester derivatives obtained were characterized
by 1H NMR, 13C NMR (Bruker DMX400), and HRMS
(Bruker Daltonics Bio TOF).18 Other products (7b, 7c,
8b, and 8c) were synthesized by the same methods for
7a and 8a. The yields of the methyl shikimate derivatives
are summarized in Table 1.


To increase the selectivity exhibited by MML and
CAL-B, several organic solvents were tested for the
transesterification of methyl shikimate with divinyl adi-
pate. The results are shown in Table 2. In general, sol-
vents of logP between �0.5 and 0.79 are considered to
be the most suitable for the reaction, such as tert-butyl-
alcohol, THF, acetone, and dioxane. Other polar sol-
vents, such as DMF, DMSO, are not suitable for these
lipases. In contrast, apolar solvents, such as hexane,
chloroform, are suitable for ester synthesis, but the
reactions were hindered by low solubility of substrate.
MML showed high activity and selectivity in acetone,
THF, and dioxane toward the C-5 position hydroxyl
group of methyl shikimate (entries 7, 9, and 13, Table
2), while CAL-B showed high yields and regioselectiv-
ity at the C-4 position in acetone (entry 10, Table 2),
and the best selectivity was given in acetonitrile (entry
12, Table 2).
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Table 1. Regioselective enzymatic acylation of methyl shikimate


Entry Enzyme Acyl donor t (h) Yields of 5-O-acyla (%) Yield of 4-O-acyla (%)


1 MML 6a 12 65.1 —


2 MML 6b 13 55.8 —


3 MML 6c 15 54.2 —


4 CAL-B 6a 12 Trace 57.4


5 CAL-B 6b 14 Trace 62.5


6 CAL-B 6c 14 Trace 54.3


a Isolated yields by silica gel chromatography, purity confirmed by HPLC, NMR, and HR-MS.


Table 2. Influence of organic solvent on selectivity and yield catalyzed by different enzymes


Entry Solvent LogP Enzyme Conv.a (%) Yield of 7aa,b (%) Yield of 8aa,b (%) Selectivityc 7a/8a


1 Hexane 3.9 MML 17.8 5.2 10.8 37:63


2 Hexane 3.9 CAL-B 15.2 8.6 5.4 61:39


3 Chloroform 2.0 MML 21.6 6.7 13.5 33:67


4 Chloroform 2.0 CAL-B 33.6 12.6 17.7 42:58


5 tert-Butyl- alcohol 0.79 MML 67.5 52.6 4.4 92:8


6 tert-Butyl- alcohol 0.79 CAL-B 40.1 4.4 31.7 13:87


7 THF 0.46 MML 79.1 71.4 3.2 96:4


8 THF 0.46 CAL-B 50.6 5.0 41.2 11:89


9 Acetone �0.23 MML 82.4 76.1 5.4 93:7


10 Acetone �0.23 CAL-B 88.7 8.0 74.9 10:90


11 Acetonitrile �0.39 MML 35.2 28.9 6.0 83:17


12 Acetonitrile �0.39 CAL-B 55.4 2.3 45.2 5:95


13 Dioxane �0.5 MML 75.9 69.7 1.7 98:2


14 Dioxane �0.5 CAL-B 38.5 2.2 33.6 6:94


15 DMF �1.0 MML 4.5 3.2 0 100:0


16 DMF �1.0 CAL-B 9.1 4.2 4.5 48:52


17 DMSO �1.3 MML 2.2 1.5 0 100:0


18 DMSO �1.3 CAL-B 3.5 0 3.1 0:100


Conditions: MML (10 mg/mL) or CAL-B (10 mg/mL), methyl shikimate (0.1 mmol), divinyl adipate (0.4 mmol), organic solvent (2 mL), 30 �C, 24 h.
a Determined by HPLC.19


b Percentage of regioselectivity at C-4 and C-5.
c Yields of products at C-3 were observed very low (<1%).


Table 3. Chemical shifts of 13C NMR of methyl shikimate (DMSO-d6) and vinyl ester derivatives (CDCl3)


Carbon 1 7a 7b 7c 8a 8b 8c


1 127.8 130.0 130.0 129.8 130.1 128.2 129.4


2 140.3 135.9 135.9 136.1 136.0 134.7 135.6


3 67.3 66.2 66.1 66.1 64.8 64.1 64.2


4 70.5 69.8 69.1 1 69.5 74.4 72.9 73.6


5 65.9 69.8 69.1 69.6 64.8 63.6 64.2


6 30.1 28.6 28.5 28.9 31.5 30.7 31.2


7 167.2 166.3 166.5 166.4 166.6 166.9 166.7


8 52.1 52.1 52.1 52.1 52.1 52.2 52.1


ACH2A 34.0 34.2 34.3 33.9 34.0 33.9


33.4 33.7 33.9 33.3 34.0 33.6


24.2 28.5 28.9 24.2 28.4 28.6


23.8 28.5 28.9 23.6 28.4 28.6


24.6 28.9 24.6 28.6


24.3 28.3 24.3 28.5


24.8 24.6


24.5 24.4


AC@O 173.0 173.6 173.8 173.1 173.1 173.1


170.5 170.8 170.9 170.8 170.9 170.9


ACH@CH2 141.1 141.1 141.1 141.0 141.0 141.1


97.8 97.6 97.5 98.0 98.4 98.1
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The acylating agents also affect the catalytic efficiency of
enzyme. Among three divinyl alkyl-a,x-dicarboxylates,
the reaction time of divinyl sebacate is longer than that
of divinyl adipate and divinyl suberate if similar high

yields are required (Table 1). To be mentioned is that
CAL-B and MML show good stability and activity in
organic solvents, even when used three times, without
a noticeable loss of activity.
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The regioselective results were confirmed by 13C NMR
spectra as summarized in Table 3. According to the gen-
eral strategy described by Yoshimoto et al., acylation of
a hydroxyl group would lead to the O-acylation carbon
downfield shift, while the adjacent carbon upfield shift in
13C NMR.20 Characterization of the products (7a–7c)
by 13C NMR revealed that vinyl esters of methyl shikim-
ate are substituted at C-5 position and the products (8a–
8c) are substituted at C-4 position. The 1H NMR spec-
tra also provided the substitutional information at dif-
ferent hydroxyl positions.


In summary, a convenient method controllable regiose-
lective enzymatic synthesis for polymerizable derivatives
of methyl shikimate was developed in this letter. Excellent
regioselectivity of MML was shown toward the C-5 posi-
tion by using divinyl alkyl-a,x-dicarboxylates in acetone,
THF, and dioxane. In the case of CAL-B, high yields and
regioselectivity were achieved in acetone. Additionally,
polar solvents such as tert-butyl-alcohol, THF, acetone,
and dioxane seemed to be suitable for this reaction. These
polymerizable derivatives of methyl shikimate obtained
have been expected to be a potential new application in
natural products and pharmaceutical chemistry.
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weight. HR-MS of 7c (m/z): 421.1839 [M4+Na]+, M4


corresponding exactly to 5-O-vinylsebacate-methyl shi-
kimate’s molecular weight.


19. HPLC analysis: samples were dissolved in methanol and
analyzed by HPLC using a Kromasil ODS-1 (5 lm,
4.6 · 250 mm) in Shimadzu 2010A system, eluted with
methanol/water (70:30, v/v) at 0.8 mL/min, and UV
detection was carried out at 213 nm.


20. Yoshimoto, K.; Itantani, Y.; Tsuda, Y. Chem. Pharm.
Bull. 1980, 28, 2065.
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Abstract—Isoprenylcysteine methyltransferase (Icmt) catalyzes the carboxyl methylation of oncogenic proteins in the final step of a
series of post-translational modifications. The inhibition of Icmt provides an attractive and novel anticancer target. A natural prod-
uct high-throughput screening campaign was conducted to discover inhibitors of Icmt. The Australian marine sponge, Pseudocera-
tina sp., yielded spermatinamine, a novel alkaloid with a bromotyrosyl-spermine-bromotyrosyl sequence, as the bioactive
constituent. Its structure was determined by 1D and 2D NMR spectroscopy. Spermatinamine is the first natural product inhibitor
of Icmt.
� 2007 Elsevier Ltd. All rights reserved.

CAAX proteins have a diverse range of functions inside
cells and many of these proteins are involved in intracel-
lular regulatory processes important in oncogenesis.1,2


CAAX proteins undergo a series of post-translational
modifications important for their localization and func-
tion (cell membrane association, protein–protein inter-
actions, protein stability, and protein biological
activities). The modifications are initiated by the addi-
tion of an isoprenoid lipid (farnesyl or geranylgeranyl)
to the cysteine of the carboxyl terminal of the CAAX
motif by protein farnesyltransferase (FTase) or protein
geranylgeranyltransferase-1 (GGTase-1), respectively.
Following the attachment of the isoprenoid, the AAX
tripeptide is removed in a reaction that is catalyzed by
a prenyl-protein specific protease known as RCE1, and
now the C-terminal prenylcysteine is methylated by iso-
prenylcysteine carboxyl methyltransferase (Icmt). Icmt
and RCE1 are polytopic membrane proteins localized
to the endoplasmic reticulum.3 The best studied example
of CAAX proteins is the RAS family of regulatory pro-
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teins. In its control of cellular behavior RAS is a very
important molecular switch for a variety of signal path-
ways that control such processes as cytoskeletal integ-
rity, proliferation, cell adhesion, apoptosis, and cell
migration. Mutational activation of RAS is associated
with various human cancers. In addition, many cancers
contain alterations upstream of RAS in signaling cas-
cades and the resultant hyperactivation of RAS is
thought to contribute to tumorigenesis.4 The protein
prenyltransferases, most notably FTase, have been tar-
gets of major drug discovery programs for the last dec-
ade, however, FTase inhibitors, although showing
significant activity in a number of clinical trials, have gi-
ven overall response rates in patients less than expected.5


Recent studies using genetic disruption of RCE1 and
Icmt, particularly that of Icmt-catalyzed methylation,
indicate that inhibition of these post-prenylation pro-
cessing steps might provide a better approach to can-
cer-cell proliferation. The studies provided strong
evidence that blocking Icmt activity significantly mislo-
calizes RAS proteins and tumorigenesis is markedly im-
paired in cells that lack Icmt. With emerging evidence
for the importance of Icmt-catalyzed CAAX protein
methylation in oncogenesis, there is a clear need for
specific pharmacological agents to target this process.
Analogues of the substrate prenylcysteine or the product
S-adenosylhomocysteine have been reported as inhibitors.
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The only reported small-molecule selective inhibitor of
Icmt, which is other than an analogue of the substrate
prenylcysteine or the product S-adenosylhomocysteine,
is the indole-based, cysmethynil.2


Marine sponges from the order Verongida are charac-
terized by bromotyrosine-derived chemotaxonomic
markers, and many of these compounds possess potent
antimicrobial and cytotoxic activities.6 Chemical modi-
fication occurs both in the side chain and the aromatic
ring of the brominated tyrosine precursors, giving rise
to a broad range of biosynthetically related com-
pounds. In a natural product high-throughput screen-
ing (HTS) campaign to find inhibitors of Icmt a
CH2Cl2–MeOH (4/1) extract from a Verongida sponge,
Pseudoceratina sp., was found to be active. Bioassay
guided purification of this extract afforded the novel
polyamine alkaloid, spermatinamine (1) (Fig. 1), con-
taining a bromotyrosyl-spermine-bromotyrosyl se-
quence, which has not been discovered before.
Compound 1 is also a rare example of a spermine
alkaloid from a marine source. The compounds with
structures closest to 1 are philanthotoxin-433 (butyr-
yl-tyrosyl-spermine) (2) (Fig. 1) and its synthetic ana-
logues.7–9 Philanthotoxin-433 (2) is a wasp toxin that
antagonizes ionotropic glutamate receptors and nico-
tinic acetylcholine receptors non-selectively. Interest-
ingly, in a pathway different from Icmt, polyamines
have been associated with cell growth and cancer,
and now polyamine analogues are being developed as
anticancer drugs to target polyamine metabolic en-
zymes and inhibit polyamine biosynthesis.10,11 This pa-
per reports the isolation, structure elucidation, and
Icmt inhibitory activity of spermatinamine (1).


HTS of a natural product extract library (64, 271 ex-
tracts) was conducted to identify small-molecule inhibi-
tors of Icmt. The assay measures the transfer of a methyl
group from 3H-S-adenosyl-LL-methionine (3H-SAM) to
biotin-S -farnesyl-LL-cysteine (BFC) by Icmt catalysis.12


BFC is a synthetic substrate, which provides cysteine
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Figure 1. Spermatinamine (1) and philanthotoxin-433 (2).

sites for methylation. Polyvinyl toluene (PVT) SPA
beads capture the product, BFC 3H-methyl ester, which
is monitored by a scintillation counter. A CH2Cl2–
MeOH (4/1) extract of the marine sponge Pseudocerati-
na sp.13 was shown to inhibit Icmt.


The marine sponge Pseudoceratina sp. (300 mg) was
ground and extracted sequentially with n-hexane,
CH2Cl2–MeOH (4/1), and finally by MeOH. Once dried,
the extract was resuspended in 1200 lL DMSO The bio-
logically active CH2Cl2–MeOH (4/1) extract was further
purified by injecting 150 lL onto a semi-preparative C18


HPLC column (Betasil C18 5 lm 10 · 250 mm id). A
gradient from H2O/1% TFA to MeOH/1% TFA in
17 min, then isocratic for 5 min (flow 4 mL/min) was
used and 22 fractions were collected. Fraction 17 was
bioactive and contained spermatinamine (1) (2.3 mg).
In order to isolate more of 1 a larger quantity of the
sponge (11.22 g) was similarly ground and extracted.
The CH2Cl2–MeOH (4/1) extract (1.09 g) was further
purified, by preadsorbing the extract onto C18 (04K-
4348 Sepra C18 End-Capped Silica), and loaded into a
refillable preparative guard column (30 · 10 mm id), in
line with a semi-preparative C18 HPLC column (Betasil
C18 5 lm 21.2 · 150 mm id). A gradient from H2O/1%
TFA to MeOH/1% TFA in 95 min, then isocratic for
25 min (flow 5 mL/min) was used and 60 fractions were
collected. MS analysis indicated fractions 39–47 con-
tained 1 and these fractions were combined (226 mg).
A portion of this (149 mg) was further purified by C18


HPLC using a sharp gradient from H2O/1% TFA to
H2O/1% TFA–MeOH/1% TFA (2/3) in 2 min, then a
slower gradient to MeOH/1% TFA in 43 min, and final-
ly isocratic for 15 min (flow 10 mL/min). MS analysis of
these fractions showed that fractions 22 (16 mg), 23
(19 mg) and 24 (10 mg) contained 1. These were sepa-
rately purified by C18 HPLC using the following condi-
tions. A sharp gradient from H2O/1% TFA to H2O/1%
TFA–MeOH/1% TFA (3/7) in 3 min, followed by iso-
cratic for 42 min, and finally a gradient to MeOH/1%
TFA in 15 min (flow 10 mL/min). Spermatinamine (1)
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Table 1. 1H (600 MHz), 13C (125 MHz), gCOSY, and gHMBC NMR data for spermatinamine (1) in DMSO-d6
a


Position dC dH (mult, J Hz) COSY (H No.) 2,3JCH HMBC (C No.)


1/14 (N) 8.22 (t, 6.0, 2H) 2/13 2/13, 90/900


2/13 36.0 t 3.21 (q, 6.0, 4H) 1/14, 3/12 3/12, 4/11, 9 0/900


3/12 23.9 t 1.83 (m, 4H) 2/13, 4a/11a, 4b/11b 2/13, 4/11


4/11 53.1 t 3.07 (m, 2H)a 3/12


2.98 (m, 2H)b 3/12


5/10 (N) 9.41 (m, 2H) 5/10-NMe


5/10-NMe 39.0 tb 2.73 (br d, 4.6, 6H) 5/10 4/11, 6/9


6/9 54.2 t 3.10 (m, 2H)a 7/8


3.00 (m, 2H)b 7/8


7/8 20.5 t 1.62 (m, 4H) 6a/9a, 6b/9b 7/8


1 0/100 136.2 s


2 0/200 132.9 d 7.47 (s, 2H) 1 0/100, 3 0/300, 4 0/400, 6 0/600, 70/700


3 0/300 117.0 s


4 0/400 151.7 s


4 0/400-OMe 60.3 q 3.76 (s, 6H) 4 0/400


5 0/500 117.0 s


6 0/600 132.9 d 7.47 (s, 2H) 1 0/100, 3 0/300, 4 0/400, 6 0/600, 70/700


7 0/700 27.9 t 3.78 (s, 4H) 1 0/100, 2 0/200, 6 0/600, 8 0/800, 90/900


8 0/800 150.9 s


8 0/800-NOH 12.04 (s, 2H) 8 0/800


9 0/900 163.3 s


a NMR spectra were recorded at 30 �C on Varian Inova 500 and 600 MHz NMR spectrometers. Samples were dissolved in DMSO-d6 (residual 1H d
2.50 and 13C d 39.5 ppm). Multiplicity determined by DEPT (s = C, d = CH, t = CH2, q = CH3). Standard parameters were used for the 2D


experiments, which included gradient COSY, HSQC (1JCH = 140 Hz), and HMBC (nJCH = 8.3 Hz).
b Chemical shift obtained from DEPT as signal obscured by DMSO peak.
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(14.3 mg, 0.13% dry wt) eluted with a retention time of
25 min.


Spermatinamine (1) was an optically inactive compound
with molecular formula C32H44Br4N6O6Æ2CF3COOH
obtained from HRESIMS.14 It showed 1:4:6:4:1 ion
cluster peaks at m/z 925/927/929/931/933 [M+H]+ and
463/464/465/466/467 [M+2H]2+, indicating the presence
of four bromine atoms. The 13C NMR data (Table 1)
revealed that 1 contained 14 carbon resonances, indicat-
ing a molecule with symmetry. The signals in the 1H
NMR spectrum integrated for six methylenes, an N-
methyl (dH 2.73), an aromatic methoxyl (dH 3.76), two
aromatic methines (dH 7.47, 2H), an amide proton (dH


8.22), and an oxime proton (dH 12.04). There was also
an aminium proton (dH 9.41) as the compound was iso-
lated as its trifluoroacetate salt. A 4-alkyl-2,6-dibrom-
ophenol moiety was implied from the 1H and 13C
chemical shifts as well as 2D data (Table 1).6 The posi-
tion of the methoxyl (dH 3.76) was confirmed by
gHMBC correlations from the aromatic protons (dH


7.47) and the methoxyl protons into the quaternary aro-
matic carbon at dC 151.7. The 13C NMR signals at dC


150.9 and 163.3 were assigned to an amide-oxime conju-
gated system.6 This was supported by the proton signals
at dH 8.22 and 12.04. The amide-oxime moiety was at-
tached to the aromatic ring through a methylene group
(d 3.78/27.9). This linkage was established from gHMBC
correlations between dH 3.78 (s, 2H) and dC 136.2, 132.9,
150.9, and 163.3. The upfield 13C NMR chemical shift at
dC 27.9 suggested E configuration for the oxime as the
corresponding value for a (Z)-oxime would be
>35 ppm.15 Two spin systems were identified from the
gCOSY spectrum: NH–CH2–CH2–CH2–N and N–
CH2–CH2. The gHMBC correlations from the N–Me
(dH 2.73) to dC 53.1 and 54.2 clearly linked these units

together. With a linkage to the methylene at d 20.5/
1.62 remaining to be identified, the gHMBC correlation
between dH 1.62 and dC 20.5, and with only half of the
molecular formula accounted for, it was obvious that
the structure was dimeric. Thus, the structure for sperm-
atinamine was established as 1.


Spermatinamine (1), with a novel bromotyrosyl-
spermine-bromotyrosyl sequence, showed inhibition
of Icmt at an IC50 of 1.9 lM (assay performed in
duplicate on five independent days). It showed no
activity in the artifact assay up to 100 lM, ruling
out assay technology interference.16 Spermatinamine
(1) is the first natural product inhibitor of Icmt. In
fact the synthetic compound, cysmethynil,2 is the only
reported selective small-molecule inhibitor other than
analogues of the substrate or the product. Although
spermatinamine (1) is chemically unattractive as a
drug lead it has suitable potency to be a useful phar-
macological tool for the Icmt target in anticancer-
drug research.
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Abstract—Acylfulvenes, a class of semisynthetic analogs of Illudin S, show high toxicity toward prostate cancer cells. Here we probe
the effect of changes in hydrophilic character of the analogs.
� 2007 Elsevier Ltd. All rights reserved.
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Illudin S and M (1 and 2)1 (Fig. 1), two sesquiterpenes
derived from the toxic mushroom Omphalotus illudens,
were tested many years ago by the National Cancer
Institute and were found to possess antitumor activity
but with a poor therapeutic index.2 The toxicity and
antitumor activity of illudins can be attributed to their
ability to undergo Michael-type addition of thiols or
NADPH to the a,b-unsaturated ketone to give a cyclo-
hexadiene intermediate. This is an extremely reactive
alkylating agent, which is converted rapidly into a stable
aromatic product alkylating macromolecules such as
DNA3 (Fig. 2). Acylfulvene (3) (Fig. 1), formed by treat-
ment of illudin S with dilute sulfuric acid, showed simi-
lar reactions to illudin S but at a much slower rate.
Toxicity of acylfulvene (3) to HL60 cells was more than
two orders of magnitude lower than that of illudin S.
However, this reduced toxicity was accompanied by
greatly improved selectivity in toxicity to malignant
cells versus normal cells.4 Reaction of illudin S (1) with
formaldehyde and sulfuric acid gives hydroxymeth-
ylacylfulvene (irofulven, NSC 683863; 4). Although this
compound 4, like acylfulvene (3), reacts slowly with
thiols and with NADPH, it is substantially more toxic
than 3.


Irofulven (4) was tested in the MV522 metastatic lung
carcinoma xenograft model in comparison with well-
known anticancer drugs5 and it caused early (2–5 h)
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translocation of the proapoptotic Bax from cytosol to
mitochondria followed by the dissipation of mitochon-
drial membrane potential and cytochrome c release at
4–12 h.6


Considerable recent interest in acylfulvenes and iroful-
ven has led to their total syntheses.7 The high therapeu-
tic index of 4 was thought to result from hydrophilicity
of the allylic hydroxyl.8 To make it more water soluble,
one would envisage replacement of this primary hydro-
xyl with an amine9 group. This also allows the possibil-
ity for synthesizing peptide conjugate ‘prodrugs’ via
amide bond. An advantage to using an amide bond
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instead of an ester bond is that the former would not be
vulnerable to hydrolysis by nonspecific esterase(s) in ser-
um as is possible with the latter. In this paper we wish to
report the synthesis of irofulven analogs and their anti-
tumor activity.


First, compounds 4 and 5 were proposed to be con-
verted to the (Boc)2N-derivative under Mitsunobu con-
ditions as applied by Sharpless et al.10 The Boc groups
could then be cleaved to form an ammonium salt under
acidic conditions. Attempts to form derivatives of 4 and
5 (Scheme 1), however, were unsuccessful. In another
approach 4 and 5 were converted to their phthalimide
derivatives 8 and 9, under Mitsunobu conditions, which
on treatment of either with hydrazine caused only
decomposition. In Staudinger conditions, decomposi-
tion resulted azides 10 and 11 were subjected sequen-
tially to PPh3 and water or in one-pot. In fact,
decomposition accompanied by much lower yields of
azide product resulted if any PPh3 remained after com-
pletion of the Mitsunobu reaction.


It was then realized that direct amide formation would
be the choice and the Staudinger ligation11 method
was found to be effective for the synthesis of 7 but failed
for 6 (Scheme 2). The method was applied to synthesize
several peptide derivatives in one-pot.12 However, prep-
aration of 6 was easily achieved via a direct nucleophilic
displacement of allylic hydroxyl of 4 under acidic condi-
tions (Scheme 2).


Finally, a common and direct method involving a
reductive amination approach13 starting from alde-
hydes14 (Scheme 3) was found to avoid the interme-
diates encountered during the synthesis of amino

4
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4 6
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Scheme 2. Preparation methods for 6 and 7.

derivatives. The method was applicable for the synthe-
sis of both amines 6 and 7 in excellent yields and was
also scalable.


Antitumor activity. For cytotoxicity studies, the com-
pounds were dissolved in cell culture grade DMSO
(1 mg/mL stock solution), and the solutions were
diluted in sterile 20% DMSO/phosphate-buffered saline
just prior to addition to cultures of the MV522 cells.
Control cells received equal amounts of the DMSO/
phosphate-buffered saline. As inhibition of DNA
synthesis by irofulven analogs occurs rapidly (<2 h),
DNA synthesis rate was determined after a 2-h expo-
sure by pulsing cells in culture with tritiated thymidine
for 30 min, as previously described in detail.15 Analogs
of irofulven selectively target and kill tumor cells by
apoptosis at 24 to 48 h after drug exposure.16 Cell
survival was determined at 48 h by use of trypan
blue exclusion studies as previously described in de-
tail.17 Results represent the means of 3–4 experiments
(N = 3 or 4) (see Table 1).


The results seem to indicate that the hydroxymethyl (in
4) is more effective than the hydroxypropyl (5) in
enhancing toxicity but, surprisingly, the aminomethyl
group (in 6) is less so than aminopropyl (7). Most sur-
prising is the toxicity of analog 13 which is capable of
inducing cell death at nanomolar concentrations.


In conclusion, we have synthesized a new class of iroful-
ven analogs which possess important antitumor activity.

Table 1. IC50 value (nM) for irofulven and derivatives when tested in


MV522 adenocarcinoma cells


Compound 2 h 48 h


4 110 ± 40 70 ± 10


5 500 ± 30 850 ± 180


6 8000 ± 1500 1300 ±100


7 470 ± 120 430 ± 100


12 4900 ± 900 1200 (N = 2)a


13 8900 ± 1500 170 ± 60


a Only two experiments were run.
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Abstract—The bioassay-guided purification of ether extracts of Alpinia officinarum led to the isolation of two new compounds 6-
hydroxy-1,7-diphenyl-4-en-3-heptanone (1) and 6-(2-hydroxy-phenyl)-4-methoxy-2-pyrone (4) as well as three known compounds
1,7-diphenyl-4-en-3-heptanone (2), 1,7-diphenyl-5-methoxy-3-heptanone (3), and apigenin (5). Their structures were established
on the basis of spectral methods. All three diarylheptanoids 1, 2, and 3 exhibited potent PAF receptor binding inhibitory activities
with an IC50 of 1.3, 5.0, and 1.6 lM, respectively. These studies have identified diarylheptanoids as a novel class of potent PAF
antagonists.
� 2007 Elsevier Ltd. All rights reserved.

Platelet-activating factor (PAF, 1-O-alkyl-2(R)-acetyl-
glyceryl-3-phosphorylcholine) is an endogenous
phospholipid inflammatory mediator. Since the discov-
ery of platelet-activating factor (PAF) in 1972 and its
first synthesis in 1979, it has been recognized that
PAF plays a wide range of physiological and patho-
logical roles. Inflammatory cells such as alveolar mac-
rophage, eosinophils, platelets, and neutrophils
generate PAF in response to inflammatory and im-
mune stimuli. Then PAF acting on specific G-pro-
tein-coupled receptors results in a series of biological
responses including increased vascular permeability,
hemoconcentration, hypotension, ulcerogenesis, bron-
choconstriction, triggering of airway hyperresponsive-
ness, and platelet degranulation. These
proinflammatory activities indicate that PAF could
be an important mediator in a wide range of patho-
logical conditions that have an inflammatory compo-
nent. These would include septic shock, asthma,
ischemia/reperfusion injury, pancreatitis, inflammatory
bowel disease, and rhinitis.1


In our previous work, a series of medicinal plants which
have been used to treat PAF related diseases were col-
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lected and screened for PAF receptor binding inhibitory
effects. Among the screened plants, Alpinia officinarum
showed significant inhibitory effects on the platelet-acti-
vating factor (PAF) receptor binding.2


Alpinia officinarum, as a folk medicine with local drug
names: Gao-liang-jiang, Go-ryang-gang, is widely used
to treat epigastric pains, nausea, indigestion, gastritis,
gastric and duodenal ulcer, gastroenteritis, and tinea
versicolor infection.3 Diarylheptanoids were one of
the main chemical constituents found in the rhizome
of A. officinarum, including 7-(400-hydroxy-300-methoxy-
phenyl)-1-phenyl-3,5-heptadione, 5-hydroxy-7-(400-
hydroxyphenyl)-1-phenyl-3-heptenone, 5-methoxy-7-
(400-hydroxy-300-methoxyphenyl)-1-phenyl-3-heptenone;4


7-(400-hydroxyphenyl)-1-phenyl-4-en-3-heptanone, 5-meth-
oxy-1,7-diphenyl-3-heptanone, 5-methoxy-7-(400-hydroxy-
phenyl)-1-phenyl-3-heptenone;5 octahydrocurcumin, (3R,5R)
-1-(4-hydroxyphenyl)-7-phenylheptane-3,5-diol;6 trans,-
trans-1-(30-methoxy-40-hydroxyphenyl)-7-phenyl-5-ol-4,6-
dien-3-heptanone.7 Other chemical constituents such
as phenylpropanoids,8 neolignans9 have also been
reported.


In an attempt to identify potent and novel PAF antago-
nist from medicinal plants, the bioassay-guided isolation
and purification of the extracts of A. officinarum led to
two new 6-hydroxy-1,7-diphenyl-4-en-3-heptanone (1)
and 6-(2-hydroxy-phenyl)-4-methoxy-2-pyrone (4) to-
gether with three known diarylheptanoids 2, 3 and flavo-
noid 5 (Fig. 1).



mailto:gaojunfan@yahoo.com





Figure 1. Compounds isolated from Alpinia officinarum.
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Diethyl ether extracts of A. officinarum were subjected to
silica gel column chromatography eluted with hexane/
EtOAc (50:1 in volume) to give eight fractions. All frac-
tions were evaluated for their PAF receptor binding
inhibitory activities according to the method of Valone
with some modification.10 The fraction which showed
the most significant inhibitory activities with 69% inhib-
itory effect at a concentration of 200 lg/mL was applied
to column chromatography (hexane/EtOAc 10:1 in vol-
ume) to afford eight sub-fractions. The sub-fractions
showing 66% and 82% inhibitory effect at a concentration
of 200 lg/mL, respectively, were subjected to repeated
column chromatography. Three diarylheptanoids 1, 2,
and3 were isolated from the most significantly inhibitory
(82%) sub-fraction, and compounds 4 and 5 were ob-
tained from the 66% inhibitory sub-fraction.


Compound 1 was isolated as colorless oil. The EI-mass
spectra of compound 1 showed a molecular ion peak at
m/z 280 (M+) shifting 16 mass units relative to 2 and the
molecular formula was determined to be C19H20O2. The
IR spectra showed the presence of hydroxyl group
(3550 cm�1) as well as a a,b-unsaturated carbonyl group
(1690 and 1626 cm�1). The NMR spectra of 1 corre-
sponded closely with those of compound 2. Besides
showing the two phenyl groups {d 7.18–7.40 (m,
10H)}, the 1H NMR spectra also showed the conjugated
double bond {d 6.32 (dd, J = 1.5, 15.9 Hz, 1H), 6.84 (dd,
J = 4.8, 15.9 Hz, 1H)}, however, both peaks of the al-
kene protons showed double doublets instead of double
triplets as those of compound 2. That means the hydro-
xyl group located at C-6 position. The whole structure
was further confirmed by the fragment ions m/z 189
[M�PhCH2]+ and 159 [M�PhCH2CHOH]+ in the mass
spectrum. The structure of 1 was therefore assigned as 6-
hydroxy-1,7-diphenyl-4-en-3-heptanone.11


Compound 4 was isolated as light yellow powder. The
IR spectrum of compound 4 showed the presence of hy-
droxyl group (3580 cm�1) and conjugated lactone car-
bonyl group (1645 cm�1). The NMR showed a
disubstituted phenyl group {d 8.26 (ddd, J = 0.6, 1.5,
8.4 Hz, 1H), 8.01 (ddd, J = 0.6, 1.2, 8.4 Hz, 1H), 7.67
(ddd, J = 1.5, 6.6, 8.1 Hz, 1H), 7.43 (ddd, J = 1.2, 6.6,
8.4 Hz, 1H)} and methoxyl group {d 4.42 (s, 3H)}.
The position of methoxy group at C-4 was confirmed

by the correlation between methoxy group and H-3 [d
7.05 (d, J = 2.7 Hz, 1H)] and H-5 [d 7.61 (d,
J = 2.7 Hz, 1H)] in NOESY spectra. The structure of 4
was therefore assigned as 6-(2-hydroxy-phenyl)-4-meth-
oxy-2-pyrone.12


Compounds 2, 3, and 5 were identified as 1,7-diphenyl-
4-en-3-heptanone,13 1,7-diphenyl-5-methoxy-3-heptanone,5


and apigenin, respectively, by spectral analysis and com-
parison of their physical and spectral data with those of
reference data. Of the five isolated substances, all three
diarylheptanoids 1, 2, and 3 showed potent PAF recep-
tor binding antagonistic activities with an IC50 value of
1.3, 5.0, and 1.6 lM, respectively. The inhibitory activi-
ties of compounds 4 and 5 have not been evaluated.


In recent year, a series of potent PAF antagonists with a
wide variety of structural types including synthetic PAF
analogues,14 biphenylcarboxamide,15 N-(acyloxyalkyl)
pyridinium salts,16 3-acylindole imidazopyridine,17 and
naturally occurring Ginkgolide B18 have been reported.
Several potent PAF antagonists have also been isolated
by our group, such as Pinusolide19 from Biota orientalis
and diacylglycolipid20 from Kalimeris indica. The diaryl-
heptanoids that we have identified represent a novel
structural class of potent PAF receptor binding inhibi-
tory compounds which can be used as leading com-
pounds for further structure–activity studies.
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