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Abstract—Muscarinic M2 receptor antagonists with high subtype selectivity (M2/M1) will decrease the toxicity in central nervous
system in treatment of AD. The exploration of quantitative structure–selectivity relationship (QSSR) to muscarinic M2 receptor
antagonists will provide design information for drug with fewer side effects. In this paper, CoMFA models of pKi(M1), pKi(M2)
and p[Ki(M2)/Ki(M1)] (pKi(M2) � pKi(M1)) were used to study the subtype selectivity (M2/M1) of piperidinyl piperidine deriv-
atives as muscarinic M2 subtype receptor antagonists. The parameters of the three models are: 0.633, 0.636 and 0.726 for cross-
validated r2 (r2


cv), 0.109, 0.204 and 0.09 for the Standard error of estimate (SD), respectively. The results show the model of
p[Ki(M2)/Ki(M1)] is the best one for design of piperidinyl piperidine derivatives as muscarinic antagonists with high subtype selec-
tivity (M2/M1).
� 2007 Elsevier Ltd. All rights reserved.

Alzheimer’s disease (AD), clinically characterized by a
noticeable cognitive decline defined by a loss of memory
and learning ability, is due in part to the impairment of
the cholinergic function. One of the consistent findings
in brains of AD patients is the declining level of acetyl-
choline (ACh), the muscarinic endonative agonist medi-
ated cognitive effects by stimulating the postsynaptic
muscarinic M1 receptors in central nervous system.
Since muscarinic M2 subtype receptor antagonists could
increase ACh release and improve learning ability
through its blockade of the presynaptic M2 autorecep-
tors in the brain, the development of muscarinic M2
subtype receptor antagonists becomes one of the cholin-
ergic approaches to AD by improving ACh level.1,2 As
muscarinic M1 receptors mediate the ACh effect, the
muscarinic antagonists with high subtype selectivity to
M2 receptor versus M1 one would increase the choliner-
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gic transmission with fewer side effects in the therapeutic
use. However, the muscarinic M2 subtype receptor
antagonists of practical interest have not been produced
partially because of their insufficient subtype selectivity
(M2/M1).


Some of 3D mathematic analytical methods, such as
comparative molecular field analysis (CoMFA),3 have
been widely applied in studying the quantitative struc-
ture–activity relationship (QSAR) and provided the use-
ful information to understand the relationship between
structure and activity.4,5 Lots of successful examples in
QSAR prompted us to consider whether the quantita-
tive mathematic protocols also could be effective in the
study of muscarinic subtype selectivity (M2/M1) to aid
the design of muscarinic M2 subtype receptor antago-
nists for clinical purpose. In fact, various quantitative
analytical methods have been applied in the selectivity
of ligand to receptors or subtypes of the receptors,6,7


and understanding the quantitative structure–selectivity
relationship (QSSR) is crucial for improving the subtype
selectivity. However, muscarinic subtype M2 antago-
nists have been rarely investigated with QSSR. This
paper will present the work about this by applying a
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series of piperidinyl piperidine derivatives as muscarinic
M2 subtype receptor antagonists which were synthesized
and studied pharmacologically by Wang YG group.8 As
the difference among the subtype selectivity
(M2/M1) values of these compounds is obvious and
some compounds show satisfactory subtype selectivity
(M2/M1), we thought these compounds were quite
worth discussed by QSSR. The ratio of Ki(M2) to
Ki(M1) for muscarinic antagonist, defined usually as
the subtype selectivity (M2/M1) and in fact, is largely
dependent upon its structure. According to the principle
of CoMFA, QSSR study for selectivity of muscarinic
subtype M2 antagonists could be carried out following
two approaches respectively.


Comparison of CoMFA model of pKi(M1) with that of
pKi(M2). In the process of QSAR study with CoMFA
to a series of muscarinic M1 or M2 receptor antagonists,
which usually possess identical molecule-skeleton and
relative geometry and interact with the same target
(receptor, enzyme, ion channel or transporter) in the
same manner, a set of suitable conformations of these
molecules with identical orientations in space are super-
imposed based on a rational alignment rule (such as a
pharmacophore hypothesis). Then, different atomic
probes are used to calculate the steric and electrostatic
fields of these molecules. These fields corresponding to
tables are correlated with negative logarithm of the
binding affinities (pKi(M1) (�log (Ki(M1))) or pKi(M2)
(�log (Ki(M2))) for muscarinic antagonists against M1
or M2 receptor) which are applied as the dependent var-
iable in the partial least squares (PLS) analysis of CoM-
FA. The steric and electrostatic contour plots presented
by the validated analytical result will show favourable
and unfavourable regions around the molecules in steric
as well as in electrostatic. If the steric or electrostatic
polyhedrons of the validated CoMFA models of
pKi(M1) and pKi(M2) (the models were named after
the dependent variable for convenience) appear in the
same regions of the molecules and display contrary ste-
ric and electrostatic features (for example, the red poly-
hedron in the electrostatic and green one in the steric
contours of CoMFA model of pKi(M2), while the blue
and yellow ones for of pKi(M1) appear in the same
region of the molecule), we could deduce that an
increase of electron density or steric bulk in this region
will improve the pKi(M2) values and reduce the pKi(M1)
values by comparing the two contours. Then, the struc-
tural information of improving the muscarinic subtype
selectivity (M2/M1) (p[Ki(M2)] � p[Ki(M1)]) could be
acquired explicitly. In fact, the selected molecular
conformation for alignment in building CoMFA model
plays an important role in determining the position of
the contours and the validation of the CoMFA model.
In general, applying one set of conformation for the
CoMFA studies would be beneficial to satisfy the
requirement for the polyhedrons of CoMFA models of
pKi(M1) and pKi(M2) appearing in the same regions
and being compared effectively. However, whether
CoMFA models of pKi(M1) and pKi(M2) constructed
in one set of conformation are both validated remains
unclear. In constructing CoMFA models of pKi(M1)
and pKi(M2) as two separate dependent variables, we

found it difficult that the r2
cv values of the two quantita-


tive equations constructed in one set of conformation
could both be greater than 0.5 (generally, the r2


cv value
for a validated model is greater than 0.5). Thus, we
employed two sets of conformations in practically build-
ing validated CoMFA models of pKi(M1) and pKi(M2),
and expected to get some useful structural information
for increasing the muscarinic subtype selectivity (M2/
M1) by comparing their steric and electrostatic contour
maps.


Nineteen piperidinyl piperidine derivatives are divided
into a training set (compounds marked with ‘�’) and a
test set, their binding affinities (Ki(M1), Ki(M2)) against
muscarinic M1, M2 subtype receptors, and the ratios of
Ki(M2) to Ki(M1) are listed in Table 1. The CoMFA
models of pKi(M1) and pKi(M2) were performed on a
Silicon Graphics workstation using Sybyl (version
6.9).9 The structures of all compounds in Table 1 were
input by SYBYL/SKETCH procedure. Structural ener-
gy minimization of each compound was treated by the
standard Tripos molecular mechanics force field with a
0.05 kcal/mol energy gradient convergence criterion
and a distance-dependent dielectric constant (max itera-
tion = 3000). Charges were calculated by the Gasteiger–
Hückel method, the conformation search was finished
by multiple conformational searches. Two sets of con-
formations of targeted compounds were employed in
the two CoMFA models, respectively. The alignment
rule selected in CoMFA is often critical to the analytical
result. In our case, two phenyl groups and two N atoms
in the compounds were selected as the fitting centres
marked with asterisk (*) in alignment (Fig. 1), because
they were very critical to the binding affinity against
muscarinic M1 or M2 subtype receptor.8,10–13 For the
alignment, all aligned compounds were superimposed
using an atom-by-atom least square. Compound 4 was
selected as template in the SYBYL Fit option due to
its highest subtype selectivity (M2/M1) and higher bind-
ing affinities against muscarinic M1 and M2 subtype
receptors. The aligned molecules were put into a 3D grid
with a distance-dependent constant spacing of 2 Å, and
sp3 carbon probe atom with +1 charge was used to esti-
mate the steric and electrostatic fields. Values of the ste-
ric and electrostatic energies were truncated at 30 kcal/
mol. The pKi(M1) or pKi(M2) was, respectively,
employed as the dependent variable and regression anal-
ysis of the resulting matrix was performed by PLS linear
regression for the training set. To speed up the PLS
analysis and reduce noise, column filtering was set at
2.0 kcal/mol. The optimal number of components (N)
was employed to do no validated PLS analysis to get
the conventional correlation coefficient (r2) and the
cross-validated r2 (r2


cv) of the training set determined
by a leave-one-out (LOO) was applied for the validation
of the two CoMFA models following the general under-
standing of this method. The compounds of test set were
utilized for external model validation.


Analysis of steric and electrostatic contours of validated
CoMFA model of p[Ki(M2)/Ki(M1)]((�log(Ki(M2)))
(�log(Ki(M1)))). Lots of studies about the binding sites
of diverse muscarinic subtype receptors by simulating the







Table 1. Structures of piperidinyl piperidine derivatives, associated binding affinities (Ki(M1), Ki(M2)) and subtype selectivity (M2/M1) (Ki(M2)/


Ki(M1))
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Compound R Binding affinity (Ki, nM) Subtype selectivity (M2/M1)


Ki(M1)b Ki(M2)a Ki(M1)/Ki(M2)a Ki(M2)/Ki(M1)c


1� H 9.1 1.14 8 0.125


2� CO–Et 60.8 3.8 16 0.063


3 CO-n-C3H7 42.18 0.38 111 0.009


4� CO-cyclopropyl 68.12 0.26 262 0.004


5� CO-i-C3H7 116.6 2.2 53 0.019


6� CO–CH2Ph 95.68 2.99 32 0.031


7 SO2–Et 74.52 0.46 162 0.006


8� SO2-n-C3H7 25.81 0.29 89 0.011


9� SO2-i-C3H7 31.68 0.16 198 0.005


10� SO2-n-C4H9 57 0.38 150 0.007


11 SO2–Ph 37.44 0.36 104 0.010


12� SO2–CH2Ph 33.35 1.45 23 0.044


13� COO–Me 60.39 0.99 61 0.016


14� COO–Et 6.49 0.11 59 0.017


15� COO-n-C3H7 40.71 0.59 69 0.015


16 COO-i-C3H7 14.76 0.41 36 0.028


17� COO-n-C4H9 9.8 0.35 28 0.036


18� COO-i-C4H9 10.5 0.30 35 0.029


19� COO–CH2Ph 10.8 0.45 24 0.042


a From Ref. 8.
b Ki(M1) values were calculated from data Ki(M2) and Ki(M1)/Ki(M2)a.
c Ki(M2)/Ki(M1) values were calculated from data Ki(M1)/Ki(M2)a.
� In training set.
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Figure 1. Structure of piperidinyl piperidine derivatives.
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interaction between ligand and receptor, applying site-di-
rected mutagenesis skills,14,15 have indicated that these
subtypes of muscarinic receptor share a common binding
pocket16,17 which was mainly composed of the conserved
residues in transmembranes (TMs) 3, 4, 5, 6 and 7.18,19


Some muscarinic antagonists with intermediate dimension
could partially get into this binding pocket. The inner part
(within the pocket) of the molecule could bind with the
conserved residues in TM regions, while the outer part
(outside the pocket) with the non-conserved in some intra-
cellular loops (such as e2 loops), by steric and electrostatic
interactions.16 The common features of interactions be-
tween the inner part of the muscarinic antagonist and
the conserved residues in TM regions of muscarinic M1
or M2 receptors resulted in less subtype selectivity (M2/
M1) of muscarinic antagonists. Whereas, the various fea-

tures of the interactions between the outer part of the mus-
carinic antagonist and the non-conserved residues in the
loop regions of muscarinic M1 or M2 subtype receptors
might contribute to the subtype selectivity (M2/M1) and
display the difference between the binding affinity
(Ki(M1)) and that (Ki(M2)). The regularity and half-rigid-
ity of the a-helix structure in the TM regions prompt the
3D-structures of the binding pockets being highly con-
served. The conserved pocket regulates the same binding
conformation and its orientation for the muscarinic antag-
onist in its binding with muscarinic M1, M2 subtype recep-
tors. The agreement of conformation and orientation
selected for the muscarinic antagonist in binding with the
two muscarinic subtype receptors, along with the identical
orientation in space for the series of muscarinic antagonists
with common molecular skeleton, provides rational struc-
tural basis for directly studying the quantitative relation-
ship between the subtype selectivity (M2/M1) of
muscarinic antagonists and their structures with CoMFA.
Following this expectation, the negative logarithm of the
ratio of Ki(M2) to Ki(M1) (p[Ki(M2)/Ki(M1)]) was used
as the dependent variable in building the CoMFA model
of p[Ki(M2)/Ki(M1)]. The CoMFA manipulate followed
the above studies to the CoMFA models of pKi(M1)
and pKi(M2). The M2/M1 subtype selectivity was ob-
served by the CoMFA model of p[Ki(M2)/Ki(M1)] based
on an interesting QSSR study.







Table 2. CoMFA analytical results about binding affinities (Ki(M1), Ki(M2)) and subtype selectivity (M2/M1) (Ki(M2)/Ki(M1)) of piperidinyl


piperidine derivatives


Dependent variable pKi(M1)a pKi(M2)b p[Ki(M2)/Ki(M1)]c


Cross-validated r2 (r2
cv) 0.633 0.636 0.726


Standard error of estimate (SD) 0.109 0.204 0.09


Conventional r2 0.944 0.835 0.967


Optimal component (N) 3 2 4


F value 62.38 30.34 72.14


Relative steric contribution 0.451 0.498 0.358


Relative electrostatic contribution 0.549 0.502 0.642


a pKi(M1) = �logKi(M1).
b pKi(M2) = �logKi(M2).
c p[Ki(M2)/Ki(M1)] = pKi(M2) � pKi(M1).
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All parameters of the three CoMFA models of pKi(M1),
pKi(M2) and p[Ki(M2)/Ki(M1)] are listed in Table 2. The
optimum values of cross-validated r2 (r2


cv) are 0.633
(N = 3), 0.636 (N = 2) and 0.726 (N = 4), respectively.
The values of conventional r2 are 0.944, 0.835 and
0.967. In the analyses of CoMFA models of pKi(M1)
and pKi(M2), the standard errors and F values are
0.109, 0.204 and 62.38, 30.34, while in that of CoMFA
model of p[Ki(M2)/Ki(M1)], 0.09 and 72.14. The relative
contributions of steric and electrostatic fields are almost
identical in the CoMFA models of pKi(M1) and
pKi(M2), while the relative contributions of steric and
electrostatic fields are 64.2% and 35.8%, respectively,
in the CoMFA model of p[Ki(M2)/Ki(M1)], indicating
that the p[Ki(M2)/Ki(M1)] value largely depends on the
electrostatic field. The predicted values of pKi(M1),
pKi(M2) and p[Ki(M2)/Ki(M1)] and their residuals of
the analyzed compounds by the three CoMFA models
are listed in Table 3. Figures 2a–c show three effective
plots of predicted pKi(M1), pKi(M2) and p[Ki(M2)/
Ki(M1)] versus observed ones for the training set. All

Table 3. Observed and predicted negative logarithm of the binding affinities


piperidinyl piperidine derivatives by the three CoMFA models


Compound pKi(M1)


(Obs.) (Pred.) Res. (Obs.)


Training set


1 8.041 7.969 0.072 8.943


2 7.216 7.220 �0.004 8.420


4 7.167 7.059 0.108 9.585


5 6.933 7.051 �0.118 8.658


6 7.019 7.040 �0.021 8.524


8 7.588 7.475 0.113 9.538


9 7.499 7.373 0.126 9.796


10 7.244 7.403 �0.159 9.420


12 7.477 7.466 0.011 8.839


13 7.219 7.241 �0.022 9.004


14 8.188 8.039 0.149 9.959


15 7.390 7.422 �0.032 9.229


17 8.009 8.137 �0.128 9.456


18 7.979 8.059 �0.08 9.523


19 7.967 7.981 �0.014 9.347


Test set


3 7.375 7.161 0.214 9.420


7 7.128 7.365 �0.237 9.337


11 7.427 7.344 0.083 9.444


16 7.831 7.894 0.072 9.387

the three resultant CoMFA models had fair predictive
abilities.


The steric and electrostatic fields based on PLS analysis
are represented as 3D contour maps in Figures 3–6. In
Figures 3a, b and 5, the green regions indicate areas
where steric bulk enhances the binding affinities of tar-
geted compounds against the muscarinic M1 and M2
receptors and subtype selectivity (M2/M1), while the yel-
low regions the less steric bulk is favoured to the binding
affinities and subtype selectivity (M2/M1). In Figures 4a,
b and 6, the blue regions indicate areas where electro-
positive groups enhance binding affinities and subtype
selectivity (M2/M1), while the red regions electronega-
tive groups enhance binding affinities and subtype selec-
tivity (M2/M1).


In Figures 3a and b, a large green polyhedron appears in
the same lower regions of the substituted R group which
is in the right part of the molecules, and the polyhedrons
in the upper regions are all yellow. The agreement of the

(Ki(M1), Ki(M2)) and subtype selectivity (M2/M1) [Ki(M2)/Ki(M1)] of


pKi(M2) p[Ki(M2)/Ki(M1)]


(Pred.) Res. (Obs.) (Pred.) Res.


8.877 0.066 0.903 0.894 0.009


8.378 0.042 1.204 1.205 �0.001


9.544 0.041 2.418 2.416 0.002


8.731 �0.073 1.724 1.719 0.005


8.463 0.061 1.505 1.522 �0.017


9.516 0.022 1.949 2.077 �0.128


9.636 0.16 2.297 2.347 �0.050


9.515 �0.095 2.176 2.083 0.093


8.885 �0.046 1.362 1.400 �0.038


9.396 �0.392 1.785 1.723 0.062


9.479 0.48 1.771 1.727 0.044


9.452 �0.223 1.839 1.661 0.178


9.447 0.009 1.447 1.533 �0.086


9.471 0.052 1.544 1.549 �0.005


9.446 �0.099 1.380 1.461 �0.081


9.507 �0.087 2.045 2.216 �0.171


9.494 �0.157 2.210 2.176 0.034


9.302 0.142 2.017 2.022 �0.005


9.475 0.066 1.556 1.765 �0.209







Figure 2. Predicted versus observed negative logarithm of (a) binding


affinity (Ki(M1)) (b) binding affinity (Ki(M2)) (c) subtype selectivity


(Ki(M2)/Ki(M1)) for the training set derived from the three CoMFA


models, respectively.
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feature of steric contour polyhedrons in the same
regions surrounding the substituted R group could not
provide us the effective steric information of the struc-
ture for increasing the subtype selectivity (M2/M1).
But, the largest green polyhedron in the regions of the
substituted R group in Figure 5 directly indicates steric
bulk of the R group enhances subtype selectivity (M2/
M1) as a whole. The compound 1 with the least steric
bulky substituted H atom, in the training set obviously
has the lowest subtype selectivity (M2/M1) (p[Ki(M2)/
Ki(M1)] = 0.903).


The upper regions of the substituted R group regions
display red polyhedron in Figure 4a and blue one in Fig-
ure 4b, indicating that the positive charge in the regions
will increase pKi(M2) values, meanwhile decreasing the
pKi(M1) values. It could be deduced that the positive
charge in this region will increase the subtype selectivity
(M2/M1). The result is in good agreement with that
acquired directly from Figure 6 in which the large blue
electrostatic polyhedron in the upper regions of the R
group provides identical structural clues for increasing
the subtype selectivity (M2/M1). It is elucidated by the
observed p[Ki(M2)/Ki(M1)] values that 10 (p[Ki(M2)/
Ki(M1)] = 2.176) with sulfonyl in R group, which
strongly withdraws electron, has higher value of
p[Ki(M2)/Ki(M1) than that of its carbonate derivative
17 (p[Ki(M2)/Ki(M1)] = 1.447). Identically, by compar-
ing the polyhedrons in the same lower regions of the
substituted R group in Figures 4a and b, we could con-
clude that negative charge in the regions would be ben-
eficial to the subtype selectivity (M2/M1) in the light of
above analytical protocol. This result could also be sug-
gested by the red polyhedron appearing in the same
regions of substituted R group in Figure 6.


In Figures 5 and 6, one small yellow polyhedron near
the position of carbonyl or sulfonyl in substituted R
group indicates areas where steric bulk would modestly
lower the muscarinic subtype selectivity (M2/M1).
According to this suggestion, the compound with sulfo-
nyl in the R group should have less subtype selectivity
(M2/M1) than that of its carbonyl derivative. Whereas
the sulfonyl group has higher ability of withdrawing
electron than the carbonyl group theoretically and is
beneficial to the subtype selectivity (M2/M1) of the com-
pound refered to in the electrostatic field discussion
above. These contradictious suggestions indicate that
the substitution effect should be a little complicated.
Considering the electrostatic contribution to the subtype
selectivity is 64.2%, we speculate that the electrostatic
factor should control the subtype selectivity (M2/M1).
It is well elucidated by the fact that 9 (p[Ki(M2)/
Ki(M1)] = 2.297) with sulfonyl group has higher selectiv-
ity than that of 5 (p[Ki(M2)/Ki(M1)] = 1.724) with car-
bonyl group. Nevertherless, that the selectivity of
sulfonyl 8 (p[Ki(M2)/Ki(M1)] = 1.949) with sulfonyl
group is weaker than that of its carbonyl derivative 3
(p[Ki(M2)/Ki(M1)] = 2.045) indicates that the steric fac-
tor should not be underestimated to some extent. Fur-
thermore, i-C3H7, in the R group of 5, 9, 16, was
more bulky and electron-donating than n-C3H7, in the
R group of 3, 8, 15. The bulky effect would be beneficial







Figure 3. CoMFA SD * coeff. steric contour plots; green represents regions where steric bulk is predicted to increase binding affinity, and yellow


represents regions where an increase of steric bulk is predicted to decrease binding affinity. The template 4, compounds 9 and 17 are displayed to aid


interpretation. (a) for pKi(M1) values (b) for pKi(M2) values.


Figure 4. CoMFA SD * coeff. electrostatic contour plots; red contours represent regions where high electron density (negative charge) is expected to


increase binding affinity, and blue contours represent regions where low electron density (partial positive charge) is predicted to increase binding


affinity. The template 4, compounds 9 and 17 are displayed to aid interpretation. (a) For pKi(M1) values (b) for pKi(M2) values.


Figure 5. CoMFA SD * coeff. steric contour plots; green represents


regions where steric bulk is predicted to increase muscarinic subtype


selectivity (M2/M1), and yellow represents regions where an increase of


steric bulk is predicted to decrease muscarinic subtype selectivity (M2/


M1). The template 4, compounds 9 and 17 are displayed to aid


interpretation.


Figure 6. CoMFA SD * coeff. electrostatic contour plots; red contours


represent regions where high electron density (negative charge) is


expected to increase muscarinic subtype selectivity (M2/M1), and blue


contours represent regions where low electron density (partial positive


charge) is predicted to increase muscarinic subtype selectivity (M2/


M1). The template 4, compounds 9 and 17 are displayed to aid


interpretation.
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to the subtype selectivity (M2/M1) of 5, 9, 16, whereas
the electron-donating effect by influencing sulfonyl
(–SO2), carbonyl (–CO) and esteryl (–COO) groups would
decrease that of 5, 9, 16 according to above discussions.
However, the influence of i-C3H7 and n-C3H7 groups to
the electrostatic effects of –SO2, –CO and –COO groups
may be different. The subtype selectivity (M2/M1) of
compound 9 (SO2-i-C3H7, p[Ki(M2)/Ki(M1)] = 2.297)
was higher than that of 8 (SO2-n-C3H7, p[Ki(M2)/
Ki(M1)] = 1.949), whereas the selectivity of compounds
5 (CO-i-C3H7, p[Ki(M2)/Ki(M1)] = 1.724) and 16
(COO-i-C3H7, p[Ki(M2)/Ki(M1)] = 1.556) was lower than
that of 3 (CO-n-C3H7, p[Ki(M2)/Ki(M1)] = 2.045) and 15
(COO-n-C3H7, p[Ki(M2)/Ki(M1)] = 1.839). This means
that the influence of electron-donating effect of i-C3H7


and n-C3H7 groups to the electrostatic effect of –SO2


groups is weak, but to –CO and –COO groups crucial.


According to the above discussions on Figures 3 and 4,
the steric information for improving the subtype selec-
tivity (M2/M1) by comparing the two steric contour
maps of CoMFA models of pKi(M1) and pKi(M2) could
not be derived. Whereas, the electrostatic features of
increasing the subtype selectivity by comparing their
electrostatic contour maps are acquired and the analyt-
ical result is in good agreement with that directly con-
cluded from the electrostatic contour map of CoMFA
model of p[Ki(M2)/Ki(M1)] (Fig. 6). This indicates that
the protocol of acquiring the structural clues for
improving the selectivity by comparing the two 3D
contour plots is a little complicated and could not be
completely excluded in practical QSSR studies.
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We have successfully constructed three validated CoM-
FA models of pKi(M1), pKi(M2) and p[Ki(M2)/Ki(M1)]
in the case of employing three diverse sets of conforma-
tion of piperidinyl piperidine derivatives as muscarinic
receptor antagonists. All of the three models had good
statistical results in terms of r2


cv values and proved good
predictive abilities. The contour diagrams of CoMFA
model of p[Ki(M2)/Ki(M1)] obtained for the field contri-
bution could gain insight into the influence of their steric
and electrostatic properties on the subtype selectivity
(M2/M1) and account for the muscarinic subtype selec-
tivity (M2/M1) trend among the analyzed molecules.
The analytical result provided the basis for the screening
of muscarinic M2 subtype receptor selective antagonists.
The quantitative analytical methodology described here-
in for QSSR study by CoMFA may be applied in many
other medicinal studies.
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Abstract—A novel class of indole ligands for estrogen receptor a have been discovered which exhibit potent affinity and high selec-
tivity. Substitution of the bazedoxifene skeleton to the linker present in the HTS lead 1a provided 22b which was found to be
130-fold a-selective and acted as an antagonist of estradiol activity in uterine tissue and MCF-7 cancer cells.
� 2007 Elsevier Ltd. All rights reserved.

Estrogen interacts with the estrogen receptors ERa and
ERb, and controls multiple functions in mammalian tis-
sues and plays a crucial role in female reproduction,
bone formation, and cardiovascular and CNS health.1


Since the introduction of selective estrogen receptor
modulators (SERMs),2 much interest has been focused
on this class of compounds as an alternative approach
for hormone replacement therapy (HRT). Although
the clinical advantages of SERMs over conventional
HRT are well known, current SERMs have disadvan-
tages as well.3 Like estrogen, raloxifene,4 bazedoxifene,5


as well as all other third generation SERM candidates,
exhibit balanced binding to the estrogen receptors. With
the recent discovery of the ERb receptor,6 efforts to
develop subtype selective ligands have been pursued,
in an effort to identify compounds with unique biologi-
cal properties. We have recently disclosed our findings
on the SAR of the flavanoid,7a,c dihydrobenzox-
athiin,7b–k and chromane7e,f classes as potent selective
estrogen receptor a modulators (SERAMs). We now re-
port on the discovery of a unique class of compounds
possessing a 2-aryl indole platform 1a, uncovered from
HTS screening that was further pursued as a novel
SERAM. The acetamide linked 2-aryl indole 1a demon-
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strated exceptional subtype selectivity for ERa (>400-
fold), but exhibited agonism in an immature rat uterine
weight gain model while no measurable biological activ-
ity in an MCF-7 cell proliferation assay was observed.


The introduction of the 4-hydroxyphenyl group and chi-
ral acetamide side chain afforded 1d (Table 1) that main-
tained high subtype selectivity while demonstrating a
10-fold greater affinity for ERa, however, it exhibited
similar activity in MCF-7 cells. Molecular modeling of
1d with raloxifene (Fig. 1) prompted a synthetic effort
to evaluate substituted 2-aryl indoles bearing basic ami-
no side chains at the 4–7 positions in an attempt to in-
voke antagonism.


HN


NH


O


1a


N


HO


ON


OH


Bazedoxifene

The high selectivity of 1d could be rationalized from the
X-ray crystal. Complex of the ligand with ERa8 (Fig. 1)
which suggests that selectivity may be partially due to
the interaction of the acetamide carbonyl and chiral
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Scheme 1. Reagents and conditions: (a) EDC, DMAP, CH2Cl2 or


DMSO, rt, 47–78%; (b) 2 N aq HCl, 60 �C, 75–90%; (c), EtN(i-Pr)2,


MOMCl, DCM, 0 �C, 82%; (d) NH4OAc, NaCNBH3, MeOH, 3A-


Sieves 43–52%.


Table 1.


N


R


O


H


Compound R ERa/ERb15


IC50 (nM)


MCF-716


IC50 (nM)


Uterine weight17


% inhibition/% control


(antagonism/agonism)


1a
H
N 11/4900 >1000 �4/40


1b H
N


OH
1/78 >1000 �4/83


1c H
N


OH
37/1582 >1000 —


1d H
N


OH
1/94 >1000 —


Figure 1. Comparison of crystallographic complex of 1d (cyan) against


raloxifene (white). hERa is depicted in purple and hERb in green.


Residue numbering is hERa unless otherwise indicated.
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methyl substituent of 1d with the two discriminating res-
idues in the two receptor isoforms (Leu 384 ERa and
Met 336 ERb), which favors the less sterically con-
strained ERa receptor, as was similarly hypothesized
with both the flavanoid7a,c and dihydrobenzoxathiin7b–g


SERAMs. In addition, the increase in steric size of the
pendant 2-phenyl substituent on the indole scaffold of
1d may be further constrained due to the Il373 residue
found in ERb, but seems to be better accommodated
by the conformation of the Met 421 residue found in
the same position in ERa.


Compounds 1a–b were synthesized from 2-aryl indole-3-
acetic acid (2) (commercially available) with the requi-
site secondary amines 4a-b in the presence of the amide
coupling agent EDC. Both 4a and 4b were obtained by
reductive amination of the corresponding commercial
ketones, using ammonium acetate and sodium cyano-

borohydride (Scheme 1). The chiral 4-hydroxyphenyl
butylamines 4c–d9 were coupled to afford the desired
chiral acetamides 1c–d. Higher yields of 1b were ob-
served using the MOM-protected phenol 3c, which elim-
inated the ester by-products that were typically observed
in �10% yield, in the case of the non-protected phenols.
Exposure of 3b to EtN(i-Pr)2, followed by MOMCl in
DCM, at 0 �C, provided the MOM-protected intermedi-
ate 3c. Deprotection of 1e was accomplished using 2 N
aq HCl to give 1b.


The 4–7 substituted indoles were accessed from the
Fischer indole synthesis using the conditions described
by Hutchins and Chapman10 and the pivotal chiral
acetamide precursor 6, which was obtained from the
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Scheme 2. Reagents and conditions: (a) EDC, DMAP, N-methylmorpholine, DCM, rt, 3 h, 63%; (b) HOAc, ZnCl2, 70 �C, 18 h, 54%; (c) NaH, DMF,


0 �C; (d) MOMCl, 2 h, 90%; (e) 1 wt. equiv of Pd-black, NH4CO2H, 7:3:1 EtOH–EtOAc–H2O, 70 �C, 10 min, 100%; (f) 6 equiv chloroalkylpiperidine or


chloroalkylpyrrolidine hydrochloride, 11 equiv Cs2CO3, acetone, 10% H2O, 60 �C, 3 h, 34–65%; (g) 1—6 equiv Br(CH2)nBr, 11 equiv Cs2CO3, acetone,


10% H2O, 60 �C, 1.5 h; 2—20 equiv piperidine or pyrrolidine, 1 equiv, KI, DMF, 80 �C, 1 h, 60–70%; (h) 2 N aq HCl, MeOH, 80 �C, 1 h, 81–90%.
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coupling of the chiral 4-hydroxyphenyl butylamine 4d
and 3-benzoylpropionic acid (5), (Scheme 2). Treat-
ment of the chiral acetamide 6 with the requisite ben-
zyl-protected hydrazines, in the presence of zinc
chloride, provided the desired indoles 7a–d. Treatment
of the phenols 7a–d, with NaH and MOMCl, gave
the desired MOM-protected indoles 8. Removal of
the benzyl protecting groups was accomplished using
Pd black and ammonium formate to afford the
hydroxyindole intermediates 9, that were readily
alkylated and converted to the piperidinyl or pyrrolid-
inyl analogs 10. Deprotection of 10 using acidic con-
ditions provided analogs 11a–n, after purification by
HPLC.


Compounds 11a–n were evaluated in the estrogen recep-
tor binding assay, an MCF-7 cell proliferation assay and
an immature rat uterine weight assay (Table 2).


Although high affinity and selectivity for ERa was
observed for most of the compounds obtained in this
series, only partial antagonism (23%) was exhibited
from the piperidinyl compounds 11f and 11n.


Interestingly, the X-ray crystal complex of partial antag-
onist, 11f, with ERa8 revealed a close interaction be-
tween the basic side chain nitrogen and the Asp 351
residue in ERa (Fig. 2), believed to be necessary for
antagonism.


In an analogous attempt to introduce SERAM like
properties to this class, several N-alkylated indole ana-

logs (12e–h) bearing basic side chains were accessed
from 1e, where it was hoped that either benzyl or benzoyl
linked basic side chains (similar to the SERMs raloxif-
ene and bazedoxifene) could also access the Asp 351
residue.


Compounds 12e–h were synthesized according to Mill-
er’s protocol,5 followed by the deprotection of the
MOM protecting groups, shown in Scheme 3.


Compounds 12e–h also demonstrated high affinity and
selectivity for ERa, but likewise exhibited disappointing
in vivo antagonism (Table 3), based on MCF-7 cell pro-
liferation and immature rat uterine weight evaluations.
This suggested that the positioning of the basic side
chain was either not proximal to the Asp 351 residue
or that the necessary conformation of the basic side
chain was not achieved.


It is known that both the ligand and the basic side
chain must interact with the binding elements in the
estrogen receptor in a specific conformation and that
minor changes in orientation can greatly impact the
functional activity.4–k The X-ray crystal structure of
raloxifene with ERa demonstrates that the basic side
chain exists relative to benzothiophene core in an
orthogonal array.11 It was postulated that the partial
antagonism observed with 11f, 11n, and 12e could
be the result of an unfavorable conformation between
the indole core and the basic side chain, which based
on the X-ray crystal complexes resides in a skewed
planar fashion.
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IC50 (nM) (selectivity)


MCF-716 inhibition


IC50 (nM)


Uterine weight17


% inhibition/% control


(antagonism/agonism)


(11a) 4 2 N 1134/>10000 (–) — —


(11b) 5 2 N 378/>10000 (–) — —


(11c) 5 3 N 40/>10000 (–) — —


(11d) 5 4 N 31/5594 (180.3) 900 —


(11e) 5 5 N 6.6/2954 (447.6) 318 �7.8/�6.9


(11f) 6 2 N 8/1231 (153.8) 42.7 23/16


(11g) 6 3 N 13/2340 (180) 79 �3.8/�4.0


(11h) 6 4 N 10.1/394 (39.4) 220 —


(11i) 6 2 N 22/4749 (215.8) 130 —


(11j) 6 3 N 9.1/2653 (291.5) 28 —


(11k) 7 2 N 440/>10000 (–) — —


(11l) 7 3 N 69/3250 (47.1) — —


(11m) 7 4 N 23/3688 (160.3) — —


(11n) 7 5 N 13/2338 (179.8) — 23/2


Figure 2. Comparison of crystallographic complex of 11f (orange)


against raloxifene (white). hERa is depicted in purple and hERb in


green. Residue numbering is hERa unless otherwise indicated.
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In an effort to introduce an orthogonal conformation
between the basic side chain of 1d and the ASP 351 res-
idue in ERa, it was envisioned, based on the modeling of

1d with raloxifene or bazedoxifene, that the introduction
of the chiral tether of 1d at the 2-position of a known
SERM scaffold (i.e., bazedoxifene) may provide novel
compounds with SERAM properties (Fig. 3).
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This hypothesis was readily explored from the synthons
on hand using the synthetic route detailed in Scheme 4.


To that end, the syntheses of 22a and 22b were accom-
plished, starting from the indole 13.12 Demethylation
of 13 was accomplished using BBr3 and subsequent pro-
tection of the 5-hydroxyindole 14 with TIPS gave 15.
Alkylation of the indole 15 was carried out using NaH

O N
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; (b) NaH, DMF, 0 �C, TIPSCl, 92%; (c) 1—NaH, DMF, 0 �C, 2—16,


(e) DPPA, DBU, THF, 0 �C to rt, 4 h, 41% isolated yield of azide; (f)


HF, 0 �C, 100%; (h) EDC, DMAP, B, 1:1 CH2Cl2/DMSO, rt, 65%; (i)
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in DMF at 0 �C followed by the addition of the benzyl
bromide 16 to provide 17 in 90% yield.


The reduction of the ketone 17 with (R)-2-methyl-CBZ-
oxazoboroline in THF at 0 �C afforded the desired chiral
alcohol 18 (81% ee).13 Conversion of 18 to the azide
using DPPA and DBU afforded separable mixtures of
the desired azide 19 and the vinyl product 20. Similar at-
tempts to prepare 19 from activating the alcohol 18 via
the mesylate or using Mitsunobu conditions afforded
only the elimination by-product 20.


The displacement reaction of 19 using piperidine or with
b-methyl pyrrolidine,7j followed by reduction of the
azide, yielded the pivotal amines 21a–b. In turn, 21a–b
were coupled using EDC in 1:1 DCM/DMSO with cat-
alytic DMAP and 3-indole acetic acid (2), followed by
subsequent deprotection of the TIPS protecting group
using TBAF and chiral resolution of the enantiomerical-
ly enriched products using chiral HPLC14 to afford the
desired bazedoxifene-like derivatives 22a–b.


The biological evaluation of 22b (Table 3) demonstrated
high affinity and selectivity for ERa (�130-fold) while
showing moderately improved antagonism (76%). Inter-
estingly, 22a bearing a chiral b-methyl pyrroline side
chain, found to impart exceptional antagonism in the di-
hydrobenzoxathiin series,7i provided only a modest gain
in antagonism. This observation was similarly reported
by Blizzard et al.7k regarding the SAR of SERMs pos-
sessing the super antagonist side chains.


Although excellent potency and selectivity for this class
was maintained, measures of MCF-7 cell proliferation
for both 22a and 22b were less than those observed with
our prior classes of compounds.


In conclusion, we have discovered a novel class of 2-aryl
indoles that have high subtype selectivity and high affin-
ity for ERa, while demonstrating in vivo antagonism.
The interactions of the basic side chain, in the case of
11f, with the Asp 351 residue in ERa confirmed our
molecular modeling hypothesis.


In addition, the combination of bazedoxifene or similar
SERM platforms that adopt the required antagonist
confirmation, with the subtype selective acetamide link-
er, could lead to novel SERAMs with unique biological
profiles and tissue selectivities.
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Abstract—A novel series of potent dual agonists of PPARa and PPARc, the alkoxybenzylglycines, was identified and explored using
a solution-phase library approach. The synthesis and structure–activity relationships of this series of dual PPARa/c agonists are
described.
� 2007 Elsevier Ltd. All rights reserved.

Peroxisome proliferator-activated receptors (PPARs)1


are nuclear hormone receptors which act as transcrip-
tion factors in the regulation of genes involved in glu-
cose and lipid metabolism, and vessel wall function.
They are, therefore, relevant targets in such disease
areas as diabetes mellitus, obesity, inflammation, and
atherosclerosis. PPARa (expressed highly in the liver
and involved in fatty acid oxidation and lipoprotein
metabolism) is the target of the fibrate class of hypolip-
idemic drugs such as fenofibrate2 and gemfibrozil.3


PPARc (predominantly expressed in adipose tissue
and implicated in insulin sensitization, glucose and fatty
acid utilization as well as adipocyte differentiation) is the
target of the thiazolidinedione (TZD)4 class of antidia-
betic drugs such as rosiglitazone5 and pioglitazone.6 It
has therefore been hypothesized that a dual PPARa/c
agonist that would improve insulin sensitivity, lower
glucose and correct lipid abnormalities would be highly
beneficial for the treatment of type 2 diabetes and asso-
ciated dyslipidemia. The clinical utility of dual PPARa/c

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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agonists has been demonstrated in patients with type 2
diabetes.7


In this paper, we report on the initial SAR of the novel alk-
oxybenzylglycines 1 and 2, which are shown to be PPAR
ligands with potent agonist activities at both PPARa and
PPARc. The concept and design of the alkoxybenzylgly-
cines as PPAR ligands has been discussed in an earlier
publication.8 We decided to initiate our studies on explor-
ing the alkoxybenzylglycine chemotype through the syn-
thesis of tertiary aminoacid analogs with a two-carbon
linker, commonly used in the PPAR literature, between
the phenyloxazole and the central phenyl ring.


The initial lead compound, benzylamine 2a (Table 2),
displayed modest binding affinity to and promising
functional activity at both PPARa and PPARc. We
decided to explore the SAR of this initial lead com-
pound through the preparation of two solution-phase
libraries, as described below.


The key intermediate aminoacids 8 and 9 were prepared
in good yield, respectively, from 3- and 4-hydroxybenz-
aldehyde via: (1) reductive amination9 of 6 and 7 with
glycine tert-butyl ester/NaBH4 and (2) acidic deprotec-
tion of the tert-butyl ester (Scheme 1).
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Scheme 1. Synthesis of secondary amines.
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We began our SAR studies by synthesizing a number of
tertiary amine analogs individually via reductive amina-
tion of the corresponding methyl or tert-butyl esters of 8
or 9.10a Subsequently, solution-phase libraries of tertiary
amines 1 and 2 in both the 1,3- and 1,4-oxybenzylglycine
series, respectively, were synthesized by reductive amina-
tion of aminoacids 8 and 9 with a diverse set of aromat-
ic, heteroaromatic and aliphatic aldehydes in a parallel
format. It is notable that satisfactory purification of
the crude reductive amination products was achieved
using solid-phase extraction (anion-exchange SAX
cartridges).10b


A number of tertiary amino acids in the 1,3-substituted
alkoxyphenyl series 1 are potent PPARa-selective ago-
nists (1a, 1c, 1e, 1g, 1h, and 1i). Compounds 1b and
1d (Table 1, R1 = 2-phenylethyl and 4-phenoxybenzyl,
respectively) both showed relatively equivalent activity
at PPARa and PPARc (<3-fold difference). Moreover,
compound 1d is 2-fold less potent than rosiglitazone at
PPARc [EC50 = 67 nM; EC50 (rosiglitazone) = 35 nM]
and 2-fold more potent than the reference PPARa/c
dual agonist GW-2331 at PPARa [1d EC50 = 30 nM;

Table 1. In vitro activities against PPARc and a in the 1,3-substituted serie


ON


O
1


Compound R1 PPARc
IC50 (lM)


HEK (PP


EC50 (lM


(% at 1 l


GW233115 0.670 0.249 ± 0


Rosiglitazone 0.256 0.035 ± 0


1a Benzyl10a 0.240 0.295 ± 0


1b 2-Phenylethyl10a 0.134 0.108 ± 0


1c 3-Phenylpropyl10a 0.773 0.901 ± 0


1d 4-Phenoxybenzyl10a 0.23 0.067 ± 0


1e 3-Phenoxybenzyl10a 0.11 0.359 ± 0


1f 4-Benzyloxybenzyl10b 0.183 0.412 ±0


1g 1-Naphthylmethyl10a 0.067 0.036 ± 0


1h 2-Naphthylmethyl10a 0.145 1.39 ± 0.


1i 1H-indol-2-ylmethyl10a 0.540 0.759 ± 0


1j 1-[2,2 0]Bithiophenyl-5-ylmethyl10a 0.101 0.082a (3


a No dose–response or the curve did not top out in 2 other assay runs.
b ND, not determined.

EC50 (GW-2331) = 71 nM]. Overall, analogs with an
arylalkyl group (e.g., benzyl, heteroarylmethyl) at R1


showed comparable potencies in terms of PPARa and
PPARc binding affinity as well as functional activity.
In the 1,3-alkoxybenzylglycine series 1, increasing the
linker length between the phenyl group and the glycine
amine (analogs 1a–c) results in only a modest change
in binding or functional activity even though 1c displays
a PPARa EC50 which is 19-fold more potent than its
PPARc EC50. Annulation of the N-benzyl analog (1a)
to provide the 1-naphthylmethyl compound 1g resulted
in increased binding and functional activity at both
receptors with nearly equivalent activity in their ability
to differentiate 3T3L1 preadipocytes. However, the
regioisomeric 2-naphthylmethyl analog (1h) showed
decreased transactivation activity at both receptors.


The 1,4-alkoxyphenyl analog 2a (Table 2) was consider-
ably less potent (both in terms of binding affinity and
EC50 values in the PPARa and PPARc transactivation
assays) than its 1,3-alkoxyphenyl counterpart 1a. Sur-
prisingly, unlike corresponding literature analogs in
the a-alkoxy propanoic acid series,11 tertiary amines

s (11)14


N
R1


CO2H


ARc)


) cKact


M)


Kact 3T3L1


(PPARc) (%)


PPARa
IC50 (lM)


HEK (PPARa)


EC50 (lM) aKact


(% at 1 lM)


.238 (90%) 105 0.348 0.071 ± 0.035 (79%)


.0118 (108%) 101 Inactive Inactive


.1880 (82%) 104 0.090 0.022 ± 0.0063 (72%)


.0718 (102%) 147 0.075 0.044 ± 0.0346 (82%)


.2229 (43%) 118 0.051 0.047 ±0.0080 (62%)


.0427 (73%) 116 0.11 0.030 ± 0.0184 (67%)


.0515 (90%) 115 0.083 0.062 ± 0.0641 (95%)


.0701 (59%) 88 0.387 0.324 ± 0.1679 (56%)


.0105 (115%) 92 0.034 0.005a (85%)


4374 (49%) 94 0.149 0.313 ± 0.1080 (65%)


.3733 (58%) NDb 0.246 0.197 ± 0.0966 (62%)


2%) NDb 0.080 0.153a (27%)







Table 2. In vitro activities against PPARc and a in the 1,4-substituted series (2)14


N
R1


CO2H


ON


O


2


Compound R1 PPARc
IC50 (lM)


HEK (PPARc)


EC50 (lM) cKact


(% at 1 lM)


Kact 3T3L1


(PPARc) (%)


PPARa
IC50 (lM)


HEK (PPARa)


EC50 (lM) aKact


(% at 1 lM)


GI 262570 (Farglitazar) 0.217 0.0006 ± 0.0007 (99%) 112 2.87 0.321 ± 0.0783 (59%)


2a Benzyl10a 1.77 3.6c (28%) 125 1.4 4.02c (24%)


2b n-Heptyl10b 2.30 0.136 ± 0.0821 (66%) 87 1.05 0.180 ± 0.0936 (63%)


2c 2-Ethyl-1-butyl10a Inactive 1.8 ± 0.3748 (32%) NDa NDa 8%c


2d 2-Benzyloxyethyl10b 4.56 1.18 ± 0.3394 (41%) 154 1.8 0.726 ± 0.0697 (56%)


2e Benzo[1,3]dioxol-5-yl-methyl10b 3.29 0.307 ± 0.1358 (72%) 140 1.8 0.128 ± 0.0760 (77%)


2f 3-Phenoxybenzyl10b 0.48 0.391 ± 0.0771 (78%) 117 0.088 0.004 ± 0.0003 (107%)


2g 4-Phenoxybenzyl10b 0.227 0.052 ± 0.0289 (70%) 152 0.97 0.035 ± 0.0088 (59%)


2h 4-Benzyloxybenzyl10b 0.284 0.221 ± 0.0345 (82%) 40 1.05 0.189 ± 0.1535 (106%)


2i 1-Naphthylmethyl10b 0.767 0.840 ± 0.7487 (63%) 73 0.14 0.021 ± 0.0111 (90%)


2j 2-Naphthylmethyl10a 1.21 1.21 ± 0.05484 (29%) 108 0.68 0.618 ± 0.1654 (39%)


2k 2-Pyridylmethyl10b 2.9 0.230 ± 0.0877 (20%) NDa Inactive


at 25 lM


0.692 ± 0.3196 (12%)


2l 5-(2-Chloro-phenyl)-furan-2-yl-methyl10a 0.280 0.267 ± 0.1580 (77%) 134 1.8 0.871 ± 0.4624 (55%)


2m 1-[2,20]Bithiophenyl-5-ylmethyl10a 0.102 0.060 ± 0.0369 (44%) NDa Inactive


at 98 lMb


0.078 ± 0.0356 (38%)


a ND, Not determined.
b Poor solubility in test medium.
c No dose–response or the curve did not top out in 2 other assay runs.
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with nonaromatic R1 groups (linear, branched alkyl,
and cycloalkyl, for example 2b, R1 = n-hexyl and 2c,
R1 = 2-ethyl-1-butyl) showed poor PPARa and PPARc
functional activity in this new oxybenzylglycine chemo-
type. Alkyl substitutions in the 1,3-alkoxybenzylglycine
core were, therefore, not explored. Overall, among these
two libraries, two of the most promising compounds
in vitro were the N-4-phenoxybenzyl analogs 1d (PPAR-
cEC50 = 67 nM; PPARaEC50 = 30 nM) and 2g (PPAR-
cEC50 = 52 nM; PPARaEC50 = 35 nM). Additionally,
both compounds showed a superior ability to differenti-
ate 3T3L1 pre-adipocytes into fat-loaded mature adipo-
cytes (a PPARc-specific activity) to the PPARc agonist
standard rosiglitazone. Due to their excellent in vitro
potency, 1d and 2g were evaluated in db/db mice

ON


O


Farglitazar


COOH


HN


O


Ph


Figure 1. (a) CPK depiction of the published X-ray structure of farglitazar


group is positioned behind helices 3 and 12, while the pendant phenyloxazol


U-shaped conformer. (b) The modeled structure of analog 2g is shown overla


of 2g and farglitazar occupy similar pockets.

(10 mg/kg dosed po/qd for 2 weeks) for their antidiabet-
ic in vivo activity (with muraglitazar15b being used as an
internal reference standard). Both these compounds
caused an insignificant change in glucose, triglyceride,
free fatty acid, and insulin levels in this animal model.
Postulating that the inactivity of 2g (and possibly 1d)
in vivo was probably due to its poor permeability
(Caco-2 (apical to basal) < 15 nm/s at pH 6.5 for 2g)
and poor metabolic stability (rate of metabo-
lism = 0.16 nmol/min/mg; 46% remaining after 10 min
incubation in mouse liver microsomes), we decided to
evaluate 1a which showed excellent permeability and
good metabolic stability in mouse liver microsomes
(Caco-2 = 251 nm/s at pH 5.5 and 225 nm/s at pH 7.4;
rate of metabolism = 0.048 nmol/min/mg; % remaining:

in PPARc12 (as part of a heterodimer with RXRa). The carboxylate


e group occupies a region behind and to the right of helix 3, forming a


id with farglitazar (in cyan). The carboxylate and phenyloxazole groups







Table 3. In vivo data in db/db mice


Compound TG Glucose NEFA Insulin


1a % change �29 �31 �22 �40


P value 0.017 0.011 0.256 0.061


Mura % change �50 �50 �69 �67


P value 0.000 0.000 0.000 0.005
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84). Administration of 1a, which is somewhat less active
in vitro at PPARc (EC50 = 295 nM), did result in good
in vivo efficacy (Table 3).


In the 14-day db/db mouse model, 1a (at 10 mg/kg/day)
significantly decreased levels of fasted glucose (31%), tri-
glycerides (29%), insulin (40%), and non-esterified fatty
acids (22%).


A possible binding model of the alkoxybenzylglycine
analog 2g in PPARc, which is based on its similarity
to the published structure of the tyrosine-derived
PPARc-selective agonist farglitazar,12 is illustrated in
Figure 1. The modeling was conducted by minimizing
structures of the ligand and PPARc site residues using
an Amber force field within the Flo molecular modeling
program.13 By allowing all residues in van der Waals
contact with the ligand to co-minimize with the ligand,
a molecular binding model was developed which is con-
sistent with observed SAR. According to this model, the
residues in electrostatic contact with the carboxylate
group of 2g represent a similar set to that found in the
farglitazar structure, namely, S289, H323, Y327, H449,
and Y473. In addition, as shown in Panel B, it is likely
that a bridging water molecule exists which provides
for a H-bond between the phenyloxazole moiety of the
ligand and the backbone NH of S342. The lower hydro-
phobic region is occupied by the pendant diphenyl ether.
Transactivation activity is thought to be modulated by
the complex and critical conformational changes that
helix 12 (H12) adopts to favor its interaction with co-ac-
tivators and disfavor interactions with co-repressors.
Functional activity differences, that is transactivation,
may occur due to the manner in which the ligand con-
tacts the bed of Phe residues lining the bottom of the
hydrophobic pocket (Phe 282/H3), Phe 360/H7, and
Phe 363/H7). These residues appear to make important
contacts with other hydrophobic residues on H12, espe-
cially Phe 282 which is in close contact with Met 463/
H12. Thus, the trajectories of ligand components into
this region may be critical for mediating functional
activity. For example, compounds 1g and 1h, represent-
ing regional isomers of a naphthylmethyl moiety in con-
tact with Phe 282, exhibit similar binding affinities with
differing degrees of transactivation. In the case of 1a and
2a, the extent of H12 contact with the pendant benzylic
groups is slightly different between the 1,3 and 1,4 phen-
yl linkers, resulting in a significant difference in transac-
tivation, while for the 4-phenoxybenzyl pair, 1d and 2g,
the difference in transactivation disappears, presumably
due to sufficient contact with H12 with the larger hydro-
phobic groups present in both compounds.


In conclusion, we have discovered a novel series of alk-
oxybenzylglycine dual PPARa/c agonists as exemplified

by the lead compound 2a. A solution-phase library
approach was used to rapidly explore the SAR in this
series, which resulted in the discovery of: (1) analogs
such as 1d and 2g which are potent agonists of PPARa
and PPARc, (2) 1a as an analog which showed good
oral antidiabetic and antidyslipidemic activity in vivo,
and (3) several analogs with PPARa/c profiles that can
be used as tool molecules for PPAR research. Further
work in the development of the SAR of this lead series
based on the novel alkoxybenzylglycine core will be
described in a subsequent communication.
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Abstract—A series of potent thiol-containing aryl sulfonamide TACE inhibitors was designed and synthesized. The SAR and MMP
selectivity of the series were investigated. In particular, compound 4b has shown excellent in vitro potency against the isolated TACE
enzyme and good selectivity over MMP-2, -7, -8, -9, and -13. The X-ray structure of 4b bound to TACE was obtained.
� 2007 Elsevier Ltd. All rights reserved.

Inhibition of TACE (TNF-a converting enzyme) is con-
sidered an attractive mechanism to control the release of
TNF-a (tumor necrosis factor-a) and a viable therapy
for the treatment of rheumatoid arthritis and Crohn’s
disease, as these illnesses are caused by overexpression
of TNF-a, a pro-inflammatory cytokine.1 The active site
domain of TACE is homologous to matrix metallopro-
teinases (MMPs).2 A large number of MMP inhibitors
have been reported over the years and some were tested
in clinical trials.3 Not surprisingly, many of these MMP
inhibitors are also found to be good inhibitors of TACE.
The structural similarity between the active sites of var-
ious MMPs and TACE offered a big challenge for the
design of specific inhibitors. One major approach used
to overcome this challenge was to exploit the differences
in the primary and secondary structures of the active site
loops of MMPs and TACE that form the S1 0 pocket. In
particular, the narrow channel between the S1 0 and S3 0


pockets offers an avenue to build selectivity over other
MMPs.4,5 Another approach used successfully for
designing selective MMP inhibitors,3 but seldom applied
to design specific TACE inhibitors, is to use non-
hydroxamate zinc-binding groups (ZBGs) such as a thi-
ol.6 In this investigation, we have applied a combination
of these two approaches to design specific TACE inhib-
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itors with novel scaffolds designed using the TACE crys-
tal structure.


Compound 1 (Ki = 10 nM) is a potent and modestly spe-
cific inhibitor of TACE.4 It has a hydroxamate as the
zinc-binding group and a sulfonamide scaffold that
directs the phenyl ring into the S1 0 pocket. The specificity
of the inhibitor is imparted by the butynyloxy tail of the
inhibitor that reaches into the S3 0 pocket from the S1 0


pocket via a narrow channel observed only in the crystal
structure of TACE (PDB code: 1BKC2) (Fig. 1). We were
interested in exploring non-hydroxamates as ZBGs for
our initial studies because hydroxamic acids are often
poorly absorbed in vivo and hence carry metabolic
liabilities.7 It is also known that inhibitors with thiol as
the ZBG group (e.g., compound 2) offer an advantage in
imparting specificity in inhibition of MMPs.6,8 Hybrids
of compounds 1 and 2 led to the synthesis of compound
3. Modeling of these compounds in the active site of
TACE suggested that the two methyl substituents of
compound 3 might be connected to form a ring to produce
compound 4b without losing the potency. A crystal
structure of compound 4b bound to the active site of the
TACE enzyme was obtained to guide structure-based
optimization of these novel thiol-based inhibitors.


The general synthesis of sulfonamide-thiols is shown in
Scheme 1. Sulfonylation of various cyclic 3-hydroxy sec-
ondary amines 5 (n = 1, 2, and 3) with 4-buty-
nyloxybenzenesulfonyl chloride9 6 in THF gave
sulfonamides 7 in good yield. These sulfonamides 7 were
then subjected to standard Mitsunobu conditions to
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obtain thioacetates 8 in good yield. Hydrolysis of thi-
oacetates 8 with aqueous sodium methoxide followed
by acidification afforded the desired thiols 4 in high
yields.


Synthesis of thiols containing solubilizing groups is
shown in Scheme 2. The reaction of 4-benzyloxyben-
zene-1-sulfonyl chloride10 with (R)-pyrrolidin-3-ol fol-
lowed by debenzylation of the resulting benzyloxy
intermediate gave compound 9 in high yield. Compound
9 was alkylated with propargyl bromide in the presence
of K2CO3 in DMF at 60 �C to give 10 also in high yield.

Mannich condensation of 10 with a mixture of parafor-
maldehyde and piperidine or N-methyl piperazine in the
presence of CuSO4 afforded 11a or 11b in good to mod-
erate yield. Compound 11a or 11b was then converted to
target thiol 12a or 12b as described in Scheme 1.


Syntheses of the butynylamine tail containing sulfon-
amide-thiols 16 are shown in Scheme 3. Sulfonylation
of 5 with commercially available sulfonyl chloride 13
followed by protection of hydroxyl group with TBSCl
afforded 14 in good yield. Alkylation of 14 with 1-bro-
mo-2-butyne gave 15 in moderate yield. Removal of
the TBS group of 15 followed by Mitsunobu reaction
and subsequent hydrolysis afforded desired thiols 16.


As shown in Table 1, the azetidine thiols 4a, 16a turned
out to be very potent TACE inhibitors (entries 1 and 7),
while solubilizing group containing thiols 12a and 12b
were the least potent compounds in this set (entries 5
and 6). Changing the stereochemistry from R to S did
not improve TACE potency in the five-membered-series
(entries 2 and 3). Replacement of the ether oxygen of the
butynyloxy tail with NH did not produce a significant
change in TACE potency in the four-membered-series
(azetidine series) (entries 1 and 7). On the other hand,
similar changes in the five-membered-series (pyrrolidine
series) increased the TACE potency by 5-fold (entries 2
and 8). Increasing the ring size from five to six did not
improve the TACE affinity (entry 4). Introduction of
basic amine-containing tails diminished the TACE
potency. The compound with a piperidine-containing
tail 12a was approximately 20-fold less potent than 4b,
while the N-methylpiperazine-containing compound
12b was approximately 120-fold less potent than 4b
(entries 2, 5, and 6). This observation suggests that the
large cyclic basic amine moieties are not well tolerated
in the S3 0 pocket despite the fact these analogs were
designed based on the X-ray crystal structure of 4b.


An X-ray crystal structure has been obtained for 4b
bound to the active site of TACE (Fig. 2).11 In this struc-
ture, the thiol group of the inhibitor makes a strong
interaction with the active site Zn2+ ion providing the
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Table 1. In vitro potency of thiol–arylsulfonamide series


S
O O


YR N
(C)n


SH


Entry Compound n Y R TACE Ki (nM)


1 4a 1 O CH3 13


2 4b (3R) 2 O CH3 28


3 4c (3S) 2 O CH3 33


4 4d (racemic) 3 O CH3 55


5 12a (3R) 2 O 530


6 12b (3R) 2 O 3400


7 16a 1 NH CH3 11


8 16b (3R) 2 NH CH3 5
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fourth ligand of the tetrahedral coordination in addition
to the three histidine side chains (His-405, His-409, and
His-415). The only other observed specific interaction is
the hydrogen bond between the sulfonamide oxygen of
the inhibitor and the NH of Gly-349. The phenyl ring

stacks against the His-405 side chain and is surrounded
by other hydrophobic side chains of the S1 0 pocket. The
butynyloxy tail bends into a narrow channel connecting
the S1 0 and S3 0 pockets. A similar binding mode was ob-
served recently for a different class of TACE inhibi-
tors.12 The crystal structure suggests that the tail can
be extended with bigger groups to fill the S3 0 pocket,
and gain potency.


We tested a few of the potent TACE inhibitors against a
set of closely related MMPs (MMP-2, -7, -8, -9, and -13)
and found them to be selective (Table 2). Compounds 2,
4b, and 4d are more selective than compound 1 (with
hydroxamate as ZBG). To understand this selectivity,
we overlaid the crystal structure of TACE:4b complex
with the crystal structures of the five MMPs. As stated







Figure 2. Crystal structure of compound 4b bound to TACE. The Zn


atom is shown as a light blue sphere. The three His side chains


coordinating the Zn shown as sticks along with the inhibitor (color


coded: C, purple; O, red; N, blue; and S, yellow). The thiol sulfur is at a


distance of 2.2 Å from the Zn2+ ion.


Table 2. Selectivity profile of selected compounds


Compound Ki (nM)


TACE MMP-2 MMP-7 MMP-8 MMP-9 MMP-13


1 10 27 3400 43 800 17


2 52 5700 33000 1300 200 2000


4b 28 5000 >6000 1900 200 1200


4d 55 >3000 >3000 800 90 700
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earlier, the butynyloxy group of 4b occupies a channel-
like space between the S1 0 and S3 0 subsites in TACE.
This channel is blocked in these MMPs by a conserved
Tyr (Tyr-423 in MMP-9) present in all MMPs at the
beginning of the S1 0 specificity loop.3 The same residue
in TACE is Ala-439. Therefore, it is not surprising that
compound 4b is less potent against these MMPs. It is
very likely that the butynyloxy group swings away to
occupy a different part of the S1 0 subsite in MMPs as
observed by NMR for a similar inhibitor with butynyl-
oxy tail.13 The differences in the shape and size of this
part of the pocket may be responsible for reduced selec-
tivity of 4b against MMP-9.


In summary, we have designed and synthesized a novel
series of thiol-containing aryl sulfonamides as inhibitors
of TACE. Most of these compounds show very potent
inhibition in an enzyme assay using the isolated TACE

enzyme. One of the potent TACE compounds, 4b pos-
sesses 200-fold selectivity over MMP-2 and MMP-7 as
well as 40-fold selectivity over MMP-8 and MMP-13.
Discovery of this novel class of TACE inhibitors offers
a therapeutic potential for the treatment of rheumatoid
arthritis and Crohn’s disease.
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A novel series of quinolinyl-methylene-thiazolinones has been identified as potent and selective CDK1
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Six novel (diamine)platinum(II) complexes of salicylate derivatives were prepared and their in vitro cytotoxicity as well as the
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cytotoxicity of the platinum complexes.
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Novel potential anticancer agents against hypoxic solid tumor, aliphatic N-oxide of naphthalimides, were designed, synthesized, and
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The novel series of 2-amino-4-aryl-5-chloropyrimidines was identified to be potent for both VEGFR-2 and CDK1. SAR at the 2-


and 4-positions of the 5-chloropyrimidien core was studied, resulting in many potent analogues with (2-aminoethyl)phenylamino at


the 2-position and cumylamino, indol-3-yl, or indol-6-yl at the 4-position. Several derivatives showed good bioavailability in rat PK
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(Taranabant) were optimized for CB1R activity.
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A novel series of imidazolylpyrimidines were found to possess inhibitory activity against the human CMV UL70 primase. Extensive


SAR studies on an HTS lead led to potent, orally bioavailable compounds with anti-CMV IC50 values of 150 nM in both viral yield


and viral DNA replication assays and with a much reduced cytotoxicity compared to marketed treatments ganciclovir and cidofovir.
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A series of S0-substituted 4-alkyl(aryl)thioquinazoline derivatives were synthesized through thioetherification of 4-chloroquinazo-


lines and thiol compounds refluxed in acetone in the presence of K2CO3. And their inhibitory activities against cancer cells were


bioassayed.
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Continued SAR studies on anti-HCV activity of the title imidazo[4,5-e][1,3]diazepine


ring system have been reported, focusing on hydrophobic substituents at the 2-position


of the hetrocycle.
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To study drug-receptor interactions, new thio-derivatives of salvinorin A, an extremely potent natural j-opioid receptor


agonist, were synthesized and examined for receptor binding affinity.
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The synthesis and antibacterial effects of benzyl ethers were reported.
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O
N


N
HN


N


O


OP
O


OH
O


O


O
O


O


C15H31


C15H31


O


O


O
N


N
HN


N


O


OO


O
O


O


C15H31


C15H31


O


O


O


1 2


Glycerolipidic prodrugs of didanosine 1 and didanosine monophosphate 2 were synthesized and evaluated against HIV-1 in cell


culture with no sign of toxicity.
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The novel prodrugs of DMDC including compound 23 that are activated by membrane dipeptidase preferentially in tumor tissue are


designed and synthesized.
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O OA series of potent thiol-containing aryl sulfonamide TACE inhibitors was designed and


synthesized. The SAR and MMP selectivity of the series were investigated. In


particular, compound 4b has shown excellent in vitro potency against the isolated


TACE enzyme and good selectivity over MMP-2, -7, -8, -9, and -13.
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A new class of orally available mGluR1 antagonists was identified by replacement of the known pyrrole core with a b-carboline


template suitably substituted at the position C-6.
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A new M2/M1 quantitative structure–selectivity relationship


(QSSR) model of piperidinyl piperidine derivatives as muscarinic
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receptors.
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Synthesis and structure–activity relationships of N-substituted spiropiperidines as nociceptin
receptor ligands
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A series of N-substituted analogs based upon the spiropiperidine core of 1 was synthesized and exhibited high binding affinity to the


nociceptin (NOP) receptor. The selectivities against other known opioid receptors were determined.
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Synthesis and in vitro screening results of the title compound against Flaviviridae enzymes have been reported. The target compound


exhibited anti-helicase activity against WNV and HCV NTPase/helicase with an IC50 of 23 and 37 lM, respectively.
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Halopemide, which was identified by HTS to inhibit phospholipase D2 (PLD2), provided the basis for an exploratory effort to


identify potent inhibitors of PLD2 for use as inflammatory mediators. Parallel synthesis and purification were utilized to rapidly


identify orally available amide analogs derived from indole 2-carboxylic acids with superior potency versus PLD2.
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This paper describes the discovery of anthranilic acid derivatives as potent antibacterial agents against Gram-positive organisms.


2114 Contents / Bioorg. Med. Chem. Lett. 17 (2007) 2103–2117







Fluorinated NSC as a Cdc25 inhibitor pp 2351–2354


Hwangseo Park, Brian I. Carr, Minghua Li and Seung Wook Ham*


O


O


S
F


F


F
F


S
OH


Fluorinated-NSC


O


O


S


S
OH


OHOH


NSC 95397


We report on the fluorinated form of NSC 95397 as a Cdc25B inhibitor.


Structure–activity relationships, and drug metabolism and pharmacokinetic properties for indazole
piperazine and indazole piperidine inhibitors of ROCK-II


pp 2355–2360


Yangbo Feng, Michael D. Cameron, Bozena Frackowiak, Evelyn Griffin, Li Lin, Claudia Ruiz,
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A series of tetracycline derivatives has been synthesized by


reacting appropriate tetracyclines, formaldehyde and secondary


amino (piperazino) function of fluoroquinolones using micro-


wave irradiation. Compound 10 was found to be the most


promising compound active against HIV-1 replication with EC50


of 5.2 lM and was nontoxic to the CEM cells untill 200 lM, and


MIC of 0.2 lg/mL against Mycobacterium tuberculosis, with


moderate inhibition of both 30-processing and strand transfer


steps of HIV-1 IN.


Potent and selective xanthine-based inhibitors of phosphodiesterase 5 pp 2376–2379


Nichola J. Arnold, Ruth Arnold, David Beer, Gurdip Bhalay, Stephen P. Collingwood, Sarah Craig,
Nicholas Devereux, Mark Dodds, Andrew R. Dunstan, Robin A. Fairhurst, David Farr, Joseph D. Fullerton,
Angela Glen, Sylvie Gomez, Sandra Haberthuer, Julia D. I. Hatto, Colin Howes, Darryl Jones,
Thomas H. Keller, Beate Leuenberger, Heinz E. Moser, Irene Muller, Reto Naef, Paul A. Nicklin,
David A. Sandham,* Katharine L. Turner, Morris F. Tweed, Simon J. Watson and Mauro Zurini


N


N N


N
H


O


O


N


O
N


N N


N
H


O


O


IBMX 21


Inhibitors of PDE5 are useful therapeutic agents for treatment of


erectile dysfunction. A series of novel xanthine derivatives has


been identified as potent inhibitors of PDE5, with good levels of


selectivity against other PDE isoforms, including PDE6. Studies


in the dog indicate excellent oral bioavailability for compound


21.
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Abstract—The farnesoid x receptor (FXR) has become a potential drug target for treating cholesterol-related and bile acid-related
diseases recently. In this paper, 3-dimensional quantitative structure–activity (structure–affinity and structure–efficacy) relationships
are investigated for a series of non-steroidal agonists (fexaramine series) by using the comparative molecular field analysis (CoM-
FA), where molecular docking method (FlexX) is employed to construct molecular superimposition maps. A proposal to design
some new agonists is discussed lastly.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. The chemical structures of the bile acids and fexaramine


series. CDCA is modified in side chain and body (many substitutes in


the sites 3, 6, 7, and 12) for pursuing more active compounds.


Fexaramine is discovered in a designed product-like library (refer to


Org. Biomol. Chem. 2003, 1, 908).

Nuclear receptors (NRs) take part in various biological
activities such as development, reproduction, differentia-
tion, and cellular homeostasis by binding with lipophilic
steroid and retinoid hormones.1,2 The farnesoid x recep-
tor (FXR, BAR, NR1H418) was first observed to be
weakly activated by farnesol, and then bile acids were
identified as endogenous ligands of FXR in 1999.3–6


FXR plays an important role in regulating bile acid syn-
thesis and cholesterol metabolism.7,8 Now, FXR has be-
come an attractive target for treating cholesterol-related
and bile acid-related diseases.


Many bile acid derivatives and two kinds of non-steroi-
dal compounds have been developed to regulate FXR.
Roberto Pellicciari and coworkers have synthesized
and evaluated a series of body and side chain modified
analogues of chenodeoxycholic acid (CDCA, Fig. 1),
such as significantly active 6ECDCA (Fig. 1) and recent
‘back door’ derivatives.9–11 Tomofumi Fujino et al.
investigated the structure–activity relationship of other
bile acids and their analogues, such as cholic acid, litho-
cholic acid, and alkylated CDCA.12 Maloney et al. iden-
tified GW 4064 as a chemical tool for FXR.13 Nicolaou
et al. discovered fexaramine as a potent agonist from
natural product-like libraries (Fig. 1).14 For fexaramine

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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series, Honorio et al. reported the studies of hologram
quantitative structure–activity relationships (HQSAR),
where two dimensional chemical structures and their
activities are correlated.21
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Figure 3. The comparison of pEC50 with relative efficacy of all


compounds. The match set compounds are marked with solid circles,


while the mismatch and failure sets with open circles. The details about


the sets see Supporting information.
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The previous crystallographic studies have shown that
6ECDCA and fexaramine located on similar but differ-
ent ligand-binding-sites in FXR ligand-binding domain.
(PBD deposition code: 1osv and 1osh)15,16 6ECDCA
cannot contact the key helix12 directly, but previous
molecular dynamics studies have indicated that the li-
gand stabilizes the cation–p interaction between H444
and W466 that helps the helix12 to locate in active con-
formation.15,17 In fexaramine–FXR complex, the termi-
nal of region-III of fexaramine is able to contact the
helix12 with W473 and F465 directly (Fig. 2).16


Occupancy and response are two important properties
for an agonist of receptor. For FXR, the response is
embodied by the specific conformational changes of
FXR that are induced by the agonist to form a hydro-
phobic crevice (AF2 site) for recruitment of a specific
coactivator protein, while the occupancy is represented
by the affinity between FXR and the ligand. Fexaramine
series are reported with their affinities (characterized by
EC50 value, the concentration required for obtaining
50% of the maximum effect) and responses (character-
ized by the relative efficacy to the indicated compound
CDCA).14 EC50 values of the series vary from micromo-
lar to nanomolar level, while the RE values (relative effi-
cacy) change from 0.05 to 2.16. As shown in Figure 3,
the higher pEC50 values are roughly paralleled with
the better RE values. The coarse correspondence indi-
cates that the more active is a compound, the more effi-
cient it is. But for the high active compounds
(pEC50 > 6.5), the relationship between EC50 and RE
is blurred. This discrimination between the affinity and
efficacy supplies the opportunity to design various po-
tent modulators of FXR, from full agonist to full
antagonist.


In this paper, the 3-dimensional quantitative structure–
affinity relationship and the 3-dimensional quantitative

Figure 2. Comparison of two protein-ligand crystal structures: fexar-


amine–FXR (left, rat) and 6ECDCA-FXR (right, human). Region-III


of fexaramine interacts with helix3, helix11, and helix12, inserting a


pocket composed by LEU291, THR292, LEU455, PHE456, TRP473,


PHE288, and TRP458 (called subpocket-C), and that region-I inserts


into the gap between helix3 and helix6 (LEU291, THR292, ARG355,


ILE356, ASN287, LEU352, and MET248, called subpocket-A), and


that region-II locates near the disordered helix2 and the loop between


helix5 and helix6 (PHE340, ILE339, MET269, and LEU352, called


subpocket-B). The helix3, helix5, helix11, and helix12 are represented


by ribbons, and two ligands and several key residues by ball-sticks.


Other parts of the protein are not displayed here due to clarity reasons.


The crystal structures were taken for RCSB Protein Data Bank, 1osv


(rat) and 1osh (right), respectively.

structure–efficacy relationship for the fexaramine series
are analyzed by using comparative molecular field anal-
ysis (CoMFA) method, where the molecular docking
method (FlexX) is used to construct the molecular
superimposition maps. The discrimination of mecha-
nisms between the binding affinity and the driving effica-
cy is investigated by comparison of the different
CoMFA results combined with the previous crystallo-
graphic results. Finally, encouraged by the activation
mechanism of the FXR by 6ECDCA, we propose a
new direction to design some new fexaramine-based
agonists.


Construction of molecular superimposition maps. The 3D-
QSAR method assumes that all the active molecules
bind in a common manner to the same target site, so
the key step to get a reasonable CoMFA result is to con-
struct a reliable molecular superimposition map, by
which the common binding manner could be reflected.
As the crystal structure of fexaramine–FXR complex
is available, the molecular docking method is used to ex-
plore the conformations of fexaramine series when they
are binding to FXR.


As seen in Figure 4, the FlexX integrated in SYBYL19 is
able to reproduce the experimental conformation of
fexaramine (rms = 1.5 angstrom). For all 149 com-
pounds, the docking results are sorted into three sets:
the match set, the mismatch set, and the failure set.
The match set includes the compounds whose binding
manners are similar as the experimental one, that is,
the region-I is docking into subpocket-A, region-II is
docking into subpocket-B, and region-III is docking
into subpocket-C. As seen in Figure 3, the majority of
high active (pEC50 > 6.5) and efficient (RE > 0.5) com-
pounds belong to the match set, with some low active
compounds and a few of inefficient compounds also
included. The mismatch set includes the compounds that
could be placed into the ligand-binding-site in docking
computation, but their binding manners disagree with
the experimental result. For example, the region-III of
the molecule 253 inserts into the subpocket-A, while
the region-I is docking into the subpocket-C (Fig. 4,







Figure 4. The comparison of fexaramine docked conformation (top


left and top right, in black) with fexaramine crystallographic confor-


mation (top left, in gray), and with the docked conformation of


compound 253 (top right, in gray). Three molecular superimposition


maps: the docked (center), the minimized (bottom left), and the relaxed


(bottom right).


Table 1. The statistic indices of three superimposition maps in PLS


Map Dockeda Minimizeda Relaxeda Relaxedb


q2 pEC50 0.301 0.397 0.507 0.408


RE 0.545 0.445 0.677 0.605


n pEC50 1 6 6 6


RE 6 6 6 6


R2 pEC50 0.522 0.948 0.962 0.963


RE 0.979 0.949 0.978 0.979


SE pEC50 0.340 0.117 0.100 0.101


RE 0.084 0.131 0.086 0.086


F pEC50 72 184 218 219


RE 471 190 376 386


q2, square of crossvalidated correlation coefficient; n, number of


principal components; R2, square of non-crossvalidated correlation


coefficient, and SE, standard error.
a All 68 molecules are used partial least in squares analysis.
b Just the training set (58 molecules) is used in partial least-squares


analysis (PLS).
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top right). The failure set includes the compounds that
fail to enter ligand-binding-site in docking computation.
Most of the low active and inefficient compounds fall
into the two latter sets.


Based on docking results, the match set compounds are
identified as the legal compounds that have similar bind-
ing manners to FXR as the fexaramine. The compounds
of mismatch and failure sets are ignored in next 3D-
QSAR studies, because their binding conformations
cannot satisfy the basic requirement of the 3D-QSAR
method in docking computations. Frankly, some useful
information hidden in parts of the compounds of the
mismatch and failure sets might be improperly aban-
doned due to fault in docking computation. However,
this docking based identification promises the validation
for the following CoMFA analysis to the best of the
docking’s ability.


Three molecular superimposition maps are established:
docked, minimized, and relaxed maps. The docked
map is constructed by aligning the docking conforma-
tions directly. The poor statistic indices, crossvalidated
q2 of 0.301 with optimal principal components of only
1 in pEC50 PLS computation, indicate that the docked
map does not completely reflect the general binding

manner and needs some refinement. Two optimized
superimposition maps are obtained after the molecular
docking results are refined differently. The minimized
map is obtained by aligning the molecules after the
docked ligands are energy-minimized with fixed protein
in Dock program, where the electrostatic interaction be-
tween the ligand (Gasteiger–Hückel charge) and protein
(Amber 99 FF) is considered. The relaxed map is ob-
tained by aligning the molecules after the ligand–protein
complexes are energy-optimized. The relaxation manip-
ulation takes account of partial flexibility of the protein
and removes the close contacts between the ligand and
protein. As seen in Figure 4, the two optimized maps
are more compact than the docked map, while the statis-
tic indices are improved, especially for the crossvalidat-
ed q2 from 0.301 to 0.507 in pEC50 PLS (Table 1).


The CoMFA results. The 58 compounds in the relaxed
match set are randomly selected as the training set for
the CoMFA studies, while the rest of the 10 compounds
are used to evaluate their predictabilities. Both the
pEC50 and RE values are correlated with standard
CoMFA steric and electrostatic fields. As seen in Figure
5, the models deserve good predictabilities. To get more
information from the original data, two CoMFA models
for all 68 compounds are built for pEC50 and RE,
respectively. Both models deserve good and reasonable
statistic indices (Table 1, Fig. 5 bottom).


Comparison of the CoMFA contour plots with crystal
structure provides useful information about how the
structural changes of the ligands affect their affinities
and efficacies. The relative contribution fraction data
show that the electrostatic interaction rather than steric
interaction dominates the pEC50 and RE (Fig. 6).


The similarity between the two CoMFA contour plots
of steric field (top left and bottom left, Fig. 6) indicates
that the steric factor affects the affinity and efficacy in a
similar manner. The contribution shows that the bulk
group near subpocket-B favors the affinity and efficacy,
while the bulk group near W458 and M454 disfavors
them.







Figure 5. Comparison of the affinity and the efficacy to their


corresponding prediction by CoMFA models. The top left (for


pEC50) and top right (for RE) prediction values are based on the


CoMFA models with 58 compounds in training set, and the bottom


left (for pEC50) and bottom right (for RE) ones on the models with all


68 compounds.
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Through comparison of the electrostatic contour plots
of pEC50 CoMFA model with that of the RE CoMFA
model, it is indicated that the electrostatic factor has a
similar effect for the affinity and efficacy in most regions,
but rather different in one region near W473. In these
models, it is indicated that appearance of negative group

Figure 6. The graphic view of the CoMFA results. The contours of the steric


are shown in red and blue. Greater values are correlated with: more bulk near


negative charge near red. The relative contribution fraction data are indicat

near M454 and W458 favors the affinity and efficacy.
There is a large red region among W473, F465, and
L455 in the RE CoMFA model, but no counterpart in
the pEC50 CoMFA model correspondingly. It indicates
that some positive group on the proper position of re-
gion III might be helpful to improve efficacy, but maybe
no effect for affinity. We consider that it represents the
difference in mechanism between the binding affinity
and the driving efficacy.


In both CoMFA models, the electrostatic count plots
near the carbonyl oxygen look confusing. It is consid-
ered that the confusion in this region originates from
the molecular superimposition map, where the chemical
compositions in this region are exactly the same (acyl-
amine) but the only difference is in their orientation
(Fig. 4). The positional inconsistency of the acylamine
part is obviously due to existence of different groups
on the three regions of compounds. No significant con-
clusion should be drawn from it.


On being reminded by the referee, we found a similar
work published very recently by Honorio et al.22 follow-
ing their former report.21 Our CoMFA for EC50 is con-
sistent with the counterpart in Honorio’s report.


Proposal for new agonists. For the activation of FXR by
fexaramine series, the CoMFA studies show that some
small bulk groups near F465 and W473 favor the affinity
and efficacy, and that some positive groups favor the

map are shown in yellow and green, and those of the electrostatic map


green; less bulk near yellow; more positive charge near blue, and more


ed.
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efficacy (Fig. 6). A potential candidate satisfying both
the conditions above is hydroxyl group on proper posi-
tion of the region-III. As mentioned previously, the cat-
ion–p interaction between H444 and W466 plays a key
role in stabilizing the helix12, when the 6ECDCA acti-
vates the FXR (Fig. 2). We notice that the terminal of
the region-III of fexaramine can directly contact W473
that belongs to the helix12. Tryptophan is often in-
volved in the cation–p interaction in bio-macromole-
cules as the p parter.20 And the space among W473,
F465, and L455 is big enough to accommodate a
hydroxyl group (Fig. 6). Therefore, based on the previ-
ous studies and 3D-QSAR results, we propose that some
agonists can be discovered when the proper modification
(hydroxyl substitute is suggested) on the region-III of
fexaramine is carried out, if the modification is able to
lead to a aproper cation–p interaction between W473
and agonist. This potential cation–p interaction of pro-
tein–ligand might improve both the affinity and the effi-
cacy, especially for the latter, because the cation–p
interaction may stabilize the helix12 in active conforma-
tion directly.


Methods and materials. The chemical structures and bio-
evaluation data of the fexaramine series were taken from
the reference.14 The molecular docking program FlexX
integrated in Sybyl 7.219 was used in default setting, ex-
cept that the radius of the ligand-binding site was set to
10 angstroms rather than the default 6.5 angstroms. For
each ligand, the docked conformation with the best
score was selected to the next molecular alignment
manipulation. The program Dock integrated in Sybyl
was used to get the optimized conformations of the li-
gands for the minimized and relaxed maps. In Dock,
FXR are parameterized by Amber99 force field, while
the small molecules are charged by Gasteiger–Hückel
method.


In 3D-QSAR studies, QSAR module integrated in Sybyl
was employed. The standard steric and electrostatic fields
were set up for all molecular superimposition maps. To
confirm the number of optimal principal components,
the cross-validation PLS computation with leave-one-
out option was performed. With the number of optimal
principal components, the non-crossvalidation PLS com-
putation was carried out to get final CoMFA results.

Supplementary data


The chemical structures of the fexaramine series see the
supporting information available on http://ees.else-
vier.com/bmcl/ or refer to Org. Biomol. Chem. 2003, 1,
908. The docking results see the supporting information.
Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/
j.bmcl.2007.01.079.
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Abstract—We report on the fluorinated form of NSC 95397 as a Cdc25B inhibitor, which is predicted to be only an arylator of cys-
teine-containing proteins, without generating reactive oxygen species.
� 2007 Elsevier Ltd. All rights reserved.

Cdc25 phosphatases are important in cell cycle control
and activate cyclin-dependent kinases (Cdk). Among
three Cdc25 homologues in humans, Cdc25A and
Cdc25B have oncogenic properties and are overexpressed
in various human tumors,1 which makes them attractive
drug targets for anticancer therapies. Among the numer-
ous published molecules, only few were found to possess
potency against Cdc25s.2 To date, the most potent Cdc25
inhibitor was quinone-containing NSC 95397 from the
National Cancer Institute library.3 More recently, we
synthesized two hydroxyl derivatives of NSC 95397,
monohydroxyl-NSC 95397 (M-NSC) and dihydroxyl-
NSC 95397 (D-NSC), which both have enhanced activity
for inhibiting Cdc25s.4 The new analogues, D-NSC in
particular, potently inhibited the growth of human hepa-
toma and breast cancer cells in vitro.


O


O
S


S


NSC 95397 (1)


OH
OH


Although most quinones have been reported to inhibit
Cdc25 by sulfhydryl arylation at the quinone nucleus,
the redox properties of the quinones can also generate
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toxic oxygen species,5 which may cause toxicity to nor-
mal tissues and thus reduce their therapeutic attractive-
ness.6 Regarding oxidative stress of quinones, the
relative one-electron reduction potentials of quinones
control the position of the equilibrium defining ‘futile
cycling’:7


Q�� þO2�QþO��
2


Since the equilibrium constant of the above reaction is
approximately equal to 10DE/0.06 where DE is the differ-
ence in one-electron reduction potentials of oxygen
(�0.155 V) and quinone,8 the superoxide formation will
be increasingly favored as the reduction potential of qui-
none decreases.


In this study, we have extended the investigation to fluo-
rinated NSC 95397 (F-NSC) whose reduction potential
is expected to be higher than that for NSC 95397. This
is due to the inductive effects of the electronegative
fluorine atoms that prevent superoxide generation. Since
direct treatment of commercially available hexafluoro-
naphthoquinone with b-mercaptoethanol resulted in
the intramolecular cyclized product, O-protected
b-mercaptoethanol was added to methanolic solution
of hexafluoronaphthoquinone. The reaction mixture
was stirred at room temperature for 20 min, treated with
toluenyl sulfonyl acid, and stirred for another 30 min.
After concentration under reduced pressure, the result-
ing crude product was purified by column chromatogra-
phy on SiO2 (hexane/ethyl acetate, 2:1) to give the
desired product 3. Chemical structure was confirmed
by infrared spectroscopy, 1H NMR, and high-resolution
mass spectrum analysis.
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This compound was then tested for its inhibitory activity
against Cdc25B. NSC 95397 is known to inhibit the
dephosphorylation of O-methyl fluorescein phosphate
(OMFP) with an IC50 of 0.1 lM.3 Keeping it in mind
that the kinetics of enzyme inhibitions depend on the
choice of substrate as well as the domain of the enzyme,
we measured the inhibitory activity of the newly
synthesized compound for the GST-fusion Cdc25B in
comparison with NSC 95397 by using the substrate
p-nitrophenylphosphate in common. As shown in
Figure 1, F-NSC was more potent than NSC 95397 in
its ability to inhibit Cdc25B. Figure 2 depicts the time
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Figure 1. Purified GST-Cdc25B phosphatase was incubated with the


chromogenic substrate, 40 lM p-nitrophenylphosphate, in 20 mM Tris


(pH 8.0), 1 mM EDTA, and 0.2 mM DTT. To determine the efficiency


of enzyme inhibition by 10 lM NSC 95397 and F-NSC, we contin-


uously monitored at 410 nm and 37 �C by UV/vis spectrophotometer


equipped with a thermostatic cell holder.
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Figure 2. Time course of the reaction of GST-Cdc25B phosphatase in


the absence of or presence of F-NSC (1, 5, 10, 20, and 40 lM).

course of inhibition in the presence of increasing concen-
tration of F-NSC.


Like NSC 95397 as well as naphthoquinone-containing
Cdc25 inactivators such as menadione and Compd 5,
the activity of inactivated enzyme with F-NFC did not
return after dialysis, suggesting an irreversible inactiva-
tion by arylation.


Several reductases can reduce the quinones by one-elec-
tron or two-electron transfer to form the semiquinone
and hydroquinone, respectively. Both the semiquinone
and the hydroquinone can then reduce oxygen, resulting
in the formation of superoxide anion. However, it has
been reported that NSC 95397-generated cytotoxicity
was unaffected by NAD(P)H:quinone oxidoreductase-1
(NQO1),9 two-electron reduction enzyme. Therefore,
only single electron transfer to NSCs by enzymes such
as NADH-cytochrome P450 oxidoreductase, NADH-
cytochrome b5 oxidoreductase, and NADH-ubiquinone
oxidoreductase is possible to generate the reactive oxy-
gen species. To estimate the stability of the semiquinone
form of F-NSC, the reduction potential of F-NSC was
determined by cyclic voltammetry. E1/2 of F-NSC solu-
tion amounted to 236 mV in an acetonitrile containing
tetra-n-butylammonium perchlorate as the supporting
electrolyte, which is referred to as an Ag/Ag+ redox cou-
ple. This result indicates the relative stability of semiqui-
none as compared to the superoxide anion.


To gain structural insight into the inhibitory mechanisms
of NSC 95397 and its derivatives for Cdc25B, docking
simulations were carried out with AutoDock program10


in the active site of Cdc25B. The probed compounds
included F-NSC as well as NSC 95397 and the hydroxy
derivative of NSC 95397 (D-NSC). The potential grids
of dimension 61 · 61 · 61 points with the spacing of
0.375 Å were used in the docking simulations, which
yield a receptor model that includes the atoms within
22.9 Å of the grid center located in the active site around
Cys473. To calculate the intermolecular electrostatic
interactions, Gasteiger–Marsili charges were assigned
to all protein and ligand atoms. Initial step sizes for
translational and torsional motions of a ligand were set
equal to 2.0 Å and 50.0�, respectively.


With respect to the determination of protonation states
of the ionizable residues, we used the atomic distance
data in the X-ray structure of CDC25B. For example,
the sidechains of Asp and Glu residues were assumed
to be neutral if their carboxylate oxygens of OD or
OE atoms were located within 3.5 Å from a hydrogen-
bond accepting group including the backbone aminocar-
bonyl oxygen. Similarly, the sidechains of lysine and
histidine were assumed to be protonated unless their
respective nitrogen atom was in proximity of a hydro-
gen-bond donating group. In this way Cys473 and
Glu474 were assumed to be ionized, while ND1 and
NE2 atoms of His472 appeared to be protonated and
deprotonated, respectively.


Prior to the actual docking simulations, the original
X-ray crystal structure of Cdc25B was equilibrated in







Figure 3. Comparative view of the binding modes of (a) NSC95397,


(b) D-NSC, and (c) F-NSC. Yellow dotted lines indicate a hydrogen


bond established from the inhibitor and the active site residues of


Cdc25B.
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aqueous solution through 0.5 ns molecular dynamics
simulation with AMBER program.11 The equilibration
procedure started with the addition of one sodium ion
as the counterion to neutralize the total charge of the
all-atom model of Cdc25B. The system was then im-
mersed in a rectangular solvent box containing 6994
TIP3P water molecules. After 1000 cycles of energy min-
imization to remove bad van der Waals contacts, we
equilibrated the system beginning with 20 ps equilibra-
tion dynamics of the solvent molecules at 300 K. The
next step involved equilibration of the solute with a fixed
configuration of the solvent molecules for 10 ps at 10, 50,
100, 150, 200, 250, and 300 K. Then, the equilibration
dynamics of the entire system was performed at 300 K
for 500 ps using the periodic boundary condition. The
SHAKE algorithm12 was applied to fix all bond lengths
involving hydrogen atom. We used a time step of 1.5 fs
and a nonbond-interaction cutoff radius of 12 Å.


Table 1 lists the calculated binding free energies of the
three Cdc25B inhibitors under investigation. Keeping
it in mind that the binding free energy of a protein–li-
gand complex in solution (DGsol


bindÞ can be approximated


as the difference between that in the gas phase (DGgas
bindÞ


and the solvation free energy of the ligand (DGsol),13


we computed the two energy components separately to
estimate their relative contributions to DGsol


bind. We note
that DGgas


bind becomes more favorable with the introduc-
tion of the two hydroxy groups in the phenyl ring.
Simultaneously, however, the solvation free energy be-
comes more negative, leading to an insignificant change
in DGsol


bind between NSC 95397 and D-NSC. These results
indicate that the increased stabilization in solution due
to structural changes should be overcome by an even
stronger enzyme–inhibitor interaction in order to en-
hance the inhibitory activity. F-NSC is predicted to be
a more potent inhibitor than NSC 95397 due to a
strengthening of the enzyme–inhibitor interaction and
a little destabilization in solution, which is consistent
with experimental data shown in Figures 1 and 2.


Shown in Figure 3 are the calculated binding modes of
the three inhibitors in the active site of Cdc25B. It is not-
ed that NSC 95397 fits the active site pocket with one of
its carbonyl groups pointing toward Cys473. The two
terminal hydroxy groups form hydrogen bonds with
the sidechain of Glu474 and the backbone –NH group
of Ser477. The inhibitor is further stabilized in the active
site by the hydrophobic interaction of the phenyl ring
with the sidechain of Tyr428. The binding mode found
in this study differs from that of the earlier docking
results reported by Lazo et al.3 and that found in the re-
cent docking study by Lavecchia et al.14 in which the

Table 1. Calculated binding free energy in the gas phase, solvation free


energy, and binding free energy in solution for the three Cdc25B


inhibitorsa


Inhibitors DGgas
bind DGsol DGsol


bind


NSC 95397 �17.74 �3.51 �14.23


D-NSC �19.43 �5.14 �14.29


Fluorinated NSC �18.17 �3.30 �14.87


a All energy values are given in kcal/mol.

naphthoquinone moiety of the inhibitors could not be
accommodated in the active site. This stems from the
use of the original X-ray crystal structure without an
appropriate refinement to remove bad van der Waals
contacts. It is thus likely that the binding mode reported
in the current study could be more relevant to the inhib-
itory activity of NSC 95397 against Cdc25B. As can be
seen in Figure 3b, the derivatization of hydroxy groups
at the phenyl ring of NSC 95397 leads to the formation
of additional hydrogen bonds with the sidechains of
Cys473 and Glu431, as well as the backbone amide
groups that reside at the active site. These newly formed
hydrogen bonds may have an effect of stabilizing the en-
zyme–inhibitor complexes. However, the increase in
inhibitory activities of the two derivatized compounds
is expected to be limited by the simultaneous increase
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in desolvation cost for binding to the enzymatic active
site (Table 1). F-NSC exhibits a quite different binding
mode from the others in that the two hydroxylated alkyl
chains are bound in the active site with the ring group
being exposed to bulk solvent. One of the two terminal
hydroxy groups forms bifurcated hydrogen bonds with
the backbone amide groups of Glu478 and Arg479, while
the other acts as hydrogen-bond donor to the backbone
aminocarbonyl group of Cys426. A bifurcated hydrogen
bond is also established between Arg479 and one of the
carbonyl oxygens and fluorine atoms of F-NSC. Judging
from the higher potency of F-NSC compared with NSC
95397, the formation of multiple hydrogen bonds seems
to successfully compensate for the loss of favorable
hydrophobic interactions involving the aromatic groups
of the protein and the inhibitor. This may in turn explain
the difference in the binding mode of F-NSC.
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Abstract—2,3-Diarylfuro[2,3-b]pyridine-4-amines are a novel class of potent and selective inhibitors of Lck. The discovery, synthe-
sis, and structure activity relationships of this series of inhibitors are reported. The most promising compounds were also profiled to
deduce their pharmacokinetic properties.
� 2007 Elsevier Ltd. All rights reserved.

The lymphocyte-specific kinase (Lck) is a cytoplasmic
tyrosine kinase of the Src family expressed in T cells
and natural killer cells.1 Genetic evidence in both mice
and humans demonstrates that Lck activity is important
for signaling mediated by the T cell receptor (TCR) and
leads to normal T cell development and activation.2


These findings suggest that a small molecule inhibitor
of Lck could be a useful immunosuppressive for the
treatment of T cell-mediated autoimmune and inflam-
matory disorders and/or organ transplant rejection.


A number of groups, including our own,3 have previous-
ly reported the synthesis and characterization of Lck
kinase inhibitors.4 Potent and orally bioavailable Lck
inhibitors have also been demonstrated to have inhibito-
ry activities in vivo in several models of T cell-dependent
immune responses.3,4d,e


We recently described the discovery of a novel series of
furanopyrimidines, exemplified by 5,6-diphenyl-N-(2-
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(piperazin-1-yl)ethyl)furo-[2,3-d]pyrimidin-4-amine
(compound 1, Fig. 1), as potent and selective inhibitors
of Lck and T cell proliferation.5 X-ray crystallization
studies of 1 bound to Lck6 revealed that the pyrimidine
core in 1 binds to the linker region through two hydro-
gen bonds (Fig. 2): methionine 319 donates a backbone
NH to the N1 pyrimidine acceptor and the carbonyl
from Glu 317 accepts the CH in the 2-position.7 Inter-
estingly, the N3 of the pyrimidine ring does not appear
to be engaged in any H-bond interactions.


Based on this observation, we theorized that removal of
the N3 nitrogen should provide compounds (furanopyri-
dines) with similar biological activity, and possibly

Figure 1. Structure and activity of furanopyrimidine 1.
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Figure 2. X-ray structure of furanopyrimidine 1 bound to Lck.
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improved selectivity. Herein, we describe the synthesis,
structure activity relationships, and pharmacokinetic
properties of a series of substituted 2,3-diarylfuro[2,3-
b]pyridin-4-amines, a new class of small molecule inhib-
itors of Lck.8


We developed a concise route for the construction of the
desired 2,3-diarylfuro[2,3-b]pyridin-4-amines. As illus-
trated in Scheme 1, the key step was the use of Balme’s
procedure for the synthesis of furo[2,3-b]pyridones.9 In
this reaction, iodopyridone 3 was treated sequentially
with phenylacetylene and iodobenzene to afford furano-
pyridone 4 in good yield via a one-pot coupling–cycliza-
tion–deprotection process. Subsequent chlorination with
phosphorus oxychloride provided 4-chlorofuranopyri-
dine 5, which was converted to the 2,3-diarylfuro[2,3-
b]pyridin-4-amines 6 and 7 via a palladium-catalyzed

Scheme 1. Synthesis of 2,3-diphenylfuro[2,3-b]pyridin-4-amines. Reagents


and conditions: (a) phenylacetylene, PdCl2(PPh3)2, CuI, Et3N,


CH3CN, 60 �C, 24 h then PhI, 60 �C, 24 h, 63%; (b) POCl3, 110 �C,


18 h, 57%; (c) RNH2, Pd(OAc)2, BINAP, K2CO3, toluene, 130 �C,


18 h; (d) CF3CO2H, CH2Cl2, rt, 2.5 h, 68% (two steps).

amination.10 Compound 7 was then reacted with triflu-
oroacetic acid to effect N-Boc deprotection and afford
furanopyridine 8.


Compounds 6 and 8 were tested for inhibitory activity
against Lck in a homogeneous time-resolved fluorescent
(HTRF) kinase assay. For the purposes of determining
kinase selectivity, the compounds were also screened
against the related kinases KDR, Ack1, and JAK3.11


Cellular activity was measured by testing the com-
pounds for the inhibition of T cell receptor mediated
IL-2 production in human T cells as well as for the inhi-
bition of T cell activation in a human mixed lymphocyte
reaction.12


The initial data for this novel series of inhibitors shown
in Table 1. While neither compound exhibited the
desired selectivity profile, the nature of the amine in
the 4-position proved to be critical. Whereas the 4-(2-
piperazin-1-yl)ethylamine derivative 8 exhibited modest
potency (0.21 lM), the (S)-(tetrahydrofuran-2-yl)me-
thylamine derivative 6 was significantly less potent
(2.1 lM). This is in sharp contrast to the related furano-
pyrimidines, where many more groups were tolerated.5


To better understand this phenomenon, we obtained a
co-crystal structure of furanopyridine 8 with Lck.


As shown in Figure 3,13 furanopyridine 8 binds to Lck in
a manner similar to furanopyrimidine 1, with the pyridine
nitrogen accepting a backbone NH from Met 319 and
the carbonyl from Glu 317 accepting the CH in the 6-po-
sition of the pyridine ring. The 2-phenyl group points
out of the enzyme toward solvent, providing an area
to introduce polar solubilizing groups for better cell pen-
etration. Interestingly, both 1 and 8 exhibit potency de-
spite not filling the hydrophobic pocket.14 In addition,
the piperidine ring fills the smaller pocket adjacent to
the ribose-binding pocket allowing for a key interaction
between the piperidine NH and Asn 369. The inability
of furanopyridine 6 to make this interaction (it has no
NH to donate) could explain its decreased potency
relative to 8.


With these initial data and structural information in
hand, we carried out structure–activity relationship
studies designed to identify the substituents for
increased potency, selectivity, and optimal pharmacoki-
netic properties. Our work focused on two areas: substi-
tution on the 2-phenyl ring and optimization of the
amine side chain in the 4-position. To construct the
desired compounds, we used the synthetic plan outlined
in Scheme 2.


The new route was based on a revised version of the
chemistry outlined in Scheme 1. Substituting 4-(ben-
zyloxy)phenylacetylene for phenylacetylene in the key
coupling–cyclization–deprotection step afforded key
intermediate furanopyridone 9. Palladium-catalyzed
hydrogenation and subsequent chlorination with oxa-
lyl chloride afforded 4-chlorofuranopyridine 10, which
contained two handles for examining the desired sub-
stitutions. As in the original route, palladium-cata-
lyzed amination introduced the side chain in the







Table 1. Initial furanopyridine SAR (IC50, lM)a


Compound R Lck KDR Ack1 JAK3 IL-2b huMLRc


6 2.1 4.2 0.11 0.026 5.2 4.0


8 0.21 0.36 0.42 0.14 1.2 0.62


a IC50 values are means of two or more separate determinations, in duplicate.
b IL-2: anti-CD3/CD28-induced T cell IL-2 secretion assay.
c huMLR: human Mixed Lymphocyte Reaction.


Scheme 2. Modified synthesis of 2,3-diphenylfuro[2,3-b]pyridin-4-


amines. Reagents and conditions: (a) 4-(benzyloxy)phenylacetylene,


PdCl2(PPh3)2, CuI, Et3N, CH3CN, 60 �C, 24 h then PhI, 60 �C, 24 h,


61–62%; (b) H2 (g), Pd/C, EtOAc–CH2Cl2, rt, 16 h, 71–86%; (c)


(COCl)2, cat. DMF, CHCl3, reflux, 2 h, 65%; (d) R1NH2, Pd(OAc)2,


BINAP, K2CO3, toluene, 130 �C, 18 h, 46–60%; (e) ClCH2CH2NR2,


Cs2CO3, DMF, 85 �C, 16 h; (f) CF3CO2H, CH2Cl2, 0 �C to rt, 2 h, 82–


91% (two steps).


Figure 3. X-ray structure of furanopyridine 8 bound to Lck.
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4-position (compound 11). Subsequent alkylation of
the phenol and deprotection afforded the desired com-
pounds 12.


Table 2 summarizes our results for the introduction of
solubilizing groups on the 2-phenyl group. In general,
the addition of the basic amine side chains increased
enzyme potency four- to ten-fold relative to 8.
Selectivity against KDR, Ack1, and JAK3 remained
unchanged, ranging from two- to five-fold over Lck.
Consistent with what was observed for 8, all compounds
experienced an approximately five- to ten-fold shift
(relative to the enzyme IC50) when tested for cell activity
in the IL-2 secretion assay. A much smaller shift
(�2-fold) was observed when the compounds were test-
ed in the huMLR, with compounds 13, 15, 16, and 17
exhibiting IC50 values between 20 and 60 nM.


Having established the benefits of substituting the
2-phenyl ring, we next explored the SAR of the 4-amino
side chain. We were interested in cyclic amines that
could engage Asn 369 and provide compounds with
increased enzyme and cell potency relative to piperidine
derivative 17. As shown in Table 3, replacing the piper-
azine with aromatic heterocycles led to a decrease in
potency in all examples tested. Presumably, none of
these compounds can form favorable H-bond interac-
tions with Asn 369.


We also examined the pharmacokinetic properties of a
number of cell potent compounds. Compounds 8, 13,
15, 16, and 17 were tested for microsomal stability
and dosed iv in Sprague–Dawley rats (Table 4). Com-
pound 8 (at 0.62 lM, the least potent in cells) showed
moderate clearance (1.2 L/h/kg) and a short half-life
(1.5 h). In contrast, compounds 13, 15, 16, and 17,
all of which exhibited promising cellular activity, each
had undesirable PK properties. All four compounds
were cleared at a rate higher than hepatic blood flow
(�8–11 L/h/kg) and showed a correspondingly high
volume of distribution (7–122 L/kg). Furthermore, in vi-
tro microsomal clearance was not predictive of in vivo
stability.15 Whereas compounds 15 and 16 exhibited







Table 2. SAR: variations on the 6-phenyl group (IC50, lM)a


Compound R Lck KDR Ack1 JAK3 IL-2b huMLRc


8 H 0.21 0.36 0.42 0.14 1.2 0.62


13 0.022 0.057 0.15 0.032 0.13 0.014


14 0.054 0.21 0.17 0.11 0.65 0.17


15 0.030 0.16 0.084 0.025 0.47 0.057


16 0.019 0.067 0.18 0.044 0.25 0.018


17 0.029 0.10 0.12 0.071 0.51 0.061


a IC50 values are means of two or more separate determinations, in duplicate.
b IL-2: Anti-CD3/CD28-induced T cell IL-2 secretion assay.
c huMLR: human mixed lymphocyte reaction.


Table 3. SAR: variations on the 4-amino side chain (IC50, lM)a


Compound R Lck KDR Ack1 JAK3


17 0.029 0.10 0.12 0.071


18 1.6 4.7 0.18 0.080


19 0.17 0.37 0.020 0.037


20 0.38 1.7 0.93 1.4


a IC50 values are means of two or more separate determinations, in


duplicate.


Table 4. Pharmacokinetic parameters following iv Dose in Sprague-


Dawley Ratsa,b


Compound CL


(L/h/kg)


Vss


(L/kg)


t1/2 (h) CLint
c


(lL/min/mg)


clogPd


8 1.2 2.3 1.5 137 4.7


13 7.7 4.7 5.3 <5 4.8


15 11.5 7.2 0.8 100 4.4


16 34.1 122 3.1 120 6.6


17 11.3 60 4.7 50 6.0


a n = 3 animals per study.
b Dosed at 1 mg/kg as a solution in DMSO.
c In vitro intrinsic clearance after incubation with rat liver microsomes.


Compound concentration = 1 lM, microsomal protein = 0.25 mg/


mL.
d Determined using ACDLabs 8.0.
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high clearance both in vivo and in vitro, compounds 13
and 17 showed promising in vitro clearance but high
rates of in vivo clearance. The observed PK properties
are best interpreted in the context of the clogP for each
of the compounds.16 With the exception of compound
15, the clogP increased with the introduction of the
polar amine side chains, with the high clogP values
of 16 and 17 accounting for the large clearance
values.17

In summary, we have reported the discovery of a novel
class of 2,3-diarylfuro[2,3-b]pyridin-4-amines that are
potent and selective inhibitors of Lck. These compounds
show promising cellular activity when tested in a human
MLR and in an anti-CD3/CD28-induced IL-2 secretion
assay. Despite non-optimal pharmacokinetic properties,
these initial compounds show the potential of furano-
pyridines as a new class of Lck inhibitors. Future work
will aim to improve the potency and pharmacokinetic
properties with the hope of identifying compounds suit-
able for in vivo studies.
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Abstract—Novel 5-aza-ellipticine derivatives were synthesized and tested as antitumor agents. The new compounds were prepared
more readily than the analogous ellipticine derivatives, which are known to be potent anti-tumor agents Although the novel 5-aza-
ellipticine derivatives are not as biologically active as their corresponding ellipticine analogues, the new compounds represent a new,
readily accessible class of heteroaromatic catalytic inhibitors of topoisomerase II and possible anti-tumor agents.
� 2006 Elsevier Ltd. All rights reserved.

Ellipticine (1) was first identified in 1959 as a compound
in the leaves of an Australian evergreen, Ochrosia ellip-
tica labil (Apocynaceae family).1 Ellipticine is one of
many carbazole alkaloids that exhibit biological, espe-
cially anti-tumor, activities.2 Many synthetic variants
of the natural product were made and tested for anti-tu-
mor activity. The most likely target of ellipticine is topo-
isomerase II, whose inhibition results in the observed
cytotoxicity. However, the low water solubility of ellip-
ticine at physiological pH, as well as its systemic toxici-
ty, prevents its use as a therapeutic agent. Several simple
structural modifications to ellipticine derivatives gave
compounds with increased toxicity (such as a methoxy
substituent at the C9 position and a methyl substituent
at the C11 position).3,4


Previously, the novel ellipticine derivative (2) was cou-
pled to heptagastrin, which binds with high affinity to
the gastrin/cholecystokinin type B receptor.5 The
hypothesis was that since CCK-B receptors are over-ex-
pressed in some gastrointestinal cancers,6 the heptagas-
trin conjugate could be delivered very selectively to
CCK-B positive cancer cells by receptor-mediated endo-
cytosis. We demonstrated that heptagastrin conjugate
was delivered to lysozomes in CCK-B receptor positive
cells where it was processed to release the cytotoxic ellip-
ticine derivative. Compound 2 is cytotoxic to tumor cells

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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at low nanomolar concentrations but is relatively nonse-
lective, while the heptagastrin conjugate, while slightly
less toxic to sensitive cells, was completely selective to
only those cells that expressed the CCK-B receptor.
Compound 2 was synthesized in thirteen steps with an
overall 7% yield. Recently, Zhang et al.7 reported the
synthesis of 5-aza analogues of ellipticines (3) via an
interesting radical cyclization reaction. We wished to
examine the anti-tumor properties of these novel com-
pounds because their synthesis was more readily accom-
plished than the original ellipticines and because they
offered the possibility of additional elaboration of the
original structures.


In this study, novel 5-aza-ellipticine derivatives were
synthesized, which contain a C9 methoxy substituent
and a C11 methyl substituent. Consistent with known

Figure 1. Ellipticines.
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Scheme 2. Reagents and conditions: (i) for 8, 3,3 0-diamino-N-methyldipropylamine; for 9, N-(3-aminopropyl)-1,3-propanediamine; for 10, 1,4-bis(3-


aminopropyl)piperazine.20


Scheme 1. Reagents and conditions: (i) Pd(PPh3)2Cl2, i-Pr2NEt, CuI, propyne, DMF, 86%; (ii) triphosgene, toluene, 96%; (iii) benzene, p-xylene,


17%.19
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structure–activity relationships of ellipticine, many of
these novel 5-aza-ellipticine derivatives inhibited the
growth of HCT116 cells, with approximately the same
potency as ellipticine.


The synthesis of the 1-chloro-5-aza-ellipticine (7) was
accomplished in six steps with a 6.7% overall yield
(Scheme 1) using a modification of the procedure devel-

Scheme 3. Reagents: (i) methyl trifluoromethane sulfonate, DCM; (ii) for


aminopropyl)piperazine.


Scheme 4. Reagents: (i) ethyl trifluoromethane sulfonate, DCM; (ii) N-(3-am

oped by Zhang et al.7,14,15 The precursor 416 was con-
verted to the isocyanate 5 using triphosgene.17 The
radical cycloaddition of 5 with phosphorane 6 occurs
at elevated temperature and is accompanied by precipi-
tation of triphenylphosphine oxide.18 The yield of this
reaction is only 17%, but since the precursors are readily
available, the final product can be prepared in quantity,
in spite of the low overall yield.

11 and 13, N-(3-aminopropyl)-1,3-propanediamine; for 12, 1,4-bis(3-


inopropyl)-1,3-propanediamine.
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Several modifications of 7 were carried out. The chlorine
in position 1 was readily replaced by three amine side
chains that could be utilized in conjugation reactions
with peptide ligands (Scheme 2). Data from our labora-
tory and others suggest that the basic side chains fre-
quently enhance the activity of intercalating drugs,
probably by binding to the minor groove of DNA.8–11


We also prepared derivatives where the endocyclic nitro-
gen at position 5 was quaternized with a methyl group
(Scheme 3). The introduction of a positive charge in
the molecule improved water solubility but we also
expected profound difference in the biological activity.
The synthesis was accomplished by quaternization of
the 1-chloro derivative. The side chains were attached
directly without purification because the quaternary salt
was very unstable. However, during the purification of
both 11 and 12, some of the chloro compound was
hydrolyzed to 13, which was also isolated.21 It is inter-
esting to note that hydrolysis of the chloro substituent
was especially facile in compounds where the 5-position
was quaternized, perhaps by enhancement of Meisenhei-
mer complexes (Scheme 4).

Table 1. Cell growth inhibition by 5-aza-ellipticine derivatives


Compound IC50 (lM) on


HCT116 cells


IC50 (lM)


on 3T3 cells


Ellipticine (1) 0.3 0.003


(2) 0.07 0.02


7 >1 >1


8 0.3 0.6


9 N/A 1


11 2 N/A


12 >10 N/A


13 0.2 N/A


14 0.4 N/A


15 3 N/A


16 0.3 N/A


N/A, not tested.


Figure 2. Effect of ellipticines on catalytic activity of topoisomerase II in vi


move from the gel origin. Two bands appear in the gel when the topoisom


Concentration-dependent delay in the appearance of the two bands correlat

Ethylation of 7 also resulted in very unstable products,
but replacement of the chloro group by a polyamine side
produced a stable product 14, along with the hydrolysis
product 15 and the dimer 16.22


In vitro toxicity of the novel 5-aza-ellipticine derivatives
was determined by the MTT assay12 using human colon
adenocarcinoma cells HCT116 and murine NIH 3T3
cells. The latter was of interest because we had previous-
ly transfected the CCK-B receptor into this cell line and
showed that this line was sensitive to ellipticine deriva-
tives.5 The results (Table 1) indicate that some of the
novel compounds were moderately active cytotoxic
agents (IC50 values in the sub-micromolar range). The
1-chloro substituted 5-aza-ellipticine derivative, 7, did
not inhibit cell growth. Compounds 8 and 9 while more
potent than 7, were an order of magnitude less active
than the corresponding ellipticine derivative 2. Interest-
ingly, compound 12, which has a piperizine-containing
side chain, was inactive, in contrast to other agents
where that structural feature enhanced activity. The
5-aza ellipticine derivative with the 5-ethyl substituent,
14, had an order of magnitude greater potency than
the derivative with the 5-methyl substituent 11. In
contrast, the 5-methyl derivative, 13, was an order of
magnitude more toxic than the 5-ethyl derivative, 15.
The one dimer tested, 16, has approximately the same
potency as the monomer 8. These data suggest that
appropriately substituted 5-aza-ellipticine derivatives
may produce molecules with interesting anti-tumor
properties (Fig. 1).


Ellipticine 1 is known to be an inhibitor of topoiso-
merase II (topoII).13 We therefore tested the ability
of 8, an active derivative of the 5-aza-ellipticine series,
to inhibit the de-catenation of catenated kinetoplast
DNA (kDNA) by topoisomerase II. Topoisomerase
II-mediated kDNA de-catenation assays were per-
formed using the the manufacturer’s recommended
procedure (TopoGen, Inc., Port Orange, FL). The

tro. Under these conditions, the catenated kinetoplast DNA does not


erase catalyzes the double strand break and re-ligation of the DNA.


es with inhibition of topoisomerase II.
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de-catenation reaction requires a double strand break
and re-ligation, a hallmark of topoisomerase II. Ellip-
ticine 1 was chosen as a positive control. The data in
Figure 2 indicate that ellipticine 1 as well as the 5-aza-
ellipticine derivative 8 are potent catalytic inhibitors of
the enzyme.


It is interesting to note that while 1 and 8 were about
equally potent against HCT116 colon cancer cells in vi-
tro, compound 8 is actually a more potent catalytic
inhibitor of topoisomerase II.


In conclusion, 5-aza-ellipticine derivatives are readily
available compounds that have some interesting anti-tu-
mor properties. Although the currently available deriva-
tives are not as active as the corresponding ellipticines,
this new heteroaromatic class of compounds should con-
tinue to be examined because of the strong indication of
anti-tumor activity and some clear advantages (ease of
synthesis and possibly better PK/PD properties) over
other polycyclic heteroaromatic anti-tumor agents. It
is likely that different substitution pattern on the basic
5-aza-ellipticine scaffold may yield compounds with bet-
ter anti-cancer activity.
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Abstract—We are targeting molecules to the RNA/DNA heteroduplex that forms during the enzyme telomerase’s catalytic cycle.
Telomerase is a potential universal anti-cancer target that we have previously shown can be inhibited by molecules that target this
heteroduplex. The aim of this work was to make derivatives of our lead, ethidium, that would allow its straightforward incorpora-
tion into molecules in both solid and solution phase. The heteroduplex targeting intercalator will act as a scaffold to allow the incor-
poration of new functionalities that will interact with specific protein surfaces of telomerase, thereby potentially increasing affinity
and specificity. In examining multiple new derivatives of ethidium, with literature precedent or novel, we have identified one, a
5-benzylic acid ethidium derivative that is synthesized in three steps as a single isomer, and completely retains the inhibition efficacy
of the parent compound. Furthermore, we have demonstrated that it can be effectively incorporated into resin bound amines on the
solid phase. As such it represents an ideal monomer for the exploration of telomerse inhibition or for other applications which
would benefit from hybrid molecules that can target duplexes.
� 2007 Elsevier Ltd. All rights reserved.

Telomerase is a ribonucleoprotein that is active in a
large majority of cancer cell types while having minimal
activity in normal cells. In addition to this correlation
there are mechanistic reasons why cancer cells require
telomerase to remain viable after multiple rounds of rep-
lication.1,2 Because of this, telomerase remains a com-
pelling target for the development of anti-cancer
therapeutics and has inspired multiple rational
approaches for identifying inhibitors. We have identified
the RNA/DNA heteroduplex formed during the catalytic
cycle of telomerase as a potential site for inhibition.
Molecules that can bind to this structure could inhibit
telomerase by preventing both extension and transloca-
tion of the DNA substrate.3 We have demonstrated that
known duplex-binding molecules, such as the intercala-
tor ethidium, are able to inhibit the enzyme, and that the
efficacy of inhibition correlates strongly with the affinity
for a model RNA/DNA duplex.3,4 We are using these
intercalators not as therapeutics themselves, but as a
platform upon which to build new functionalities that
can specifically recognize unique telomerase features,
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thereby increasing the affinity and specificity of the mol-
ecules for telomerase. The intercalator acts as a scaffold
which provides detectable inhibition, which then allows
incremental improvements introduced by combinatorial
variation to be observed. We anticipate that the scaffold
intercalator may eventually be pared back to limit the
toxicity caused by non-specific nucleic acid binding.


Three features are important for the intercalator mole-
cules that are part of our combinatorial and parallel li-
braries targeting telomerase: (1) the availability of
functional groups on the molecule that are amenable
to modification, (2) the ability of these molecules to
retain telomerase inhibition properties upon modifica-
tion, and (3) the ease and scalability of synthesis of the
molecules. Multiple positions in the structure of ethi-
dium bromide have been explored in the past including
(a) variation of the alkyl chain at position 5 with groups
other than ethyl5,6 (b) modification/replacement of the
exocyclic amino (3- and 8-amino positions),7,8 and (c)
modification/replacement of the phenyl group at posi-
tion 6 with other groups9,10 (Fig. 1). However, the deriv-
atives reported so far are not optimal for our purpose
because of their (1) lack of possible functional groups
for modification,7 (2) generation of mixtures of regioi-
somers upon modification,8,10,11 (3) multi-step synthetic
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procedure,12–15 and (4) loss or decrease in nucleic acid
binding affinity following the modifications.16,17


Among the ethidium derivatives reported in the litera-
ture, the majority are phenanthridine derivatives with
modifications of the exocyclic amines. Acylation of
these amino groups results in two regioisomers with
similar physical properties, leading to challenges during
purification. A difference in the reactivity of the two
exocyclic amines has been described in the literature,
and has been attributed to the differences in the elec-
tronic characteristics of the two amines due to the abil-
ity of the lone pair of electrons on the 3- and 8-amines
to delocalize to different extents. The lone pair on the
3-amine can delocalize onto the quaternary nitrogen
making it more electron deficient and less reactive com-
pared to the 8-amine. The separation and isolation of
the regioisomers formed however during modification
of the exocyclic amines is challenging, due to their sim-
ilar chromatographic retention times. This can then re-
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Figure 2. Reagents and conditions: (a) 2.15 equiv of ethylchloroformate, d


nitrobenzene, 19 h, rt; (d) 48% HBr solution, reflux, 3 h; (e) HOBt, HBTU,

sult in incomplete purification.10,8,11 In addition, the
modification of the exocyclic amine can translate into
lower affinity of these derivatives for nucleic acids, aris-
ing from interference with intercalation of the
molecule.8,16


In our search to develop a compound with comparable
efficacy to ethidium bromide toward telomerase that
also possesses functional groups suitable for modifica-
tion, we synthesized, characterized, and tested multiple
modified phenanthridine derivatives. These included
the 5-hexanoic acid derivative, the 5-benzylic acid deriv-
ative, the N-glutaryl derivatives previously reported by
Barton and co-workers,18 as well as the carboxamides
of all of these. All the compounds synthesized were eval-
uated for telomerase inhibition. Only the 5-benzylic acid
derivative retained the inhibition potential of the parent,
while being synthesized as a single regioisomer. In addi-
tion it effectively reacted with resin bound amino groups
using standard solid phase synthesis protocols, thus
demonstrating its utility in the synthesis of libraries of
compounds.


The first compound we synthesized was compound 6,
the so called 5-hexanoic acid derivative. This was pre-
pared by using the method of Ross et al.19 namely the
conversion of the precursor alcohol to its triflate, fol-
lowed by reaction with the protected amino phenanthri-
dine precursor (Fig. 2). As a general approach, we tested
both the carboxylic acid product as well as the
carboxamide formed from it against telomerase. The
carboxamide (compound 7) was synthesized to allow
assessment of the compound without the negative char-
ge of the carboxylate present, a situation comparable to
that of the compound after it acylates an amine during
combinatorial synthesis.
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Both of the resulting compounds were tested for their
ability to inhibit telomerase and both showed a reduc-
tion in inhibition potential, when compared to the ethi-
dium parent. Compound 6 had an IC50 of 23.3 lM and
its carboxamide 7 had an IC50 of 30.3 lM representing a
reduction in inhibition of approximately 10-fold
and 14-fold for compounds 6 and 7, respectively
(Table 1,Figs. 5 and 6).


In addition, we examined the N-glutaryl ethidium deriv-
atives previously described by Barton and co-workers.18


The advantage of these compounds is that they are syn-
thesized in a single step from unprotected ethidium. The
8-glutaryl derivative (compound 9) and 3-gluaryl deriv-

Table 1. List of Compounds tested with their IC50 values


Compound Name


6 3,8-Bisamino 5-hexanoyl 6-phenyl phenanthridine


7 3,8-Bisamino 5-(5-carboxyaminopentyl) 6-phenyl phen


8 Ethidium bromidea


9 8-Glutaryl ethidium


10 3-Glutaryl ethidiumc


11 8-Glutarylamido ethidium


12 3-Glutarylamido ethidiumc


13 3,8-Bisglutaryl ethidium


14 3,8-Bisglutarylamido ethidium


16 3,8-Bisamino 5-(4-(carboxyl)benzyl) 6-phenyl phenant


17 3,8-Bisamino 5-(4-(carboxylamido)benzyl) 6-phenyl ph


a Ethidium bromide is reported as a control. The inhibition constant of ethi
b Indicates the highest concentration the compounds were tested.
c Indicates that the compounds were present as a 50:50 ratio of the 3-deriva
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NMP; mixture added to rink amide resin, 24 h product cleaved from resin; (


6:6:12 equiv of HBTU:HOBt:DIEA, NMP; mixture added to 20:40 molar ex

ative (compound 10) were obtained by reaction of ethi-
dium with glutaric anhydride as reported by Barton and
co-workers (Fig. 3). HPLC analysis of the reaction mix-
ture showed that 9 and 10 were formed in the ratio
�90:10, respectively, consistent with previous reports.18


We attempted to separate the two regioisomers using re-
verse-phase HPLC, a process made challenging because
the retention times of the two regio-isomers differed by
only 0.2 min on HPLC. We were able to isolate 9 as a
pure compound, whereas the similar retention times of
the regioisomers and low yield of 10 (the 3-isomer),
made it difficult to completely purify. We were able to
enrich this compound by fivefold, giving rise to a
�50:50 mixture of the 3- and 8-glutaryl derivatives, as
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compared to the 1:9 mixture before purification. Com-
pounds 9 and 10 were then converted to their corre-
sponding carboxamides. Again in this case, compound
11, the 3-glutarylamido derivative, was present in small
amounts compared to 5, the 8-glutarylamido derivative.
Following purification, 12 again was enriched by five-
fold in comparison to the original amount formed,
and thus present as a �50:50 mixture of 12 and 11,
whereas compound 11 was obtained as a pure sample.
We further synthesized compounds 13 (3,8-bisglutaryl
ethidium) and its corresponding bis-amide 14, and puri-

Figure 5. IC50 plot of all the carboxylic acid derivatives.

fied these compounds by reverse phase HPLC. All the
glutaryl derivatives were then assayed for telomerase
inhibition using our previously described fluorescence
based assay.20


Ethidium bromide, which was used as a control, had the
expected inhibition constant of 2.7 lM as was reported
in our previous publications.3,4,20 Compounds 9, 10,
and 13 are carboxylic acid derivatives of ethidium bro-
mide. Compounds 9 and 10 had IC50 values >80 lM
and compound 13 had an IC50 value of 63.1 lM. The

Figure 6. IC50 plot of all the carboxamide derivatives.
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loss in affinity of these compounds compared to ethi-
dium bromide can be potentially attributed to the nega-
tive charge on the carboxylic acid as well as possibly
unfavorable steric interactions of the glutaryl side chains
with the nucleic acid. This result is further corroborated
by publications from other research groups, wherein a
loss of affinity following modifications of exocyclic
amines is observed.16,21,8 Interestingly, 13, the bisderiva-
tive while still significantly worse than the parent ethi-
dium was found to be a better inhibitor compared to
any of the mono-acid derivatives (3- or 8-derivative)
with an IC50 of 63 lM (Table 1, Fig. 5). A similar obser-
vation has been made by Yielding et al.16 specifically
that compounds with two identical substituents at the
3- and 8-position had better affinity to DNA than those
with substitution at only one position.


The carboxylic acid derivatives were converted to their
corresponding carboxamides (compounds 11, 12, and
14) to (a) mask the negative charge from the carboxylic
acid and (b) to simulate peptide derivatization and con-
jugation with other moieties that contain amino groups.
Among the carboxamide compounds, only the 3-glu-
tarylamido ethidium (12) inhibits telomerase at a level
approaching that of the parent (IC50 value of 5.6 lM)
(Table 1, Fig. 6). However since the compound was only
50% pure, with the remaining being the 8-glutarylamido
derivative, we found it difficult to obtain a more accu-
rate inhibition constant. The pure 8-glutarylamido ethi-
dium had an IC50 value of 68.2 lM (Table 1, Fig. 6) and
therefore contributed little to the inhibition of the mix-
ture. Interestingly, compound 14, the 3,8-bisglutarylam-
ido derivative, is a worse inhibitor than 13, its bis-acid
precursor (IC50 > 80 lM), even though the negative
charges were eliminated.


Because the derivatives based on literature precedent
either lost telomerase inhibition efficacy (compounds
9–11, 13, and 14) or retained efficacy but were synthe-
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sized in low amounts and difficult to purify regioiso-
meric mixtures (compound 12), we examined other
ethidium derivatives for synthesis. The so called 5-ben-
zylic acid ethidium, compound 16, was the most
promising of these and its synthesis was carried out
in three steps (Fig. 4). The exocyclic amines of com-
pound 1 were protected with ethylchloroformate to
generate compound 2 in 73% yield. Compound 2
was then treated with methyl 4-(bromomethyl) benzo-
ate, which reacted with the tertiary amine on the phe-
nanthridine ring to generate a quaternary ammonium
salt. The reaction mixture was purified by flash
chromatography and compound 15, the quaternary
ammonium salt with bromide counter ion, was ob-
tained in 57% yield. Compound 15 was then refluxed
with 48% hydrobromic acid solution to hydrolyze
the protecting groups on the exocyclic amines and
on the carboxybenzyl side chain. A side reaction of
the hydrolysis reaction was dealkylation of the carb-
oxybenzyl group to regenerate 1. While shorter reac-
tion duration will result in incomplete hydrolysis of
the ester functionality of 15, prolonged hydrolysis will
regenerate 1 completely via dealkylation. A 20-h reac-
tion period was optimal and ensured complete hydro-
lysis of 15 to generate 16. The small amount of 1
formed was removed by basifying the aqueous solu-
tion with N,N-diisopropylethylamine and then extract-
ing the deprotonated and uncharged compound 1 into
ether. The zwitterionic compound 16 was retained in
the aqueous layer in 87% yield. An equal amount of
diisopropylethylammonium bromide salt was also
present along with 16 as a result of the base extrac-
tion, but the salt however did not interfere with the
derivatization reaction as discussed later.


As with the other compounds, 16 was also converted to
its corresponding carboxamide, compound 17.
Although 16 has the required synthetic handle for deriv-
atization, unlike ethidium, it has a bulky benzyl group at
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Figure 8. MS spectrum of compound 18.
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the N5 position that might obstruct the intercalation of
the molecule. However, a crystal structure of ethidium
bound to a dinucleotide suggested that the benzyl group
will be pointing out of the minor groove of the helix,
much like the ethyl group in ethidium bromide.22 A
modeled complex depicting this (based on the crystal
structure of ethidium bound to a GC dinucleotide in
Ref. 22) is included in Supplemental data.


Compound 16 had a telomerase inhibition constant of
27.3 lM, (Table 1, Fig. 5), a value which represents a
10-fold decrease in efficacy in comparison with the par-
ent ethidium bromide. However, its corresponding
amide derivative, 17, had an IC30 value of 2.9 lM, essen-
tially identical to that of ethidium bromide (Fig. 6).
Since 17 also represents the modified version of 16, we
can expect derivatives of 16 to have a basal inhibition
constant of approximately 2.9 lM. To determine if 16
could be used in solid phase synthesis, we reacted it with
a resin-bound model dipeptide (Fig. 7). This dipeptide
consisted of two lysine (lys) monomers condensed using
standard fmoc peptide chemistry. Compound 16 was
then attached to the orthogonal amines on the side-
chains of both lys groups to generate a bisintercalator
molecule with a lys–lys dipeptide linker between them.
The identity of this molecule was confirmed by mass
spectrometry and is shown in Figure 8.


Compound 16 represents an ideal base molecule for
modification in the search for specific telomerase inhib-
itors. It is synthesized in high yield in relatively few
steps. Upon conversion to the amide, it has essentially
an identical IC50 to that of the parent compound. In
addition, it efficiently modifies resin bound amines via

acylation. We are therefore exploring its utility to act
as a foundation upon which to build unique functional
groups that can interact with the unique telomerase pro-
tein surfaces that surround the telomerase RNA/DNA
duplex. We believe that it may also have utility for other
laboratories interested in attaching functionalities to
ethidium to impart other properties.
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Abstract—New antimicrobial compounds are of major importance because of the growing problem of bacterial resistance and anti-
microbial peptides have been gaining a lot of interest. Their mechanism of action, however, is often obscure. Here a set of non-pep-
tidic compounds with antimicrobial activity are presented that have been designed based on criteria derived from three-dimensional
structures of antimicrobial peptides. Even though only a small set of compounds has been designed, the activity immediately match-
es that of the original peptides, supporting the proposed criteria for activity, i.e. not the peptidic nature of antimicrobial peptides is
responsible for their activity but rather the proper arrangement of the relevant functional groups.
� 2007 Elsevier Ltd. All rights reserved.

Bacterial resistance to existing drugs is a constantly grow-
ing problem that, combined with a decline in the develop-
ment of new antibiotics, presents a significant threat to
human health.1–3 The identification of new antimicrobial
agents is therefore of considerable importance. In recent
years, antibacterial and antifungal peptides have gained
a lot of interest, due to their potential use as a new gener-
ation of therapeutic agents.4,5 These peptides exhibit
activity against a broad spectrum of microbes, albeit with
fairly low activity. However, resistance against them has
rarely been reported, even though they are evolutionary
ancient weapons of higher animals.4 Unfortunately, their
mechanism of action is still not clear and its elucidation
would form a sound basis for the further development
of pharmaceutical compounds.


In two recent papers we have determined the structure
of the antimicrobial peptide cyclo-(Arg-Arg-Trp-Trp-
Arg-Phe) and several analogues using solution NMR
spectroscopy and have described their potential interac-
tions with a biological membrane using extensive molec-
ular dynamic simulations.6–8 In a membrane mimicking
environment, the peptide exhibits an amphipathic struc-
ture that differs considerably from the one found in
aqueous solution. The hydrophobic part is formed by
the aromatic side chains while the hydrophilic part is
made up of the peptide backbone. The aromatic side
chains protrude into the lipid chains of the membrane,
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the guanidine groups form contacts to charged lipid
head groups, and the backbone faces the outside of
the membrane. When tryptophan is replaced by tyrosine
or arginine is replaced by lysine the structure of the
peptide does not change, the backbone forms similar
b-turns positioning the amino acid side chains in
similar directions. The activity, however, is changed
considerably.9 On the other hand, scrambling of the
original sequence in a way that the three aromatic side
chains are next to each other (cyclo(RRWWFR) and
cyclo(RRWFWR)) changes the backbone structure
but does not affect the activity of the peptides [to be
published]. From those findings we conclude that the
peptide backbone merely presents the scaffold for the
orientation of the side chains of the amino acids and
that the antimicrobial activity requires a sufficient num-
ber of indole rings and guanidinium groups. It should
then be possible to design an antimicrobial compound
with similar activity as the original peptide by using a
simpler scaffold that is capable of positioning the amino
acids in a proper manner.


To test this hypothesis, we have chosen to synthesize a
small set of compounds based on trimesic acid as the
scaffold with indole rings and guanidinium groups at-
tached (Scheme 1). The structural rationale behind the
design of the compounds is shown in Figure 1 where
the structure of the peptide bound to detergent micelles
as determined by NMR is overlaid with a simple model
of the new compound. As can be seen the trimesic acid is
capable of positioning the relevant functional groups in
a way comparable to that in the peptide. To assess the
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Scheme 1. Structure of the non-peptidic analogs of antimicrobial peptides together with the structure of cyclo(RRWWRF) and the ‘side chain’


compounds CAB5 and CAB6.


Figure 1. Comparison of a model of CAB4 (thick) and the NMR


structure of cyclo(RRWWRF) (thin)6. The model was created by


orienting the ‘side chains’ in the same way as in the peptide followed by


an energy minimization. This shows that the indoles (green) can adopt


a similar orientation as the aromatic side chains of the peptide.


Likewise, the guanidine moieties can be oriented in the same way as the


arginine side chains. A structure determination of CAB4 bound to the


micelle has so far been precluded by the symmetry of the compound.
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importance of the guanidinium groups, we synthesized
and investigated analoges carrying amino instead of
guanidinium groups. To allow for variation in the
positioning of the aromatic rings and the charged
groups relative to each other, two different chain lengths
were used for the attachment of the charged groups. The
synthesis of the four compounds is exemplified in
Scheme 2 by the synthesis of CAB1 and CAB2 contain-
ing ethane linkers. CAB3 and CAB4 contained pentane
chains and were synthesized in a similar way.


The biological activity of the new compounds was tested
on two bacterial strains, Escherichia coli and Bacillus
subtilis, as representatives of gramnegative and gram-
positive bacteria, respectively. CAB4 possesses three
guanidinium moieties attached to pentane linkers. It
turned out to be the most potent compound, having
minimal inhibitory concentrations in the low micromo-
lar range against both E. coli and B. subtilis (Table 1).
This activity is similar to the one of the cyclo-(Arg-
Arg-Trp-Trp-Arg-Phe) peptide. The compound CAB3
is the corresponding triamine. It is less effective in inhib-
iting bacterial growth and is therefore comparable to the
peptide cyclo-(Lys-Lys-Trp-Trp-Lys-Phe).


In order to check whether fragments of these compo-
nents display any antimicrobial activity, CAB5, CAB6,
and trimesic acid were also tested (Table 1). They were
completely inactive demonstrating that the linkage of
three tryptophans with guanidines or amines is essential
for the activity.







Scheme 2. Synthesis of CAB1 and CAB2. TMACl, trimesic acid chloride. PCA, pyrazole carboxamidine.11


Table 1. Antimicrobial activities and erythrocyte lysis of the developed compounds


R n MIC E. coli (lM) MIC B. subtilis (lM) Erythrocyte lysis at 100lM (%)


CAB1 Amino 2 >125 31.3 1.2


CAB2 Guanidino 2 >125 3.9 5.1


CAB3 Amino 5 62.5 31.3 0.4


CAB4 Guanidino 5 15.6 2.0 22.6


cyclo(RRWWRF)a – – 6.3 3.1 24


cyclo(KKWWKF)a – – 25 25 10


CAB5 – – >250 >250 <1


CAB6 – – >250 >250 <1


Trimesic acid – – >250 >250 <1


a Reproduced with permission from.8 CAB5, (S)-2-amino-N-(2-aminoethyl)-3-(1H-indol-3-yl)propanamide; CAB6, (S)-2-amino-N-(5-aminopentyl)-


3-(1H-indol-3-yl)-propanamide.
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A different behavior was seen for CAB1 and CAB2
which have their amino and guanindino moieties
coupled to an ethyl linker. Like CAB3 and CAB4
they were active against B. subtilis. However, they were
inactive against E. coli. This indicates that the distance
between the charged groups and the aromatic rings has
an impact on the activity but given the small set of com-
pounds tested it is not possible to explain the observed

selectivity. Expanding the set of compounds to overcome
these limitations is in progress. Additionally, the symme-
try of the compounds has so far precluded the determina-
tion of their micelle-bound structures. It was, however,
possible to obtain information on the orientation of the
peptides using methods described previously.6 The
compounds orient parallel to the micelle surface with
the aromatic rings pointing into the micelle and the
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guanidinium groups on the surface. Together with the
size of the compounds this is a clear indication that no
channel formation is taking place and that the
compounds rather act according to the carpet model.10


In conclusion, we have been able to design non-peptidic
compounds with antimicrobial activity based on princi-
ples derived from the structure of antimicrobial peptides
determined using solution NMR-spectroscopy. Even
though the design was simple, the activities of the new
compounds immediately match those of the original
peptides.

Supplementary data


Supplementary data associated with this article can
be found, in the online version, at doi:10.1016/j.bmcl.
2007.01.075.
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Abstract—HIV-1 (Human Immunodeficiency Virus Type-1) is the pathogenic retrovirus and causative agent of AIDS. HIV-1 RT is
one of the key enzymes in the duplication of HIV-1. Inhibitors of HIV-1 RT are classified as NNRTIs and NRTIs. NNRTIs bind in
a region not associated with the active site of the enzyme. Within the NNRTIs category, there is a set of inhibitors commonly
referred to as phenyl ethyl thiazolyl thiourea (PETT) derivatives. The present 3D QSAR study attempts to explore the structural
requirements of phenyl ethyl thiazolyl thiourea (PETT) derivatives for anti-HIV activity. Based on the structures and biodata of
previous PETT analogs, 3D-QSAR (CoMFA) study has been performed with a training set consisting of 60 molecules, which result-
ed in a reliable computational model with q2 = 0.657, SPRESS = 0.957, r2 = 0.938, and standard error of estimation (SEE) = 0.270
with the number of partial least square (PLS) components being 5. It is shown that the steric and electrostatic properties predicted
by CoMFA contours can be related to the anti-HIV activity. The predictive ability of the resultant model was evaluated using a test
set comprised of 11 molecules and the predicted r2 = 0.893. This model is a more significant guide to trace the features that really
matter especially with respect to the design of novel compounds.
� 2007 Elsevier Ltd. All rights reserved.

HIV-1 (Human Immunodeficiency Virus Type-1) is the
pathogenic retrovirus and causative agent of AIDS or
AIDS- related complex (ARC).1,2 When viral RNA is
translated into a polypeptide sequence, it is assembled
in a long polypeptide chain, which includes several indi-
vidual proteins, namely, reverse transcriptase, protease,
integrase, etc. Before these enzymes become functional,
they must be cut from the longer polypeptide chain.


Acquired immune deficiency syndrome (AIDS) is a for-
midable pandemic that is still wreaking havoc world-
wide. The catastrophic potential of this virally caused
disease may not have been fully realized. The causative
moiety of the disease is human immunodeficiency virus
(HIV), which is a retrovirus of the lentivirus family.3


The three viral enzymes: reverse transcriptase, protease,
and integrase encoded by the gag and gag-pol genes of
HIV play an important role in the virus replication cy-
cle. Among them, viral reverse transcriptase (RT) cata-
lyzes the formation of proviral DNA from viral RNA,
the key stage in viral replication. Its central role in viral
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replication makes RT a prime target for anti-HIV
therapy.4


Two main categories of HIV RT inhibitors have been
discovered to date. The first category of inhibitors is
nucleoside analogs (e.g., AZT, 3TC, ddI, ddC) and the
second category of inhibitors is nonnucleoside analogs.
Nevirapine, delaviridine, and efavirenz are the only non-
nucleoside reverse transcriptase inhibitors (NNRTI)
that have received regulatory approval with several
NNRTIs (MKC442, Troviridine, S-1153/ AG1549.
PNU142721, ACT, and HBY1293/GW420867X) cur-
rently undergoing clinical trials. Efavirenz was the first
potent anti-HIV drug to be approved by FDA and stud-
ies have shown that efavirenz penetrates into the cere-
brospinal fluid, a common viral sanctuary. The
therapeutic efficacy of the drug is mainly restricted due
to the development of viral resistance associated with
mutations that include K103N, L1001, and Y188L.5


Comparative molecular field analysis (CoMFA) and
Comparative molecular similarity indices analysis
(CoMSIA) are powerful and versatile tools to build
and design an activity model (QSAR) for a given set
of molecules in rational drug design and related applica-
tions.6–17
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Figure 1. Field fit alignment of PETT derivatives.
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In the present work, we have taken 71 compounds and
their anti-HIV activity from the reported work.18,19


Many of these compounds inhibited wild type HIV-1
with ED50’s between 0.001 lM and 0.005 lM in MT-4
cells. One of these thiourea derivatives troviridine
showed good anti-HIV activity (0.02 lM, in clinical tri-
al) with low cytotoxicity for MT4 cells.19 The standard
deviation of biological activity and the structural differ-
ence between the compounds are more. It insists to se-
lect these series of compounds for our 3D QSAR
study. All the anti-HIV activities used in the present
study were expressed as pED50 = �log10 ED50. Where
ED50 is the micromolar concentration of the compounds
producing 50% reduction in the cytopathic effect caused
by the virus stated as the means of at least two experi-
ments. ED50 values were assessed by XTT assays.20


The compounds which were not showing confirmed
anti-HIV activity in the above-cited literature have not
been taken for our study. Based on the reported work,21


we carried out molecular modeling analysis and estab-
lished a 3D-QSAR model (CoMFA) to guide further
structural optimization and predict the potency and
physiochemical properties of clinical drug candidates.


CoMFA is a powerful and established tool for building
3D-QSAR models that can be applied to drug de-
sign.22,23 Consequently, we used the structures of 71
PETT analogs and their anti-HIV activities (ED50 in
lM) in MT-4 cells (Table 1) to establish CoMFA model
in the present study. Sixty compounds constituted as a
training set and eleven PETT analogs were used in the
test set. Three-dimensional structure building and all
the modeling were carried out using the SYBYL 6.7
(sgi work station) program package and conformations
of compounds in the training and test sets were generat-
ed using the systematic conformational search method
implemented in SYBYL 6.7.24 Energy minimization
was effected using the Tripos force field with a dis-
tance-dependent dielectric and the Powell conjugate gra-
dient algorithm with a convergence criterion of
0.001 kcal/mol. Partial atomic charges were calculated
using the Gasteiger-Huckel method.25


Molecular alignment was effected with the SYBYL func-
tion of ‘field fit alignment method’ (Figure 1). After con-
sistently aligning the molecules within the lattice that
extended 4 Å units beyond the aligned molecules in all
directions with a grid step size of 2 Å, a probe sp3 car-
bon atom with +1 net charge and van der Waals radius
of 1.52 Å was employed. 3D QSAR models were built

Table 1. Summary of CoMFA models with 60 PETT compounds


PLS statistics SE S E


q2 0.657 0.398 0.451


SPRESS 0.957 1.518 1.223


r2 0.938 0.715 0.836


SEE 0.270 0.488 0.352


F 147.66 87.85 118.27


PLS components 5 4 5


Steric 0.436


Electrostatic 0.564


S, steric field; E, electrostatic field; SEE, standard error of estimation;


F, variance ratio significant at 99% level.

by field fit alignment method in SYBYL. Steric and elec-
trostatic interactions between the probe and the remain-
ing molecules were calculated. The generated steric and
electrostatic fields were scaled by the CoMFA-STD
method in SYBYL 6.7 with a default energy of
30 kcal/mol. Electrostatic interactions were modeled
using a Coulomb potential and van der Waals interac-
tions using a Lennard-Jones potential. The regression
analysis was carried out using the partial least-squares
(PLS) method and cross-validation was performed using
leave-one-out method with 2 kcal/mol column filter. The
final model was developed with an optimum number of
components yielding the highest q2.


Cross-validated q2 usually serves as the quantitative
measurement for the prediction of CoMFA. However,
Cho and Tropsha have reported that the q2 value is sen-
sitive to the orientation of aligned molecules on the com-
puter terminal and, thus, might vary with the
orientation by as much as 0.5 q2 units.26 Therefore, suit-
able alignment rules must be framed while constructing
3D-QSAR models. Consequently, the PETT com-
pounds in Table 1 were aligned according to their com-
mon sub structure- compound 58 (Table 1), one of the
most promising analogs in the inhibition of HIV-1 (IIIB)
replication in MT-4 cells, was used as the alignment tem-
plate. The optimal number of components obtained is
then used to derive the final QSAR model using all the
compounds (without cross-validation). The convention-
al r2 is used to measure the quality of the model.


To derive 3D-QSAR models, the CoMFA descriptors
were used as independent variables and the pED50 activ-
ity value as a dependent variable. Partial least-squares
(PLS) regression analyses were conducted with standard
implementation in the SYBYL package. The predictive
ability of the models was evaluated by leave-one-out
(LOO) cross-validation. The cross-validated correlation
coefficient, q2, was calculated using Eq. 1.


r2
CV ¼ 1�


PN
i¼1ðyexp � ypredÞ


2


PN
i¼1ðyexp � ymÞ


2
ð1Þ







Table 2. Structures of PETT analogs, their anti-HIV activity in MT-4 cell lines, and their predicted activity by CoMFA
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  Compound 39-46  


Compound R1 R2 pED50 (lM)


Experimentalb Predicted


1 Phenyl — �0.1139 �0.072


2 2-Fluorophenyl — 1 0.76


3a 3-Fluorophenyl — 0.6021 1.039


4 4-Fluorophenyl — �0.5185 �0.424


5a 2-Methoxyphenyl — 0.3979 0.915


6 3-Methoxyphenyl — 0.2218 0.188


7 4-Methoxyphenyl — �0.7404 �0.801


8 2-Methylphenyl — 0.0227 �0.039


9 2-Nitrophenyl — �0.0414 0.328


10 2-Hydroxyphenyl — �0.602 �0.051


11 2-Chlorophenyl — 0.3979 0.211


12 3-Ethoxyphenyl — 0.8239 0.711


13 3-Propoxyphenyl — �0.3424 �0.283


14a 3-Isopropoxyphenyl — 0.3979 0.322


15 3-Phenoxyphenyl — �0.4471 �0.354


16 2,6-Dimethoxyphenyl — 1.0457 1.181


17 2,5-Dimethoxyphenyl — 0.3979 0.577


18 3-Bromo-6-methoxyphenyl — 1.301 0.993


19 2-Fluoro-6-methoxyphenyl — 0.5229 0.553


20a 2-Ethoxy-6-fluorophenyl — 0.6989 1.286


21 2,6-Difluorophenyl — 1.6989 1.381


22 2-Chloro-6-fluorophenyl — 1.301 1.02


23 2-Pyridyl — �0.1139 0.092


24 3-Pyridyl — �0.8062 �0.491


25 2-Furyl — �0.716 �0.108


26 4-Methylthiazol-2-yl — 0.3979 �0.17


27 4-Ethylthiazol-2-yl — 0.1549 0.061


28 4-Propylthiazol-2-yl — �0.2041 �0.192


29 4-Isopropylthiazol-2-yl — �0.1139 �0.134


30a 4-butylthiazol-2-yl — �0.1139 0.093


31 4-Cyanothiazol-2-yl — 0.6989 0.585


32 4-(Trifluoro methyl)thiazol-2-yl — 0.301 0.515


33 4-(Ethoxy carbonyl)thiazol-2-yl — 0.301 0.343


34 5-Chlorothiazol-2-yl — �0.4314 �0.373


35 1,3,4-Thiazol-2-yl — �0.7243 �0.496


36 2-Pyridyl — 0.6989 0.630


37 5-Bromo-2-pyridyl — 1.301 1.323


38 5-Methyl-2-pyridyl — 0.8239 0.97


39a 2,6-Difluorophenyl 4-Cyano thiazoly-2-yl 1.5229 1.603


40 2,6-Difluorophenyl 5-Bromo-2-pyridyl 2 1.853


41 2,6-Difluorophenyl 5-Methyl-2-pyridyl 2 1.992


42a 2-Ethoxy-6-fluorophenyl 5-Methyl-2-pyridyl 0.6989 0.933


43 2-Ethoxy-6-fluorophenyl 5-Bromo-2-pyridyl 1.6989 1.091


44 2-Pyridyl 5-Methyl-2-pyridyl 0.5228 0.621


45 2-Pyridyl 5-Bromo-2-pyridyl 1.6989 0.938


46 2,6-Difluorophenyl 4-Ethylthiazol-2-yl 1.0969 1.478


aTest set compounds.
b The experimental ED50 values (in micromolar) were converted into �logED50 (pED50, in micromolar). Taken from Refs. 18 and 19.
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XN
2


PRESS ¼
i¼1


ðyexp � ypredÞ ð2Þ


where yexp is the activity for training set compounds, ym


is the mean observed value, corresponding to the mean
of the values for each cross-validation group, and ypred


is the predicted activity for yexp.


The total set of compounds was initially divided ran-
domly into two groups as training and test set, having
60 compounds in training set and 11 compounds in
the test set. Test and training set compounds were cho-
sen manually such that low, moderate, and high activity
compounds were present approximately in equal pro-
portions in both sets. Training set compounds were used
to develop the CoMFA model and the test set com-
pound used to validate the developed model.


We developed three CoMFA models, the first model is
having both steric and electrostatic fields, the second
model is having only steric field, and the third model
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Table 3. Structures of PETT analogs, their anti-HIV activity in MT-4 cell li


N
H


N
H


S


R3


R2


R4


R6


1


23


4


5 6


Compound 47-69      


Compound R2 R3 R4 R6


47 F (CO)N(Me)2 H F


48 F CH2NAc H F


49 F CN H F


50 F N(Me)2 H F


51a F N(Me)2 H F


52 F OCH3 H F


53a F OC2H5 H F


54 F CH2OCH3 H F


55 Cl OC2H5 H F


56 Cl OC2H5 H F


57 Cl OC2H5 H F


58 Cl OC2H5 H F


59 H OCH3 H OCH3


60 H OC2H5 H OC2H5


61 F H H OC2H5


62 F F H OC2H5


63a F F H OCH3


64 F OCH3 H OCH3


65 F OC2H5 H OCH3


66 OCH3 OCH3 H F


67 F N(Me)2 H F


68 F CN H F


69 Cl OC2H5 Cl F


70 — — — —


71a — — — —


aTest set compounds.
b The experimental ED50 values (in micromolar) were converted into �logE

is constructed by only electrostatic field. Finally, the
model generated by combining the steric and electrostat-
ic fields was selected as the best CoMFA model because
of its statistical significance and predictive power, and
the contours were analyzed using this model. The statis-
tical parameters of the models are given in Table 1. The
predicted activities are listed in Tables 2 and 3.


For the selected CoMFA model, the cross-validated r2


(q2) value of the training set was 0.657 with five principal
components. The non-cross-validated r2 value was 0.938
with standard error of estimation (SEE) 0.270 and
covariance ratio (F) of 147.66 (significant at 99% level).
The correlation between experimental activity (EA) and
predicted activity (PA) is shown in Figure 2. The CoM-
FA model was externally validated with test set of com-
pounds. The squared correlation coefficient (r2 between
EA and PA) value of validation set was 0.893 with stan-
dard error of estimation (SEE) 0.261. These results
authenticate the good prediction ability of this 3D
QSAR model.

nes, and their predicted activity by CoMFA


Ar N
H


N
H


Ar


S


N
CH3


1


23


4


5
Compound 70 & 71 


Ar pED50(lM)


Experimentalb Predicted


5-Bromo-2-pyridyl 1.0969 0.908


5-Bromo-2-pyridyl 0.0457 �0.424


5-Chloro-2-pyridyl 2.2218 2.485


5-Chloro-2-pyridyl 1.3979 1.585


5-Bromo-2-pyridyl 1.3979 1.367


5-Bromo-2-pyridyl 1.8239 1.837


5-Bromo-2-pyridyl 2.2218 2.041


5-Bromo-2-pyridyl 2.2218 2.032


5-Bromo-2-pyridyl 2.1549 1.954


5-Chloro-2-pyridyl 2.0969 2.016


5-Iodo-2-pyridyl 1.8239 1.807


5-Cyano-2-pyridyl 2.5229 2.571


5-Chloro-2-pyridyl 1.3979 1.617


5-Bromo-2-pyridyl 1.7447 1.795


5-Bromo-2-pyridyl 1.886 1.873


5-Bromo-2-pyridyl 2.1549 2.251


5-Bromo-2-pyridyl 2.1589 2.029


5-Chloro-2-pyridyl 2.6989 2.436


5-Chloro-2-pyridyl 2.301 2.399


5-Bromo-2-pyridyl 1.9208 2.08


5-Bromo-2-pyridyl 1.7447 1.885


5-Bromo-2-pyridyl 1.886 2.002


5-Bromo-2-pyridyl 1.886 1.886


5-Cyano-2-pyridyl 0.959 0.667


5-Chloro-2-pyridyl 0.602 0.752


D50 (pED50, in micromolar). Taken from Refs. 18 and 19.
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Figure 2. Correlation between experimental and predicted activities of


CoMFA model. m indicates training set compounds and � indicates


test set compounds of PETT derivatives in CoMFA model.
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In the CoMFA model, the steric and electrostatic field
contributions are 0.436 and 0.564, respectively. The con-
tour maps of this model shown in Figure 3 illustrate
clearly the steric and electrostatic interaction in CoMFA
model. In the contour maps electrostatically favorable
region corresponds to red areas and unfavorable region
corresponds to blue areas. The red region near the 3rd
substitution position of ethyl phenyl ring of PETT deriv-
ative suggests that biological activity can be enhanced
by introduction of more electronegative groups at this
position for strong electrostatic field interactions. The
blue region near 4th and 5th position of ethyl phenyl
ring of PETT derivative indicates that biological activity
will be decreased by electronegative group at the above-
mentioned positions. More than that blue contour over
ethyl group between phenyl ring and thiourea suggests
that biological activity will be diminished by introduc-

Figure 3. CoMFA contour maps for steric and electrostatic field.


Green contours indicate regions where bulky groups are favorable to


activity, whereas yellow contours indicate regions where bulky groups


are not desirable for activity. Blue contours indicate regions where the


positive groups could increase activity, whereas red contours indicate


the regions needing negative charge.

tion of electronegative groups at this site. Green contour
near 2nd position of ethyl phenyl ring and 6th position
of pyridyl ring of PETT derivative indicates that the
bulky groups at this position will increase activity. Yel-
low contour near the 5th and 6th position of ethyl phen-
yl ring and 2nd and 5th position in pyridyl ring of PETT
derivative indicates that bulky substituents at these posi-
tions decrease anti-HIV activity.


The presence of electron withdrawing group like CN, F,
Br, Cl, CH3 at 5th position of 2-pyridyl ring and 2nd po-
sition of ethyl phenyl ring is conducive to anti-HIV
activity. But the same groups present in 4th position
of ethyl phenyl ring are detrimental to activity. The pres-
ence of bulky electronegative groups at 3rd position of
ethyl phenyl ring is conducive to anti-HIV activity.


A ligand-based approach is used in rational drug design
to build activity models which provide important infor-
mation on possible improvements in ligand structure to
increase activity. In the present study, we constructed a
satisfactory 3D QSAR model of PETT derivatives using
CoMFA method based on the field fit molecular align-
ment. The CoMFA QSAR model shows that the steric
and electrostatic parts contribute equally to the activity.
The contour maps from CoMFA provide useful insight
into designing novel compounds with increased anti-
HIV activity.


In conclusion, our current studies have established a
reliable CoMFA model indicating that substituted
(2nd position) ethyl-2-phenyl ring, substituted (5th posi-
tion) 2-pyridyl ring, and ethyl linker between phenyl and
thiourea part of the molecules are important for anti-
HIV activity, which can efficiently guide further modifi-
cation of PETT analogs. Based on the above-mentioned
CoMFA model, we designed some new PETT deriva-
tives, and synthesis of the designed compounds is in
progress.
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for proteoglycan biosynthesis
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Abstract—A new fluorescent analog to the antiproliferative 2-(6-hydroxynaphthyl)-b-DD-xylopyranoside has been synthesized and
tested on a T24 cell line. The new analog was efficiently uptaken by the T24 cells but did not initiate priming of GAG chains.
The results are similar to other fluorescently labeled analogs and we propose that these compounds are too large and unpolar to
efficiently function as GAG-primers.
� 2007 Elsevier Ltd. All rights reserved.

Proteoglycans, composed of glycosaminoglycan (GAG)
chains covalently attached by a xylose residue to a core
protein, are widely expressed in invertebrate and verte-
brate tissues. Many biological functions of proteogly-
cans are due to interactions between GAG chains and
a variety of pathogens and molecules, such as prion
protein, viruses, growth factors, cytokines, and factors
involved in blood coagulation.1–3


The first step of the GAG biosynthesis is xylosylation of
a serine residue. A specific linker tetrasaccharide,
GlcA(b1–3)Gal(b1–3)Gal(b1–4)Xylb, is then assembled
and serves as an acceptor for elongation of GAG chains
(Fig. 1). Addition of GlcNAc or GalNAc to the nonre-
ducing terminal GlcA residue determines whether hepa-
ran sulfate (HS) or chondroitin sulfate/dermatan sulfate
(CS/DS) is initiated. It is still unclear what determines
whether HS or CS/DS chains are attached to the core
protein but repetitive Ser-Gly sequences and a high pro-
portion of Phe, Tyr, or Trp promote the formation of
HS.4


Xylose is an unusual structural component in mammali-
an cells and it has, so far, only been found in one unique
position, that is, as the linker between protein and

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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carbohydrate in proteoglycans. Interestingly, biosynthe-
sis of GAG chains can also take place independently of
core protein by using xylopyranosides as primers.
Xylopyranosides with hydrophobic aglycons can pene-
trate cell membranes and initiate GAG synthesis by
serving as acceptors in the first galactosylation step.5–8


The composition of the GAG assembled on the xyloside
primer depends on the structure of the aglycon, which
may reflect selective partitioning of primers into differ-
ent intracellular compartments or into different branches
of biosynthetic pathways. In most cases, priming of CS
dominates and synthesis of free HS chains is low or
undetectable. Increased yields of HS can be obtained
when the aglycon of the xylopyranosides comprises
aromatic, polycyclic structures, such as naphthol-
derivatives.9


The xyloside-primed GAG chains can be retained inside
the cells but are usually mainly secreted into the medi-
um. b-DD-Xyloside primed HS chains have interesting
biological properties, such as activation of basic fibro-
blast growth factor,10 antithrombotic effects11 growth
inhibition of transformed cells,8,12–14 and inhibition of
scrapie prion protein infectivity.15


It has previously been shown that the GAG-priming
2-(6-hydroxynaphthyl)-b-DD-xylopyranoside 1 (Fig. 2)
selectively inhibits growth of transformed or tumor-de-
rived cells in vitro as well as in vivo. Treatment with this
xyloside reduced the average tumor load by 70–97% in a
SCID mice model.13
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able 1. Gradient retention times for compounds 1, 2, and 3


Compound Retention time (min)


1 17.73 ± 0.03


2 43.40 ± 0.02


3 38.48 ± 0.08
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Figure 1. Glycosaminoglycan chains consist of a linker tetrasaccharide unit (GlcA(b1–3)Gal(b1–3)Gal(b1–4)Xylb) coupled to serine residues of the


protein chain.


O


HO
OH


HO
O


OH


O


O


HO
OH


HO
O


OH


O


HO
OH


HO
O


O
S


O O


1


2


3


N


Figure 2. Compound 3 was synthesized as a fluorescent analog to 1,


and a more soluble analog compared to the recently described 2.
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A fluorescent analog (2) was previously synthesized and
evaluated.16 This molecule was highly lipophilic and was
taken up by all cell lines tested but did not initiate GAG
synthesis. Fluorescent probes are usually bulky mole-
cules that alter the physical properties of the labeled
compounds.17 Dansyl (5-dimethylaminonaphthalene-1-
sulfonyl) is a small and relatively polar fluorescent
probe, which will alter the labeled compound to a less
extent compared to other probes.


6-Acetoxy-2-naphthol18 (4) was xylosylated with 1,2,3,4-
tetra-O-acetyl-b-DD-xylopyranoside in CH2Cl2 and NEt3


with BF3ÆOEt2 as promoter to give 2-(6-acetoxy-
naphthyl)-2,3,4-tetra-O-acetyl-b-DD-xylopyranoside (5)
in 81% yield.19 The addition of sub-equimolar amount
of base has been shown to minimize anomerization of
both starting material and product.20 To selectively
deprotect the more easily cleaved aryl-acetate it was
anticipated to use a stoichiometric amount of strong
base. Unfortunately NaOH in dioxane/H2O gave low
selectivity, that is, deacetylation of the carbohydrate res-
idue. Other bases, such as LiOH and K2CO3, were tested
with similar results. The deprotected product is proba-
bly more soluble in the solvent system compared to
the starting material which therefore promote complete
deacetylation. Deprotection using a catalytic amount of

KCN in MeOH is a slow method where partly deacety-
lated carbohydrates have been isolated.21 Reasoning
that the aryl-acetate is more easily cleaved, this method
was tested and gave 2-(6-hydroxynaphthyl)-2,3,4-tetra-
O-acetyl-b-DD-xylopyranoside (6) in a reasonable 45%
yield. The free hydroxyl group was then coupled with
dansyl chloride in CH2Cl2 with NEt3 as base to give 2-
(6-(5-dimethylamino-naphthalene-1-sulfonyloxy)-naph-
thyl)-2,3,4-tetra- O-acetyl-b-DD-xylopyranoside (7) in
87% yield.22 The product was finally deacetylated using
standard Zemplén conditions (0.05 M NaOMe/MeOH)
to give 2-(6-(5-dimethylamino-naphthalene-1-sulfonyl-
oxy)-naphthyl)-b-DD-xylopyranoside (3) in 95% yield.


Gradient HPLC retention times can be used to substi-
tute logP values in biological evaluations.23 The gradi-
ent HPLC retention times for compounds 1, 2, and 3
were measured using a C-18 column and a mobile phase
of water (0.1% TFA) with a gradient of MeCN from
1 min increasing by 1.2% per min. The retention times
were measured for three separate runs per compound,
and the calculated mean retention times are presented
in Table 1. Unfortunately, the dansyl moiety, despite
the polar sulfonyl and dimethylaminogroups, makes
compound 3 highly unpolar as reflected by the retention
time. The absorbance spectrum of compound 3 (in
MeCN) and fluorescence spectrum (in MeCN, kEx =
353 nm) are presented in Figure 3.24,25


To investigate if compound 3 could be used as a probe
for the study of proteoglycan biosynthesis the uptake
as well as the GAG-priming capability were tested on
transformed T24 cells. In order to study the uptake of
the xyloside, T24 cells were treated with 0.1 mM of 3
for 6 h, then fixed, and internalization and localization
was analyzed using fluorescence microscopy. As shown
in Figure 4 compound 3 was located in intracellular
compartments mainly to the para- and perinuclear
regions indicating an efficient internalization of this
compound (Scheme 1).
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Figure 3. Absorbance spectrum of compound 3 (0.25 mM in MeCN,


solid line) and fluorescence spectrum of compound 3 (0.25 mM in


MeCN, kEx = 353 nm, dotted line).


Figure 4. Uptake of compound 3 studied by fluorescence microscopy


of T24 cells treated with 0.1 mM of compound 3 for 6 h.
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Scheme 1. Synthesis of compound 3. Reagents and conditions: (i)


1,2,3,4-tetra-O-acetyl-b-DD-xylopyranoside, NEt3, BF3ÆOEt2, CH2Cl2,


135 min; (ii) KCN, MeOH, 0 �C, rt, 100 min; (iii) dansyl chloride,
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Figure 5. Secreted proteoglycan from T24 cells treated with compound


3. Cells grown to confluence were labeled with [35S]sulfate for 24 h in


the absence (solid line) or presence (dashed line) of 0.1 mM of


compound 3.


2340 R. Johnsson et al. / Bioorg. Med. Chem. Lett. 17 (2007) 2338–2341

In order to analyze the GAG-priming ability of com-
pound 3, T24 cells were left untreated or were treated
with 0.1 mM xyloside and [35S]sulfate over night and
free GAG chains in the medium were isolated. Untreat-
ed cells secreted radiolabeled polyanionic material into
the culture medium to some extent (Fig. 5). However
treatment with compound 3 suppressed endogenous
proteoglycan (pool I) and GAG (pool II) production
and no xyloside primed GAG chains were recovered
from the medium. There are several possible reasons
why this compound did not initiate GAG chain synthe-
sis, The structure of the aglycone and the structure of
glycosidic linkage between aglycone and xyloside have
been shown to play an important role for the priming
ability and for the structure of the GAG chains synthe-
sized by the xylopyranosides.6,26 The compound used in
this study may be internalized but not distributed to cor-
rect intracellular compartments to take part in GAG
biosynthesis or may not be recognized by the GAG-
priming enzymes. The results are similar to the earlier
studied fluorescent analog 2, and it may be assumed that

these compounds are too large or unpolar to function as
GAG-primers.
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Abstract—4-Amino-5,6-biaryl-furo[2,3-d]pyrimidines were identified as potent non-selective inhibitors of Lck. A novel, divergent,
and practical synthetic route was developed to access derivatives from bifunctional intermediates. Lead optimization was guided
by X-ray crystallographic data, and preliminary SAR led to the identification of compounds with improved cellular potency and
selectivity.
� 2007 Elsevier Ltd. All rights reserved.

The lymphocyte-specific kinase (Lck) is a member of the
Src family of cytoplasmic tyrosine kinases and is
expressed specifically in T cells and natural killer (NK)
cells. Genetic evidence from gene knockout mice and
human mutations demonstrates that Lck activity is crit-
ical for T cell receptor (TCR)-mediated signaling, lead-
ing to normal T cell development and activation.1


Selective inhibition of Lck is expected to offer a new
therapy for the treatment of graft rejection and/or T
cell-mediated autoimmune and inflammatory disease
such as rheumatoid arthritis, psoriasis, multiple sclero-
sis, atherosclerosis, and delayed-type hypersensitivity
reactions. In accordance with our ongoing efforts to
identify small molecule inhibitors of Lck for the devel-
opment of new therapeutic agents, we recently disclosed
two promising chemical series.2 Likewise, others have
shown that potent and bioavailable Lck antagonists
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have in vivo inhibitory activities in models of T cell-de-
pendent immune responses.3


4-Amino-5,6-biaryl-furo[2,3-d]pyrimidines 1–3 were
identified as promising leads for the Lck program during
a high throughput screen of our kinase-preferred com-
pound collection (Table 1). This scaffold originated in
our Ack1 oncology program4 and has previously been
shown to possess inhibitory activity against other
kinases, including DDR2,5 EGFR,6 Tie-2,7 KDR,7


adenosine kinase,8 and Chk1.9 Furthermore, lead com-
pound 3 exhibited respectable pharmacokinetic proper-
ties in rats (Table 2). Herein we present an extension
of this chemical series toward the identification of sever-
al Lck inhibitors with promising cellular potency and
selectivity. Moreover, we disclose a novel, expedient,
and divergent synthetic route that allows for the intro-
duction of diversity at C4 and C6 from bifunctional
intermediates.


A co-crystal structure of 3 and Lck revealed a rather
unusual binding mode (Fig. 1).10 Compound 3 occupies
the ATP binding site, making two H-bond contacts to
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Table 2. Rat pharmacokinetic properties of 3a


ivb poc


CL 887 mL/h/kg %F 15


Vss 2767 mL/kg Cmax 180 ng/mL


t1/2 2.37 h AUC0–inf 1037 ng h/mL


a n = 3 animals per study.
b Dosed intravenously at 1 mg/kg in DMSO to male Sprague–Dawley


rats.
c Dosed orally at 5 mg/kg as a suspension in 2% HPMC/1% Tween80/


97% water to male Sprague–Dawley rats.


Table 1. Lead compounds 1–3 identified from high throughput


screening of Ack1 inhibitors (IC50, lM)a


R Ack1 Lck MLRb IL-2c


1 0.523 1.21 2.13 —


2 0.024 0.122 8.95 2.41


3 0.181 0.081 1.71 0.69


a Values are means of two or more separate determinations run in


duplicate.
b huMLR, human mixed lymphocyte reaction.
c IL-2: Anti-CD3/CD28-induced T cell IL-2 secretion assay.


Figure 1. X-Ray co-crystal structure of 3 (green) and Lck. Oxygen


atoms, red; nitrogen atoms, blue.


Scheme 1. Reagents and conditions: (a) malononitrile, NEt3, DMF,


0 �C! rt, 70%; (b) HCO2H, Ac2O, reflux, 61%; (c) POCl3, benzene,


reflux, 90%; (d) R1NH2, DIPEA, i-PrOH, reflux, 70–92%; (e) NBS,


KOAc, 80%; (f) R2B(Pin), 5% Pd(PPh3)4, K2CO3, DME/H2O, 75 �C,


30–60%.
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the hinge region: the pyrimidine N1 binds to the NH of
Met319 (3.3 Å), and the carbonyl of Glu317 (3.6 Å)
accepts the CH in the 2-position. The two phenyl rings
are aligned edge-to-face, while the ethylpiperazine
makes conformation-stabilizing van der Waals interac-
tions with several residues, approaching but not entering
the hydrophobic pocket. Since the phenyl at C6 is pro-
jected toward solvent, we reasoned that the introduction
of an ionizable group at the para-position of this ring

might improve cell permeability and potency, and oral
bioavailability.


Our original synthetic route, depicted in Scheme 1,
makes use of minor modifications to established proce-
dures.4,11 Although this route was sufficient, we sought
an alternative strategy that would allow for later-stage
variation of both the amine head group (R1) at C4
and the aryl group (R2) at C6.


The modified route (Scheme 2) utilizes a more reproduc-
ible and scalable method for the construction of the
5-phenylfuropyrimidinone 6.9,12 Regioselective iodination
of 6, followed by reaction with POCl3, affords the key
4-chloro-6-iodo intermediate 14 in 57% yield over two
steps. Compound 14 can be reacted with amines in the
presence of base to generate penultimate 4-amino-6-iodo
compounds 16 for scanning R2 at C6 via Suzuki chemis-
try. Alternatively, iodide 13 can be reacted under Suzuki
conditions with boronates to afford the C6-substituted
pyrimidinones 15. Intermediates 15 are used for scanning
R1 at C4 via a two-step chlorination-SNAr sequence,
which avoids purification of the intermediate C4-chloride
and affords final compounds 10 in 50–60% overall yield
from 15.


Selected SAR from our C6 scan is collected in Tables 3
and 4. As hypothesized, the introduction of ionizable,
solubilizing groups at the para-position of the C6 phenyl
led to an improvement in cellular potency over the par-
ent compounds 2 and 3. These derivatives also exhibited
a 2 to 20-fold increase in potency at the enzyme level.
Modeling suggests that this potency improvement is
due to charge-charge interactions between the tertiary
amines and the carboxylic acid side chain of Asp326
(Fig. 2).13 In general, compounds containing the
(S)-N-methyl-THF head group at C4 were equipotent
on Ack1 and Lck (17, 18, 20, and 21). In this series, selec-
tivity over Ack1 was marginal at best (e.g., 19; five-fold







Scheme 2. Reagents and conditions: (a) bromo(nitro)methane, Me2N-


HÆHCl, KF, xylenes, reflux, 80%; (b) pyrimidine-4,6-diol, DBU, EtOH,


reflux, 70%; (c) NIS, CH3CN/DME, reflux, 85%; (d) POCl3, NEt3,


DCE, 80 �C, 67%; (e) R2B(Pin), 10% Pd(dppf)Cl2, K2CO3, DMF/H2O,


80 �C, 60–73%. (f) R1NH2, DIPEA, i-PrOH, reflux, 70–90%; (g) 1—


POCl3, reflux; 2—R1NH2, CH3CN/CH2Cl2, reflux, 50–60% over two


steps.


Table 3. Select SAR: variations at C6 with (S)-N-methyl-THF head


group at C4 (IC50, lM)a


R Ack1 Lck MLRb IL-2c


17 0.011 0.006 0.464 0.119


18 0.016 0.011 0.670 0.435


19 0.038 0.008 0.825 0.193


20 0.007 0.006 0.337 0.293


21 0.013 0.011 0.437 2.420


a Values are means of two or more separate determinations run in


duplicate.
b huMLR, human mixed lymphocyte reaction.
c IL-2: Anti-CD3/CD28-induced T cell IL-2 secretion assay.


Table 4. Select SAR: variations at C6 with N-ethyl-piperazine head


group at C4 (IC50, lM)a


R Ack1 Lck MLRb IL-2c


22 0.017 0.011 0.227 —


23 0.097 0.042 3.084 —


24 0.091 0.027 0.138 —


25 0.085 0.022 0.121 —


26 0.148 0.014 0.360 0.468


27 0.098 0.009 0.227 0.430


28 0.586 0.022 3.223 2.634


a Values are means of two or more separate determinations run in


duplicate.
b huMLR, human mixed lymphocyte reaction.
c IL-2: Anti-CD3/CD28-induced T cell IL-2 secretion assay.


Figure 2. Model of 17 and Lck based on the co-crystal structure of 3


and Lck (Fig. 1).
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selective). With the N-ethyl-piperazine head group, how-
ever, a variety of R groups imparted some degree of
selectivity over Ack1 (23, 24, and 25; up to four-fold).
Phenoxyethylamines (e.g., 26, 27, and 28) proved most

selective; up to 30-fold selectivity over Ack1 was
observed with some compounds (e.g., 28).


Based on the X-ray co-crystal structure of 3 and Lck
(Fig. 1), we speculated that a hydrophobic substituent
at C4 may be better tolerated than an ionizable head
group. We therefore sought to reduce polarity and size
by fixing the phenoxyethylpyrrolidine at C6 and examin-
ing lipophilic residues at C4 (Table 5). Initial results are
promising as 29 exhibits 24-fold selectivity over Ack1
and 32 demonstrates significant size-reduction without
a substantial loss in cellular potency.


Compounds 27 and 32, which demonstrated good cellu-
lar potency and moderate selectivity over Ack1, were







Table 6. Kinase Selectivity Summary for 27 and 32 (IC50, lM)a


Kinase 27 32


Lck 0.009 0.036


Src 0.045 0.914


Ack1 0.098 0.078


EGFR 0.397 1.029


Jak3 0.960 1.426


ZAP70 0.992 3.272


KDR 3.096 0.537


IGFR 3.146 1.493


Jak2 >8.333 4.891


Tie-2 >25.000 >8.333


a Values are means of two or more separate determinations run in


duplicate.


Table 5. Select SAR: variations at the C4 amine with phenoxyethyl-


pyrrolidine at C6 (IC50, lM)a


R Ack1 Lck MLRb IL-2c


29 0.332 0.014 2.452 —


30 0.001 0.005 1.672 5.719


31 0.650 0.083 2.376 3.257


32 0.078 0.036 0.533 0.199


a Values are means of two or more separate determinations run in


duplicate.
b huMLR, human mixed lymphocyte reaction.
c IL-2: Anti-CD3/CD28-induced T cell IL-2 secretion assay.
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further profiled for inhibitory activity against a panel of
receptor and non-receptor tyrosine kinases. Selectivity
was generally good (>100-fold) to excellent (>1000-fold)
over a range of enzymes (Table 6). As anticipated based
on the close sequence homology among members of the
Src family, compounds 27 and 32 exhibit modest selec-
tivity over Src.


In summary, 4-amino-5,6-biaryl-furo[2,3-d]pyrimidines
1–3 were identified as potent, non-selective inhibitors
of Lck. A novel and expeditious synthetic route
allowed for rapid diversification of the core scaffold
with focus on exploring SAR at the C4-amine head
group and the C6-aryl group. This focused explora-
tion was guided by X-ray crystallographic data and
has led to the identification of compounds (27 and
32) with acceptable cellular potency and selectivity
profiles. Lessons learned from the 4-amino-5,6-biaryl-
furo[2,3-d]pyrimidines were invaluable in advancing
a subsequent, closely related 2,3-diarylfuro[2,3-b]
pyridine-4-amine series, which we introduce in this
issue.14
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Abstract—New 4-anilidopiperidine analogues in which the phenethyl group of fentanyl was replaced by several aromatic ring-con-
tained amino acids (or acids) were synthesized to study the biological effect of the substituents on l and d opioid receptor interac-
tions. These analogues showed broad (47 nM–76 lM) but selective (up to 17-fold) binding affinities at the l opioid receptor over the
d opioid receptor, as predicted from the message-address concept.
� 2007 Elsevier Ltd. All rights reserved.

Since the discovery of fentanyl1 which was shown to
have potent agonist activity at the l opioid receptor with
unique biological properties, many anilidopiperidine
analogues have been synthesized and evaluated for
structure–activity relationships (SAR) to provide insight
into the key structural features for high biological activ-
ity for the l opioid receptor.2–4 In general, the minimal
structural requirements necessary for a ligand to interact
with the l opioid receptor are an appropriate spatially
oriented basic nitrogen and a hydroxylated phenyl ring.5


According to the concept of message-address domains,
the tertiary nitrogen and the phenolic hydroxy group
in nonpeptide opioid ligands, and the free amine and
the hydroxyl groups of tyrosine residue in peptide li-
gands constitute a part of the message domain to anchor
the ligands to opioid receptors.6


Recently our group has been developing several piperi-
dine derivatives which can be ligated with various kinds
of amino acids to create a new series of 4-anilidopiperi-
dine analogues.7 Here new analogues in which the phen-
ethyl group of fentanyl was replaced by several aromatic
ring-contained amino acids (or acids), N-(1-substituted
piperidin-4-yl)-N-phenyl-propionamide, were designed
and synthesized to study the biological effect of these

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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substituents on the d and l opioid receptors. The design
of these analogues was based on the message-address
concept. In Figure 1, the upper part of fentanyl moiety
(left), N-phenyl-N-piperidin-4-yl-propionamide, was
considered as an address region, and the lower part of
Dmt-Tic (right), namely the 2,6-dimethyltyrosine
(Dmt) moiety, a message region. By combination of
the two parts shown (center) it was expected that the
analogues would show a broad range of biological activ-
ities, since the modification on the C-terminus of Dmt-
Tic was recognized to result in analogues that display
a variety of l/d selectivities and agonist/antagonist com-
binations.8 Considering the correlation between the
structures of fentanyl and Dmt-Tic, and their bioactivi-
ties, we decided to examine thoroughly other modifica-
tions with the aim of evaluating the structural
requirements for binding to the opioid receptors, and
identifying the variations in the receptor binding pocket.
In this study, eighteen 4-anilidopiperidine analogues
1–18 in which the piperidine nitrogen was coupled with
different kinds of aromatic ring-contained amino acids
(or acids) were prepared and screened for their binding
affinities and functional activities at the d and l opioid
receptors.


All analogues were prepared by coupling various kinds
of aromatic ring-contained amino acids (or acids) to
19 (see Note 9 for the synthesis of 19) using BOP/
HOBt/NMM in solution (Scheme 1). After deprotection
of Na-Boc group with TFA, crude compounds were
purified by preparative RP-HPLC to give >95% pure
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analogues in high yields (see Table 1 for analytical data).
Their opioid binding affinities at the human d opioid
receptor (hDOR) and the rat l opioid receptor (rMOR)
were determined by competition analyses against
[3H]DPDPE (d) and [3H]DAMGO (l) using membrane
preparations from transfected HN9.10 cells that consti-
tutively express the respective receptors. Functional
activities for d and l opioid receptors were evaluated
in stimulated isolated mouse vas deferens (MVD, d)
and guinea pig isolated ileum (GPI, l) bioassays, respec-
tively, as previously published.10


In Table 2, the synthesized analogues showed a broad
range (47 nM to 76 lM) but selective (up to 17-fold)
binding affinities for the l opioid receptor over the d
opioid receptor. Their selectivities for the l opioid
receptor were predicted from the address region of the
fentanyl structure (Fig. 1). Opioid agonist activities in
the MVD and the GPI assays were very low and did
not correlate with the binding affinities at both recep-
tors. One of the analogues, 3, in which Dmt was coupled
to the piperidine ring showed high binding affinities at
both d and l opioid receptors (Ki = 50 nM and 47 nM,
respectively) with very low agonist activities in the
MVD and the GPI assays. Interestingly, this compound
showed some l opioid antagonist activity by its ability
to shift the dose response of PL-017 twofold in the
GPI assay. Compound 2 which had a b–methyl-2 0,6 0-

dimethyltyrosine (Tmt)11 residue rather than Dmt
showed the highest agonist activity in the GPI assay
with no antagonist function, but low agonist activity
in the MVD with some antagonist function (5-fold
[3H]DPDPE shift at 1 lM), but showed low binding
affinities at both d and l opioid receptors in the
300 nM range. Although there is no evidence that com-
pounds 2 and 3 have potent antagonist activity, it is sug-
gested that their partial antagonist activity could be
responsible for its reduced agonist activity in the same
assay. A stereo difference was found for the opioid activ-
ities of 1 [R1 = (S)-NH2, R2 = (S)-Me] and 2 [R1 = (S)-
NH2, R2 = (R)-Me]. Compound 2 showed higher bind-
ing affinities for both opioid receptors and was more
biologically active for the l opioid receptor. Our results
are consistent with the known fact that the preferred ste-
reo configuration of the Tmt residue for the d opioid
receptor interaction is 2S and 3R,11 even though signif-
icant d opioid agonist activity was not shown due to its
potential interruption by some antagonist activity. It
was also shown that R-configuration of R1 substituents
was not tolerated in the structure 6 for the d opioid
receptor (Fig. 2).


Among the analogues, 16 [n = 0, R1 = (S)-NH2] and 17
[n = 0, R1 = (R)-NH2] which have one less carbon be-
tween the piperidine and substituted aromatic rings than
the others [n = 1] lost their binding affinities at the d
opioid receptor, while 18 [n = 0, R1 = (S)-NH2, Ar =
2-indanyl] retained its binding affinity at the same recep-
tor. The losses of binding affinities at the d opioid recep-
tor could be caused by the shortened length of the
molecule interrupting the ability (potential flexibility)
to access the binding pocket. On the other hand, the
2-indanyl group conferred greater binding to the d opi-
oid receptor by extending the length of molecule
through the cyclopentenyl moiety, which could play an
important role in holding the piperazine ring as a rigid
spacer. It is apparent that the length of molecules, espe-
cially between the piperazine and substituted aromatic
rings, can be considered to be an important factor which
contributes to the binding. Hydrophobic aromatic ring
substituted analogues, 9 [R1 = (S)-NH2, R2 = H,
Ar = naphthyl] and 10 [R1 = (S)-NH2, R2 = Ph,







Table 1. Analytical data of the 4-anilidopiperidine analogues


Compound Molecular formula LowMSa HRMSb HPLCc (tR, min)


Observed Observed Calcd


1 C26H35N3O3 438.3 438.2741 438.2757 18.5


2 C26H35N3O3 438.4 438.2763 438.2757 16.0


3 C25H33N3O3 424.5 424.2595 424.2600 13.6


4 C23H29N3O3 396.2 396.2296 396.2287 18.5


5 C23H29N3O2 380.5 380.2342 380.2338 19.1


6 C23H28ClN3O2 414.1 414.1949 414.1948 17.3


7 C20H26N4O2S 387.4 387.1851 387.1855 12.3


8 C26H29N3O2S 436.5 436.2047 436.2059 17.1


9 C27H31N3O2 430.5 430.2489 430.2495 16.4


10 C29H33N3O2 456.6 456.2671 456.2651 19.0


11 C23H28ClN3O2 414.4 414.1967 414.1948 17.6


12 C24H31N3O2 394.5 394.2489 394.2495 18.7


13 C24H31N3O3 410.5 410.2437 410.2444 18.0


14 C23H27BrN2O2 443.3d 443.1339d 443.1334d 22.0


15 C24H29ClN2O3 429.4d 429.1939d 429.1945d 24.5


16 C22H28N3O2 366.2 366.2185 366.2182 14.6


17 C22H28N3O2 366.2 366.2179 366.2182 16.6


18 C25H31N3O2 406.5 406.2501 406.2495 20.3


a (M�TFA+H)+, ESI method [Finnigan, Thermoelectron, LCQ classic].
b (M�TFA + H)+, FAB-MS (JEOL HX110 sector instrument) or MALDI-TOF.
c Performed on a Hewlett Packard 1100 [C-18, Vydac, 4.6 mm · 250 mm, 5 lm, 10–90% of acetonitrile containing 0.1% TFA within 40 min and up to


100% within additional 5 min, 1 mL/min].
d (M+H)+.


Table 2. Bioactivities of 4-anilidopiperidine analogues at the d and l opioid receptors10
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Compound n R1 R2 Ar Binding Ki
a (lM) Bioassay IC50


b (lM)


hDOR (d) rMOR(l) MVD(d) GPI(l)


1 1 (S) NH2 (S) Me 2,6-Dimethyl-4-hydroxyphenyl 1.7 0.50 39% at 1 lMc 3% at 1 lMc


2 1 (S) NH2 (R) Me 2,6-Dimethyl-4-hydroxyphenyl 0.26 0.30 13% at 1 lMc 3.3


3 1 (S) NH2 H 2,6-Dimethyl-4-hydroxyphenyl 0.050 0.047 2% at 1 lMc 45% at 30 lMc


4 1 (S) NH2 H 4-Hydroxy phenyl 16 7.9 18% at 1 lMc 8% at 1 lMc


5 1 (S) NH2 H Ph 6.9 3.9 0% at 1 lMc 2% at 1 lMc


6 1 (R) NH2 H 4-Chlorophenyl nc 6.9 28% at 1 lMc 0% at 1 lMc


7 1 (S) NH2 H 4-Thiazoyl 76 9.7 8% at 1 lMc 3% at 1 lMc


8 1 (S) NH2 H 3-Benzothiopheneyl 15 2.6 0% at 10 lMc 28% at 10 lMc


9 1 (S) NH2 H 2-Naphthyl 3.3 1.1 26% at 1 lMc 8% at 1 lMc


10 1 (S) NH2 Ph Ph 6.5 0.40 48% at 10 lMc 73% at 10 lMc


11 1 H NH2 4-Chlorophenyl 2.4 0.99 12% at 1 lMc 5% at 1 lMc


12 1 H NH2 4-Methylphenyl 2.9 3.0 27% at 10 lMc 24% at 10 lMc


13 1 H NH2 4-Methoxyphenyl 9.0 9.7 19% at 1 lMc 3% at 1 lMc


14 1 H H 3-Bromophenyl 12 1.9 0% at 1 lMc 18% at 1 lMc


15 1 H H 3-Chloro-4-methoxyphenyl 6.3 3.8 0% at 1 lMc 33% at 10 lMc


16 0 (S) NH2 Ph nc 6.4 7% at 1 lMc 3% at 1 lMc


17 0 (R) NH2 Ph nc 5.1 12% at 1 lMc 1% at 1 lMc


18 0 (S) NH2 2-Indanyl 15 2.6 19% at 10 lMc 59% at 10 lMc


(2S,3R)-Tmt-Tic11 0.0093 35 547-fold shift at 1 lM 30% at 30 lMc


Fentanyl12 0.57 0.0059 — 5.2


Dmt-Tic13 0.00097 0.0046 38.9ED50 500ED50


a Competition analyses against radiolabeled ligand ([3H]DPDPE for d, [3H]DAMGO for l) were carried out using membrane preparations from


transfected HN9.10 cells that constitutively express the respective receptor types.
b Concentration at 50% inhibition of muscle contraction at electrically stimulated isolated tissues.
c Inhibition % of muscle contraction at electrically stimulated isolated tissues. nc: no competition at 10�5 M.
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Figure 2. (a) X-ray structure of 3. (b) The lowest energy conformer of


3. (c) Superimposition of 3 (black) and Dmt-Tic (blue). H-bond are
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Ar = Ph], showed greater binding affinities at both d and
l opioid receptors than 7 and 8. It also was observed
that an additional phenyl group at the b-position of 10
increased binding affinity at the l opioid receptor, and
functional activities at the MVD and GPI assays. In
comparison with analogues 11–13 [R1 = H, R2 = NH2],
14 and 15 [R1 = H, R2 = H] showed similar binding
affinities at both opioid receptors. This illustrated that
the position and the presence of amino group are not
critical for binding to these receptors. It also was found
that substitutions at the 4-position on the substituted
phenyl ring did not affect the binding affinities for both
opioid receptors.


In addition to the bioassays, molecular modeling exper-
iments14 using MacroModel 8.1 were carried and yielded
some insights regarding the determinants of opioid
activity and selectivity. We utilized molecular modeling
to probe the topographical similarities of compounds
2–5 to fentanyl and Dmt-Tic structures, and speculated
that these compounds might provide an overall shape
similar to the bioactive conformation of fentanyl or
Dmt-Tic by controlling the orientation of the anilido
moiety. The studies on 2 gave a topographically identi-
cal structure to the same part of fentanyl, which is con-
sidered as an address region, and gave a longer length
between the two ends of the molecule than the others.
A superimposition of the lowest energy conformers of
2 and fentanyl showed that these compounds have
superimposed anilidopiperidine ring conformations, yet
maintain different aromatic ring conformations. On
the contrary, the lowest energy conformer of 3 looked
more similar to the bioactive conformation of Dmt-Tic
in the shape of the turn, even though its two aromatic
rings were not oriented parallel. The lowest energy con-
former fully matched the structure which was obtained
from X-ray crystallography (Fig. 2).15 Superimposition
of 3 and Dmt-Tic indicates that the binding pocket for
the opioid receptors, preferably for the d, and the possi-
ble p–p interactions between two aromatic rings, may be
blocked by the perpendicularly oriented phenyl ring of
compound 3 to result in the loss of activity.


An analysis of the binding modes indicated the most
potent fentanyl derivatives possess an extended confor-
mation for the phenethyl group with h1 = trans (C–C

bond of phenethyl group) and h2 = gauche (C–Npiperidine


bond).3 This also suggested that minor differences in
the conformations of substituted fentanyls may have
a significant impact on ligand binding. In comparing
fentanyl with the classic l opiate morphine, certain
similarities are apparent. Both compounds possess a
nitrogen which can be easily protonated and aromatic
groups that are commonly thought to mimic the N-ter-
minal tyrosine moiety of opioid peptides. However,
SAR studies of N-phenolic derivatives of fentanyl have
shown that hydroxyl substitution into the aromatic
ring does not influence the morphinomimetic potency
of these compounds. In our study, it was also shown
that the phenolic hydroxyl group is not a necessary
part for the opioid receptor interactions. Analogues 4
and 5 had no significant differences in their biological
activities and both showed completely superimposed
lowest energy conformations with the two aromatic
rings faced perpendicularly in computer modeling
experiments.


In conclusion, we have examined the pharmacological
effects of novel 4-anilidopiperidine analogues on the l
and d opioid receptors. In the structural modifications
described here, all analogues bind more effectively to
the l opioid receptor than to the d opioid receptor.
It is likely that the selective binding to the l opioid
receptor is due to the N-phenyl-N-piperidin-4-yl-propi-
onamide moiety. All analogues showed a wide range of
binding affinities at the d and l opioid receptors
depending on their respective structures. From the
SAR studies of these analogues, it is proposed that
the constraints caused by the methyl groups on the
substituted aromatic ring or the b-carbon serve as the
most critical factor in determining molecular confor-
mation along with the length between the piperazine
and the aromatic rings. Overall, neither of the amino
groups led to an increase in binding. The substituents
at the 3-, or 4-positions also did not play a role in
the binding affinities.
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Abstract—Foscarnet (phosphonoformate trisodium salt), an antiviral used for the treatment of HIV and herpes virus infections, also
acts as an activator or inhibitor of the metalloenzyme carbonic anhydrase (CA, EC 4.2.1.1). Interaction of the drug with 11 CA
isozymes has been investigated kinetically, and the X-ray structure of its adduct with isoform I (hCA I-foscarnet complex) has been
resolved. The first CA inhibitor possessing a phosphonate zinc-binding group is thus evidenced, together with the factors governing
recognition of such small molecules by a metalloenzyme active site. Foscarnet is also a clear-cut example of modulator of an enzyme
activity which can act either as an activator or inhibitor of a CA isozyme.
� 2007 Elsevier Ltd. All rights reserved.

Metalloenzyme inhibition constitutes a widely used
means for the regulation of enzymatic activity in a mul-
titude of physiologically relevant biological systems, with
important consequences for phenomena such as biosyn-
thetic reactions, signal transduction, secretion of electro-
lytes, ovulation, embryonic development, blastocyst
implantation, nerve growth, morphogenesis, apoptosis,
inflammation, angiogenesis, cancer invasion and metas-
tasis, tissue resorption and remodeling, bone remodeling,
arthritis, atherosclerosis, aneurysm, breakdown of
blood–brain barrier, etc.1–4 The binding of an inhibitor
molecule to the catalytic metal ion(s) leads to the reorga-
nization of the active site geometry, with generation of
enzyme-inhibitor adducts which are catalytically ineffec-
tive. Metalloenzyme inhibitors contain a metal-binding
function attached to a scaffold that interacts with the
remaining binding regions of the enzyme active site.1–4
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Many of the most widespread metalloenzymes are zinc-
containing ones.1–4 The Zn(II) ion(s) present in such en-
zymes generally show a high affinity for sulfur and/or
nitrogen-containing ligands, and as a consequence, most
such enzyme inhibitors contain zinc-binding groups
incorporating sulfur/nitrogen functionalities.1–4 Howev-
er, there are many examples of zinc-binding groups coor-
dinating the metal ion by means of oxygen atom(s), most
of which incorporate the carboxylate functionality.
Examples of the most common zinc-binding functions
contained in metalloenzyme inhibitors include quite het-
erogeneous chemical classes, such as carboxylates,
hydroxamates, thiols, phosphorus-based compounds
(phosphates/phosphonates), sulfonamides (and their
variants such as the sulfamates/sulfamides), sulfodii-
mines, etc.1–4 For metalloproteases (among which the
matrix metalloproteinases represent the best studied
case), usually the strongest inhibitors are the hydroxa-
mates, followed by the thiols (which are 20–50 times less
potent than the structurally related hydroxamates),
whereas the carboxylates/phosphonates are 100-2000
times less potent inhibitors compared to the correspond-
ing hydroxamates incorporating the same organic
scaffold.3,4
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Table 1. Inhibition constants of foscarnet ð�OOC� PO2�
3 Þ trisodium


salt, against 11 CA isozymes, hCA I, II, IV, VA, VB, VII, IX, XII,


mCA XIII, and hCA XIV (h, human; m, murine isoform), for the CO2


hydration reaction, at 20 �C15


Isoform KI
e (mM)


hCA Ia 24.1


hCA IIb 14.2


hCA IVb 0.82


hCA VAb 41.7


hCA VBb 11.8


hCA VIb 1.81


hCA VIIb 0.56


hCA IXc 2.21


hCA XIIc 1.29


mCA XIIId 0.87


hCA XIVb 3.60


a Human cloned isozyme, preincubation of enzyme with inhibitor for


5 days at 4 �C.
b Recombinant, human isoforms, preincubation of enzyme with


inhibitor for 15 min at room temperature.12


c Catalytic domain of the human, recombinant isozymes, preincuba-


tion of enzyme with inhibitor for 15 min at room temperature.14


d Murine, recombinant isoform, preincubation of enzyme with inhibi-


tor for 15 min at room temperature.14


e Errors were in the range of 3–5% of the reported values, from three


different assays.
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Small inorganic anions also bind to the metal ion within
the active site of zinc enzymes.5–7 Two types of interac-
tions have been observed so far in most zinc enzymes,
exemplified here by the carbonic anhydrase (CA, EC
4.2.1.1): (i) substitution of the non-protein fourth zinc li-
gand (a hydroxide ion or water molecule) by the inhib-
itor, as anionic species, with formation of a tetrahedral
zinc adduct, and (ii) addition of the inhibitor to the met-
al coordination sphere, with generation of trigonal-bipy-
ramidal adducts, in which the metal ion within the
enzyme active site is coordinated in addition to the three
protein ligands (His94, 96, and 119 in the case of CAs)
by a water molecule and the anion inhibitor.5–7


As many CA isoforms amongst the 16 presently known
in vertebrates8,9 are quite stable enzymes, that easily
crystallize in complex with various classes of inhibitors,
whereas their active site geometry is also shared by
many other enzyme families which are more difficult to
investigate,1–4 studying the detailed interactions between
such inhibitors and the CA active site may lead to novel
developments for the better understanding of the cata-
lytic/inhibition mechanism of metalloenzymes, and also
to the development of pharmaceutically valuable com-
pounds.1–9


In this paper, we report the interaction of the antiviral
drug foscarnet (phosphonoformate trisodium salt,
2�O3P-COO�Æ3Na+) used for the treatment of herpes
and HIV infections10,11 with 11 CA isozymes, and the
X-ray crystal structure for the adduct of the drug with
the human isoform I, hCA I. Two reasons prompted us
to perform this study: (i) foscarnet contains two potential
zinc-binding groups (the phosphonate and the carboxyl-
ate one) which have not been investigated up to now in
detail (by means of X-ray crystallography) for the design
of metalloenzyme inhibitors. Furthermore, there is a
multitude of possible ways in which these two groups
(alone, or both of them) could coordinate a metal ion
from an enzyme active site (for example, the carboxylate
can act as a mono- or bidentate ligand against many met-
al ions; the same could be achieved by the PO2�


3 moiety
present in this drug); (ii) in a previous work12 we showed
by means of kinetic stopped-flow measurements that this
antiviral drug acts as an activator of isoform hCA I and
as a weak inhibitor of four other physiologically relevant
isozymes, i.e., CA II, IV, VA, and IX. It appeared thus of
interest to investigate in detail its interaction with all
catalytically efficient CA isozymes (i.e., CA I–XIV) in or-
der to better understand how such enzymes bind small
molecule regulators of activity,12,13 which may act either
as activators or inhibitors, and which might lead to the
drug design of interesting modulators of enzyme
activity.12,13


Inhibition data against 11 CA isozymes, i.e., hCA I,
hCA II, hCA VII and mCA XIII (cytosolic forms; h
stands for human, m for murine isoform), hCA IV
(membrane-associated), hCA VA and hCA VB (mito-
chondrial), hCA VI (secreted in the saliva), and hCA
IX, hCA XII, and hCA XIV (transmembrane, tumor-as-
sociated isozymes in the case of CA IX and XII),14 with
foscarnet are shown in Table 1.15

Data of Table 1 allow us to draw the following conclu-
sions regarding the interaction of these CA isozymes
with the phosphonate antiviral drug foscarnet: (i) four
isozymes are weakly inhibited by foscarnet, with inhibi-
tion constants in the range of 11.8–41.7 mM. These iso-
forms are hCA I, hCA II (cytosolic) and hCA VA/VB
(mitochondrial). It is interesting to note that as men-
tioned in our previous study,12a if foscarnet was preincu-
bated with hCA I for 15 min (which is the standard
procedure used for assaying CA inhibitors/activators)15


the compound acts as an efficient hCA I activator, with
an activation constant KA of 12 lM (but is an inhibitor
of all other investigated CA isozymes). This was after all
not such a surprising result, considering the fact that
many weak acids incorporating phosphate/phosphonate
or carboxylate moieties act as efficient buffers.12a How-
ever, as shown later in the paper, the X-ray crystal data
reported here showed foscarnet to bind to the metal ion
within the hCA I active site, a binding site typical for
CA inhibitors8,9,12 and not CA activators, which do
not directly bind to the metal ion, but to a diverse region
of the enzyme cavity and participate thereafter in the
proton shuttling between the enzyme active site and
the reaction medium.14,16,17 Thus, this ‘discrepancy’
between kinetic data12a and crystal structure prompted
us to investigate in detail the interaction of this isoform
(hCA I) with foscarnet. Thus, a longer incubation be-
tween the enzyme and the inhibitor, of the order of sev-
eral days (2–5 days) allowed us to measure an inhibition
constant of hCA I by foscarnet of 24.1 mM. This is a
clear-cut example of a molecule which may act either
as a CA activator as well as a CA inhibitor against the
same isoform. Some evidences that 4-methylimidazole
may act either as an activator or as an inhibitor for iso-
zyme hCA II were furnished recently by Silverman’s
group.17c By means of X-ray crystallography it has been
shown that this modulator of activity binds in the
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activator binding site, at the entrance of the cavity of the
wild-type, zinc enzyme (similarly to other CA activa-
tors),13,17 whereas for the Co(II)-substituted CA II, by
means of 1H-NMR relaxivity measurements it has been
calculated that 4-methylimidazole is coordinated to the
metal ion (and thus acts as an inhibitor with an inhibi-
tion constant of around 200 mM),17c with a distance
between Co(II) and one nitrogen atom of the azole of
4.8 Å.17c This is an unacceptably long distance for a
coordination bond, even within an enzyme active site,
and we appreciate that the inhibition data proposed by
Silverman’s group are artefactual, whereas it is clearly
established that 4-methylimidazole acts as a CA activa-
tor similarly to histamine, histidine or other such deriv-
atives investigated earlier by this group.13 In fact, most
CA inhibitors coordinated to Zn(II) ion in various CA
isozymes show a distance between the metal ion and
the inhibitor atom coordinated to it in a much shorter
range of 1.7–2.2 Å.5–7


Thus, when hCA I and foscarnet were in contact for a
short period (15 min12a–3 h, data not shown), an en-
zyme-activator complex is formed, in which foscarnet
shuttles protons between the active site and the environ-
ment, presumably by its two protonatable moieties, the
carboxylate and phosphonate one, facilitating the
catalytic turnover of hCA I. In this way, the nucleophilic
species of the enzyme (with hydroxide as the fourth
Zn(II) ligand) is formed, which explains the activating
properties of the compound, similarly to those of
LL-His, the first activator for which the X-ray crystal
structure in adduct with hCA I was recently reported
by this group.17a It should be also mentioned that the
affinity of foscarnet for the activator binding site in
the CA I active cavity is good, i.e., in the low micromo-
lar range (KA of 12 lM), whereas that of LL-His is much
higher, of around 30 nM. However, it may be probable
that foscarnet binds in a similar way as LL-His to the acti-
vator binding site within the hCA I cavity,17a but we
were unable to characterize this interaction by means
of X-ray crystallography due to the fact that when
hCA I crystals and foscarnet were incubated for shorter
periods (3 h–5 days), no formation of a crystallographi-
cally characterizable complex occurred.


When the enzyme and inhibitor were incubated for longer
periods in solution (3–5 days), a totally different behavior
was observed, with foscarnet acting as a CA I inhibitor
(affinity in the millimolar range, KI of 24.1 mM—see
Table 1). The X-ray crystallographic data presented later
in the text will thus resolve the apparent contradiction
raised by us above, and also explain this rather low affin-
ity of foscarnet for hCA I; (ii) isozymes hCA VI (secreted
in the saliva), hCA IX, hCA XII, and hCA XIV were bet-
ter inhibited by this compound as compared to the
isoforms discussed above, with KIs in the range of 1.81–
3.60 mM. It should be mentioned that all these four
isoforms are extracellular ones, being either secreted (in
saliva or milk in the case of CA VI)1b or transmembrane
ones (CA IX, XII, and XIV) with the active site situated
outside the cell;14 (iii) foscarnet showed submillimolar
affinity for three CA isozymes, i.e., hCA IV (membrane-
anchored), hCA VII and mCA XIII (cytosolic isozymes),

with KIs in the range of 0.56–0.87 mM (Table 1). What is
indeed remarkable is the fact that although all these 11
isozymes have exactly the same coordination sphere of
the catalytically critical zinc ion (where inhibitors bind),
with three histidine residues (His94, 96, and 119) and a
water molecule/hydroxide ion,1,7,8,14 their affinity for this
inhibitor varies by a factor of 75, if one considers the iso-
zyme which is the best inhibited (CA VII, KI of 0.56 mM)
and the one with the worst inhibition profile, i.e., CA VA,
with a KI of 41.7 mM. Thus, even for this very small inhib-
itor, supplementary factors regulate the interaction be-
tween inhibitor and active site, in addition to the
coordination to the metal ion. For having a better view
of these phenomena we resolved the X-ray crystal struc-
ture of foscarnet complexed to hCA I.


The overall structure of the hCA I-foscarnet complex is
similar to that of the native enzyme.18 The global struc-
ture of the protein remained essentially unaltered by the
binding of this ligand, with an rmsd of 0.4 Å (both for
molecules A and B, see later in the text). The final model
of the hCA I-foscarnet complex was constituted from
two independently refined molecules in the asymmetric
unit (molecule A and molecule B), related by a transla-
tion operator. It contained a total of 4038 protein atoms
and 366 water molecules. Each molecule also contained
one Zn(II) ion within the active site, critical for activity
and binding of inhibitors. The thermal B factors were as
follows: mean B (for the entire adduct) of 18.80; B for
the main chains of 18.11; B for side chain and water
molecules of 19.46; B for the foscarnet molecule of
36.70 (with an occupancy of 90%). The first four amino
acids in both molecules A and B were missing due to the
lack of electron density, as observed in other CA I X-ray
crystallographic structures reported earlier.18 The crys-
tallographic parameters and refinement statistics are
shown in Table 2.19 Only molecule A of the asymmetric
unit will be discussed and is shown in Figures 1 and 2,
for the sake of simplicity.


Inspection of the electron density maps showed only one
molecule of foscarnet bound within the active site of
hCA I (Fig. 1). The inhibitor was found near the Zn(II)
ion, being coordinated to it and interacting with amino
acid residues nearby, more precisely with Thr199,
His200, and Leu198. The electron density of two water
molecules involved in the binding of foscarnet (i.e.,
Wat215 and 336) was also clearly observed in the density
maps (Fig. 1). Unexpectedly, foscarnet coordinated to
the Zn(II) ion by means of the phosphonate moiety,
and not the carboxylate one (Figs. 1 and 2). This is in
fact the first example of a CA inhibitor incorporating
a phosphorus zinc-binding functionality investigated
by crystallography, although many such complexes are
available in PDB.24 Thus, one of the oxygen atoms of
the phosphonate moiety of foscarnet (O3, see the crys-
tallographic numbering in Fig. 2a) is coordinated to
the Zn(II) ion, at a distance of 1.73 Å (a short one as
usually the Zn–X distance in other CA inhibitors is of
the order of magnitude of 1.80–2.20 Å).6,24 However,
all inhibitors reported up to now were monoanions
(for example RSO2NH� derivatives),24 whereas
foscarnet binds to Zn(II) with the phosphonate group







Figure 1. 2Fo-Fc electron density map contoured at 1r level for


foscarnet bound within the hCA I active site and water molecules w215


and w336 involved in binding. The zinc ion, its three histidine ligands


(His94, 96, and 119) as well as amino acid residues 198–200 involved in


the binding of the inhibitor are also evidenced. Only molecule A of the


asymmetric unit is shown, for the sake of simplicity.


Table 2. Crystallographic parameters and refinement statistics for the


hCA I-foscarnet adduct


Parameter Value


Crystal parameter


Space group P212121


Cell parameters


a 62.58Å


b 69.51 Å


c 120.44 Å


a, b, c 90�


Data collection statistics (20.0–2.0 Å)


Temperature (K) 100


No. of total reflections 217,484


No. of unique reflections 36020


Completeness (%)a 97.4 (90.0)


hI/r(I)i 8.3 (2.03)


R-sym (%) 12.7


Refinement statistics (20.0–2.0 Å)


R-factor (%) 24.9


R-free (%)b 31.0


Rmsd of bonds from ideality (Å) 0.014


Rmsd of angles from ideality (�) 1.53


Molecules/asymmetric unit 2


R-factor = R|Fo � Fc|/RFo; R-free calculated with 5% of data.
a Values in parentheses relate to the highest resolution shell (2.1–2.0).
b R-sym = RjIi � <I>|/RIi.
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Figure 2. (a) Crystallographic numbering of foscarnet. (b) Schematic


representation of the interactions between the inhibitor and the hCA I


active site amino acid residues involved in its recognition. Figures


represent distances in Å. Only molecule A of the asymmetric unit is


shown, for the sake of simplicity.
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possessing two negative charges and this may lead to
additional electrostatic attraction between the positively
charged dication (Zn2+) and the negatively charged
dianion, with the consequent reduction of the Zn–O dis-
tance. Another oxygen atom of the phosphonate moiety
(O1) is hydrogen bonded to the backbone NH of
Thr199, an amino acid critically important for CA catal-
ysis/inhibition, with a distance of 2.77 Å between the
two atoms, whereas the third oxygen of this functional-
ity, O2, participates in two weaker hydrogen bonds, one

(of 3.5 Å) with the NH of His200, and the second one
(of 3.3 Å) with a water molecule (Wat330) (Figs. 1 and
2b). It should be also mentioned that in all other CA
inhibitor adducts investigated up to now by means of
X-ray crystallography, the OH moiety of Thr199 was
observed to make a strong hydrogen bond to the X
inhibitor atom directly coordinated to the Zn(II) ion
in the Zn–X complex. However, in this case no such
bond was evidenced, as the distance between the
Thr199 OH and the O3 atom of foscarnet is of 3.88 Å
(the distance between O1 of foscarnet and the same
OH moiety of Thr199 is on the other hand of 3.76 Å,
and again no hydrogen bond is formed). The carboxyl-
ate moiety of foscarnet also interacts with a water mol-
ecule (hydrogen bond between O4 and Wat336 of 3.0 Å)
and an amino acid residue in the vicinity of the zinc ion,
i.e., Leu198. However, this is a repulsive interaction, as
one methyl group of the side chain of Leu198 clashes
with the O5 atom of foscarnet, the two groups being
at a distance of only 2.86 Å (Fig. 2b). This phenomenon
was already reported earlier by us for other CA inhibi-
tors,25 and may explain why foscarnet is a relatively
weak CA I inhibitor (and also lead to the design of iso-
zyme-selective inhibitors), with a KI of around 24 mM
(however, much stronger as compared to 4-methylimi-
dazole, claimed by Silverman’s group to act either as
an activator, as well as an inhibitor of CA II, with a
KI of around 200 mM).17c On the other hand, only
hCA I has the bulky His200 and thus a rather con-
strained active site cavity near the Zn(II) ion, which
may explain why other CA isoforms show much better
inhibition (up to 75-fold times) with this compound, as
compared to hCA I (Table 1).


In conclusion, we report here the first X-ray crystal
structure of a compound possessing a phosphonate
zinc-binding group in complex with a metalloenzyme,
hCA I. The hCA I-foscarnet adduct data reported here
may be relevant for better understanding the interac-
tions between small molecules and metalloenzymes’
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active sites. Foscarnet is also the first clear-cut example
of modulator of an enzyme activity which can act either
as an activator or inhibitor of a CA isozyme.
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Abstract—Some S 0-substituted 4-alkyl(aryl)thioquinazoline derivatives were synthesized through thioetherification reaction of
4-chloroquinazolines 2 and thiol compounds 1 refluxed in acetone in the presence of K2CO3. Their structures were verified by ele-
mental analysis, IR, 1H NMR, and 13C NMR. The compounds were evaluated for their anti-proliferative activities against some
cancer cells in vitro by MTT method. Among them, 3c, 3a, 3d, 3f, and 3l were highly effective against PC3 cells and 3a–3m showed
weak activities against Bcap37 and BGC823 cells. The IC50 value of 3c, 3a, 3d, 3f, and3l against PC3 cell was 1.8, 5.6, 8.1, 8.7, and
8.9 lM, respectively.
� 2007 Elsevier Ltd. All rights reserved.

Scheme 1. 3a: R1 = H, R2 = 5-(3,4,5-trimethoxyphenyl)-1,3,4-oxadiazol-


2-yl; 3b: R1 = H, R2 = 3-methoxyphenyl; 3c: R1 = 6,7,8-trimethoxyl,


R2 = 5-(3,4,5-trimethoxyphenyl)-1,3,4-oxadiazol-2-yl; 3d: R1 = 6,7,8-tri-


methoxyl; R2 = 3-methoxyphenyl; 3e: R1 = H, R2 = 5-(3,4,5-trimethoxy-
1 2

Overexpression of the epidermal growth factor receptor
(EGFR) tyrosine kinase is associated with poor progno-
sis in a significant proportion of human tumors.1,2 Com-
pounds that inhibit EGFR autophosphorylation and
concomitantly EGF-stimulated signal transduction are
potentially a new class of anti-cancer drugs.3,4 The most
potent and selective EGFR inhibitors reported to date
are the 4-anilino-quinazolines and related 4-anilinopyri-
do-[d]pyrimidines.5–7 These compounds are reported to
bind reversibly at the ATP binding domain of EGFR
in clinical trial.8 On the other hand, recently the synthe-
sis and bioactivity of thioether derivatives have attracted
more and more attention, among which some thioether
derivatives containing quinazoline moiety with certain
anti-tumor activity were reported.9 However, in our
previous work, some thioether derivatives bearing 1, 3,
4-thiadiazole and 3,4,5-trimethoxyphenyl moiety and N 0-
substituted benzylidene-3,4,5-trimethoxybenzohydrazide
and 3-acetyl-2-substituted phenyl-5-(3,4,5-trimethoxy-
phenyl)-2,3-dihydro-1,3,4-oxadiazole derivatives were
proved to have good anti-tumor bioactivity.10,11 As a con-
tinuation of our research for finding new anti-cancer
agents, we designed a series of new 4-alkyl(aryl)thioqui-
nazoline12 derivatives, which were synthesized starting
from gallic acid. The structures of new compounds were
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confirmed by spectral analysis. The anti-tumor activity
of the new compounds was also evaluated by MTT meth-
od. The synthetic route to target compounds is shown in
Scheme 1.


In order to optimize the reaction conditions for prepara-
tion of compounds 3, the synthesis of 3a was carried out
under different conditions. The effects of different sol-
vents, reaction time, the amount of K2CO3, and reaction
temperature are summarized in Table 1. First, the effect
of different organic phase was investigated. When
CHCl3, benzene, and toluene were used, the yields of
3a were 17.8%, 37.1%, and 53.0%, respectively (Table

phenyl)-1,3,4-thiadiazol-2-yl; 3f: R = 6,7,8-trimethoxyl, R = 5-(3,4,


5-trimethoxyphenyl)-1,3,4-thiadiazol-2-yl; 3g: R1 = H, R2 = allyl; 3h:


R1 = 6-I, R2 = Et; 3i: R1 = 6-I, R2 = n-Pr; 3j: R1 = 6-I, R2 = allyl; 3k:


R1 = 6-I, R2 = n-Bu; 3l: R1 = 6-I, R2 = 5-(3,4,5-trimethoxyphenyl)-1, 3,4-


oxadiazol-2-yl; 3m: R1 = 6-I, R2 = 5-(3,4,5-trimethoxyphenyl)-1,3,4-thia-


diazol-2-yl.
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Table 1. Yields of 3a at different reaction conditions


Entry Solvent Time/h The molar


ratio of


K2CO3 to 1


Temperature/


�C


Yield/%


1 Acetone 8.0 2:1 Reflux 76.0


2 Benzene 8.0 2:1 Reflux 37.1


3 Toluene 8.0 2:1 Reflux 53.0


4 CHCl3 8.0 2:1 Reflux 17.8


5 Acetone 8.0 0.75:1 Reflux 28.0


6 Acetone 8.0 1:1 Reflux 56.1


7 Acetone 2.0 2:1 Reflux 37.0


8 Acetone 4.0 2:1 Reflux 51.8


9 Acetone 6.0 2:1 Reflux 66.8


10 Acetone 10.0 2:1 Reflux 78.8


11 Acetone 8.0 2:1 rt 20.1


12 Acetone 8.0 2:1 30 56.0


13 Acetone 10 2:1 30 67.6
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1, entries 2–4). While it was found that the yield was up
to 76.0% when the reaction mixture was refluxed for 8 h

Table 2. Synthesis of 3a–3m13


Entry Compound R1


1 3a H


2 3b H


3 3c 6,7,8-Trimethoxy


4 3d 6,7,8-Trimethoxy


5 3e H


6 3f 6,7,8-Trimethoxy


7 3g H


8 3h 6-I


9 3i 6-I


10 3j 6-I


11 3k 6-I


12 3l 6-I


13 3m 6-I


a Isolated yields.

in acetone (Table 1, entry 1). In addition, we also exam-
ined the effects of the amount of K2CO3. When the mo-
lar ratio of K2CO3 to thio compound 1 increased from
0.75 equiv to 1 equiv, 2 equiv, 3a could be obtained in
28.0%, 56.1%, and 76.0%, respectively (Table 1, entries
1, 5–6). For the reaction time, the yields of 3a of
37.0%, 51.8%, 66.8%, and 76.0% were obtained in 2 h
to 4 h, 6 h, and 8 h, respectively (Table 1, entries 1, 7–
9). When the reaction time was prolonged further to
10 h, no significant improvement (78.8%, entry 10) was
obtained, as compared to that of 8 h (76.0 %, entry 1).
Also, it could be observed that the yield was significantly
lower at room temperature (Table 1, entry 11). When
the reaction was carried out at 30 �C, the yield was
somewhat lower (56.0% after 8 h, entry 12; 67.6% after
10 h, entry 13) compared to a reflux temperature (entry
1). Hence, the best condition was selected in acetone
with a molar ratio of K2CO3 to thiol compound 1 as
2:1 at reflux temperature for 8 h.

R2 Yielda (%)


O


NN


OCH3


OCH3


OCH3


76.0


OCH3


80.9


O


NN


OCH3


OCH3


OCH3


67.8


OCH3


79.0


S


NN


OCH3


OCH3


OCH3


77.5


S


NN


OCH3


OCH3


OCH3


70.2


Allyl 83.1


Et 80.5


n-Pr 79.2


Allyl 73.1


n-Bu 72.9


O


NN


OCH3


OCH3


OCH3


71.0


S


NN


OCH3


OCH3


OCH3


68.7
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With the optimal condition, compounds 3a–3m were
prepared by reaction of 4-chloroquinazoline 2 and thiol
compound 1(Table 2).


The anti-tumor activities in vitro of these compounds
were evaluated against PC3, BGC823, and Bcap-37 cells
by MTT method.13 The results for title compounds 3 are
summarized in Table 3.


It can be found from Table 3 that compounds 3c
(R1 = 6,7,8-trimethoxyl, R2 = 5-(3,4,5-trimethoxyphenyl)-
1,3,4-oxadiazol-2-yl), 3a (R1 = H, R2 = 5-(3,4,5-trimeth-
oxyphenyl)-1,3,4-oxadiazol-2-yl), 3d (R1 = 6,7,8-trimeth-
oxyl; R2 = 3-methoxyphenyl), 3f (R1 = 6,7,8-trimethoxyl,
R2 = 5-(3,4,5-trimethoxyphenyl)-1, 3,4-thiadiazol-2-yl), and
3l (R1=6-I, R2=5-(3,4,5-trimethoxyphenyl)-1,3,4-oxa-
diazol-2-yl) have strong inhibitory activity against PC3
cells. The data given in Table 3 indicate that the change
of substituents of the quinazoline ring affects the anti-tu-
mor activity. When the 6,7,8-position in quinazoline ring
was substituted by trimethoxyl, the compounds generally
have potential anti-cancer bioactivity, such as 3c, 3d and
3f with the IC50 value of 1.8, 8.1 and 8.7 lM against PC3
cells, respectively. Among these compounds, 3c (R1 =
6,7,8-trimethoxy, R2 = 5-(3,4,5-trimethoxyphenyl)-
1,3,4-oxadiazole-2-yl) is much more active against PC3
cells than the other ones and the standard drug (PD
153035). The inhibitory activity, as could be seen from
the bioassay data, is generally low for compounds 3b
(R1 = H, R2 = 3-methoxyphenyl), 3g (R1 = H, R2 = al-
lyl), 3h (R1 = 6-I, R2 = Et), 3i (R1 = 6-I, R2 = n-Pr), 3j
(R1 = 6-I, R2=allyl), and 3k (R1 = 6-I, R2 = n-Bu). And
it could be seen that compounds 3a–3m have weak inhib-
iting activity against Bcap37 and BGC823 cells. The data
given in Table 3 indicate that the changes of R2 substitu-

Table 3. Inhibition activity (IC50) of 4-alkylthio(arylthio)-quinazoline


derivatives against PC3, Bcap37, and BGC823 cancer cells


Compounda IC50
b (lM)


PC3c Bcap37d BGC823e


3a 5.6 23.4 34.5


3b 23.1 56.7 45.6


3c 1.8 20.9 39.0


3d 8.1 45.6 53.2


3e 19.0 50.9 61.2


3f 8.7 34.7 31.2


3g 48.0 67.9 78.1


3h 38.9 39.0 31.1


3i 40.9 42.1 29.0


3j 28.8 39.1 33.2


3k 32.1 31.0 29.0


3l 8.9 31.0 28.9


3m 12.2 21.0 19.0


PD 153035f 13.7g 8.9 6.9


a These compounds were tested as the free base.
b IC50 concentrations needed to inhibit cell growth by 50% as deter-


mined from the dose–response curve. Determination was done in


three separate experiments and each was performed in triplicate.
c Prostate cancer.
d Breast cancer.
e Stomach cancer.
f The standard compound was made of comparison for activity.
g The value was determined by using our assay protocol.

ents also affect the anti-tumor activity of title compounds
3h–3m. While the compound 3l (R1 = 6-I, R2 = 5-(3,4,5-
trimethoxyphenyl)-1,3,4-oxadiazole-2-yl) could inhibit
the proliferation of PC3 cells, with IC50 value of
8.9 lM, the other compounds 3g–3k have relatively lower
anti-tumor activities than that of 3l (R1 = 6-I, R2 = 5-
(3,4,5-trimethoxyphenyl)-1,3,4-oxadiazol-2-yl) and 3m
(R1 = 6-I, R2 = 5-(3,4,5-trimethoxyphenyl)-1,3,4-thia-
diazol-2-yl).


In order to investigate further biological activities of
these identified compounds, we carried out bioassay
against ERK phosphorylation.14 We were seeking to
determine effects of these compounds on EGF-induced
ERK1/2 phosphorylation. PC3 cells were pretreated
with 20 lM of these compounds, respectively, for
30 min at 37 �C in serum-free culture media, followed
by treatment with 60 ng/ml EGFR for 10 min. Then
the cells were lysed and the protein samples were pre-
pared to go through the Western blot assay. The results
are shown in Figure 1. The blots, from the left to the
right, are in sequence, negative control (control), posi-
tive control (EGF), and compound plus EGF (3a + E,
3b + E, 3c + E, 3d + E, 3e + E, 3f + E, 3g + E, 3h + E,
3i + E, 3j + E, 3k + E, 3l + E, and 3m + E). It can be
seen that compounds 3a–3m had no significant inhibito-
ry effect at 20 lM on EGF-induced ERK1/2 phosphor-
ylation in PC3 cells (Fig. 1). The results of our studies
indicate that 4-alkylthio(arylthio)quinazolines (3a–3m)
possess no significant inhibitory activities against
EGFR, suggesting that cytotoxicity may not result from
inhibiting EGFR.


In summary, we described a practical and efficient proce-
dure for preparing 4-alkyl(aryl)thioquinazoline deriva-
tives through thioetherification of 4-chloroquinazoline 2
and thiol compounds 1. The reaction is experimentally
simple with moderate yield. In addition, among the syn-
thesized compounds, 3c is highly effective against PC3

Figure 1. Inhibitory activity of compounds 3a–3m against EGFR


phosphorylation in PC3 cells induced by EGF. PC3 cells were cultured


in 6-well plates to 100% confluence pretreated, respectively, with


20 lM compounds 3a–3m for 60 min, and stimulated by EGF


(60 ng/mL) for 10 min. After treatment, the cells were directly


dissolved in SDS sample buffer and proteins were separated using


SDS–PAGE, transferred to PVDF membrane, and blotted with anti-


phosphotyrosine antibody, anti-pErk1/2 antibody or anti-caveolin


antibody.
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cells, 3a, 3d, and 3f are moderately effective against PC3
cells. Moreover, 3a–3m are weakly effective against
Bcap37 and BGC823 cells. These identified 4-arylthioqui-
nazolines containing 5-(3,4,5-trimethoxyphenyl)-1,3,4-
oxadiazole moiety can be very useful in the development
of optimization strategies for cancer chemotherapy.
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PVDF membranes (Bio-Rad). The membrane was
blocked with 5% nonfat dried milk freshly made in
PBS plus 0.2% Tween 20, then incubated with mono-
clonal antibody (anti-phosphotyrosine, anti-pErk1/2 or
anti-caveolin) over night at 4 �C. Then the membrane
was washed for 3 · 5 min with PBS plus 0.2% Tween
20. The membrane was incubated again with second
antibody for 2–3 h at 25 �C, washed three times with
PBS plus 0.2% Tween 20, and the signal was detected
by enhanced chemical luminescence (ECL) detection
system (PIERCE). Egger, D.; Bienz, K. Mol. Biotech.
1994, 1, 289.
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Abstract—A series of quinoxalinylurea-based inhibitors are synthesized and shown to be the novel and potent inhibitors against Jnk
Stimulatory Phosphatase-1 (JSP-1), which is a special member of dual-specificity protein phosphatase (DSP) family. Biological assay
and computational modeling studies showed the compounds were reversible and noncompetitive inhibitors of JSP-1. JSP-1 inhib-
itors may be useful for the treatment of inflammatory, vascular, neurodegenerative, metabolic, and oncological diseases in humans
associated with dysfunctional Jnk signaling.
� 2007 Elsevier Ltd. All rights reserved.
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JSP-1 (Jnk Stimulatory Phosphatase-1),1 also referred to
as VHX (VHR-related MKPX)2 or JKAP (Jnk path-
way-associated phosphatase),3 is a special member of
the dual-specificity protein phosphatases (DSPs),4 which
belong to the protein tyrosine phosphatases (PTPs),5 a
super-family of enzymes with similarly conserved motif
HCXXGXXR and the same tertiary structure. PTPs
dephosphorylate proteins with phosphate on serine,
threonine, and/or tyrosine, and play important regula-
tive roles in cellular signal transduction. In recent years,
interest in PTPs as potential drug targets for several
serious diseases such as cancers, autoimmune diseases,
and diabetes has rapidly increased.6,7 While some mem-
bers of DSPs like VHR (human VH1-related) and
MKP1 are negative regulators of mitogen activated
protein kinases (MAPK), JSP-1 is a positive regulator
for the Jun NH2-terminal kinase (Jnk) pathway. The
study of Belmont’s group3 indicated that JSP-1 is
necessary for optimal Jnk activation. However, JSP-1
does not exert its effects directly on Jnk, it appears to work
upstream of Jnk itself, by activating MKK41 and MKK73


kinases, which phosphorylate and activate Jnk.


The Jnk pathway plays broad roles in cellular response
to various forms of stresses, growth stimulation, and
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apoptosis.8 Dysfunctional Jnk signaling is associated
with inflammatory, vascular, neurodegenerative, meta-
bolic, and oncological diseases in humans.9 Therefore,
effect of JSP-1 on the Jnk signal pathway makes it worth
studying as a potential novel therapeutic target.


To date, reports regarding small molecule JSP-1 inhibi-
tors are few.10 Through a high-throughput screening of
our sample collection, a quinoxalinylurea-based small
molecule compound A1 (Fig. 1) was discovered and
showed inhibiting activity toward JSP-1 with the 50%
inhibitory concentration (IC50) of 12.01 ± 0.15 lM in
an in vitro biological assay.


Quinoxalines are an important class of nitrogen-con-
taining heterocycles with antibacterial activity,11,12


angiotensin II receptor,13,14 and AMPA receptor antag-
onist activity.15,16 In this paper, a series of quinoxali-

 A1  IC50 = 12.01± 0.15µM 


Figure 1. Inhibitor of JSP-1 discovered by a high-throughput


screening.
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nylurea-based small molecules are reported as novel and
potent JSP-1 inhibitors.


With the goal to investigate the structure–activity rela-
tionship (SAR) of these quinoxalinylurea-based small
molecules, a library with 28 of these analogs were
designed and synthesized. Keeping the N-6-quinoxali-
nyl-1,3-piperidinedicarboxamide moiety, aryl and alter-
native lipophilic groups such as phenyl, 4-methylphenyl,
4-fluorophenyl, 4-bromophenyl, and methoxyl were
employed as replacements for the furyl groups in the 2
and 3 positions on the quinoxaline ring, and cyclic
primary and secondary amines such as pyrrolidine, piper-
idine, cyclopentylamine, and cyclohexylamine were used
to displace diethylamide of A1 in an effort to investigate
whether these groups were essential for retaining the
activity in this series.


The synthetic routes of these compounds described in
this study are outlined in Scheme 1. In general, 2,3-di-
substituted 6-nitro-quinoxaline 3 was obtained by the
condensation of 1,2-dicarbonyl compound 1 with 4-ni-
tro-o-phenylenediamine 2.17,18 2,3-dimethoxy-substitut-
ed analog of 6-nitro-quinoxaline 7 was synthesized by
the condensation of diethyl oxalate 4 with 4-nitro-o-
phenylenediamine 2, followed by the chlorination with
POCl3, and then the substitution with CH3ONa.19,20


The catalytic hydrogenation of 6-nitro-quinoxaline 3
and 7 in the presence of 10% Pd/C in EtOH afforded
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Scheme 1. Reagents and conditions: (a) EtOH, reflux, 24 h (90–96%); (b) H2


reflux, 3.5 h (66%); (e) CH3ONa, CH3OH, rt, 3 h (91%); (f) (Boc)2O (98%);


95%); (i) triphosgene, DIPEA, CH2Cl2, rt; (j) 12, DIPEA, CH2Cl2, rt.

the corresponding 6-aminoquinoxaline derivatives 8,
which were treated with triphosgene to provide crude
2,3-disubstituted-6-isocyanato-quinoxalines derivatives
1321 to be used in the next reaction without further puri-
fication. On the other hand, piperidine-3-carboxylic
acids 9 were treated with (Boc)2O to give Boc-protected
piperidine-3-carboxylic acids 10, which were coupled
with various amines in the presence of 1-ethyl-3-(3-dim-
ethylaminopropyl)carbodiimide hydrochloride (EDC)
and 1-hydroxy benzotriazole (HOBt) to afford Boc-pro-
tected piperidine-3-amides 11. After removing Boc-pro-
tecting group, the corresponding piperidine-3-amide
hydrochlorides 12 were produced. Finally, the designed
compounds were obtained by the reaction of 13 with
piperidine-3-amides 12.


All synthesized compounds were screened for their abil-
ity to inhibit JSP-1 in an in vitro enzymatic assay.22 A
part of biological results with representative structures
are listed in Table 1, and the other compounds whose
IC50 exceed 40 lM were not described in detail. The re-
sults showed that substitution at positions 2 and 3 on
the quinoxaline ring plays an important role in the
inhibitory activity. Keeping the furyl groups at positions
2 and 3, compounds (A2–A4) showed potent inhibition
against JSP-1. Replacements of the furyl groups in posi-
tions 2 and 3 of the quinoxaline ring with phenyl, or
substituted phenyl groups resulted in decreased potency
(A5–A12), while replacement with the lipophilic methoxyl
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(g) HNR2R3, EDC, HOBt, CH2Cl2, rt (95%); (h) HCl in dioxane (90–







Table 1. Activities of quinoxalinylurea derivatives


N


N


N N
H


O


O


N


R1


R1 R2 R3


Compound R1 NR2R3 JSP-1 IC50 (lM)a


A1 2-Furyl Diethylamine 12.01 ± 0.15


A2 2-Furyl Piperidine 8.39 ± 1.50


A3 2-Furyl Cyclopentylamine 3.02 ± 0.18


A4 2-Furyl Cyclohexylamine 2.25 ± 0.24


A5 Phenyl Diethylamine >40


A6 Phenyl Piperidine >40


A7 4-Methylphenyl Diethylamine >40


A8 4-Methylphenyl Cyclopentylamine >40


A9 4-Fluorophenyl Diethylamine >40


A10 4-Fluorophenyl Cyclohexylamine >40


A11 4-Bromophenyl Diethylamine >40


A12 4-Bromophenyl Pyrrolidine >40


A13 Methoxy Piperidine >100


A14 Methoxy Cyclohexylamine >100


a Data are means of three independent experiments.


Figure 3. Noncompetitive inhibitors of JSP-1.
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group was not tolerated (A13–A14). In this series, com-
pound A4 showed the most potent inhibition of JSP-1.
Detailed enzymatic kinetics studies revealed that com-
pound A4 is a reversible and noncompetitive inhibitor
of JSP-1 (Figs. 2 and 3),22,23 suggesting that this com-
pound may utilize an allosteric mechanism to inhibit
JSP-1.


As mentioned by Wiesmann et al.,24 when an inhibitor is
bound to the allosteric modulation pocket of protein
tyrosine phosphatase-1B (PTP1B), it could lock the
PTP1B at the inactive conformation. This could be com-
pared to our case with JSP-1. Although three-dimen-
tional structure of JSP-1 was solved by Yakota et al.,
(PDB access code 1WRM),25 we are aware that JSP-1
in the crystal structure is remaining in an active confor-
mation. Through structure and sequence alignments, the
catalytic domain of the inactive conformation of MAPK

Figure 2. Reversible inhibitors of JSP-1.

phosphatase Pyst1 (PDB access code 1MKP) was uti-
lized as a structure template to model the inactive con-
formation of JSP-1. The allosteric binding site was
indicated by the superimposed structure of PTP1B
(PDB access code 1T48), which contained helix a3 (res-
idues 65–80) and helix a6 (residues 137–152) in JSP-1.
The advanced docking software AUTODOCK3.0 was
used to dock the A4 into this binding pocket
(Fig. 4).26 As suggested by the docking study, there
are several hydrophobic residues close to the piperi-
dine-3-carboxamide and this binding interaction provid-
ed evidence that the large side chain group on the
piperidine-3-carboxamide may improve inhibiting JSP-
1 activity.


To corroborate the hypothesis coming from the docking
study, a series of 2,3-difuryl quinoxalinyl ureas incorpo-
rating various bulky alkyl amines shown in Table 2 were
designed for the second round. Difuryl substitutes at
positions 2 and 3 of the quinoxaline ring were retained
and alternative substitutes on the piperidine carboxam-
ide were explored. The compounds A15–A23 were pre-
pared by the same method as described above. As
listed in Table 2, the results of the in vitro enzymatic as-
say showed that activity was influenced by the substitu-
ents at the piperidine-3-carboxamide. Replacement of
the diethyl group with small alkyl groups resulted in
reducing JSP-1 inhibitory activity (A15, A19–A20).







Figure 4. (A) View of allosteric site in presence of compound A4. (B) View of allosteric site in presence of compound A17.


Table 2. Activities of quinoxalinylurea derivatives


N


N


N N
H


O


O


N


R1


R1 R2 R3


Compound R1 NR2R3 JSP-1 IC50 (lM)a


A15 2-Furyl Dimethylamine >40


A16 2-Furyl N-Methyl-butylamine 5.55 ± 0.56


A17 2-Furyl N-Ethyl-butylamine 2.35 ± 0.65


A18 2-Furyl Dipropylamine 2.50 ± 0.06


A19 2-Furyl Ethylamine >40


A20 2-Furyl Isopropylamine >40


A21 2-Furyl tert-Butylamine 8.05 ± 0.97


A22 2-Furyl Isobutylamine 8.36 ± 0.18


A23 2-Furyl n-Butylamine 2.79 ± 0.25


a Data are means of three independent experiments.
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Replacing with long chain or sterically hindered alkyl
groups, the compounds A16–A18 and A21–A23 showed
significant activity comparable with A2–A4. Further-
more, enzymatic kinetics studies on compound A17 also
indicated that it is a reversible and noncompetitive
inhibitor of JSP-1 (Figs. 2 and 3).


In summary, we have synthesized and investigated preli-
minary SAR for a novel series of quinoxalinylurea
derivatives with JSP-1 inhibitory activity based on the
compound A1 obtained through high-throughput
screening. The result of in vitro biological experiment
showed that these compounds were noncompetitive
and reversible inhibitors of JSP-1. Through computa-
tional modeling, an allosteric site in JSP-1 was found,
and based on the docking study we provided a hypoth-
esis that a hydrophobic subpocket is close-by and can be
utilized to improve the binding affinity. The biological
assay performed on the second round compounds con-
firmed that bulky alkyl groups appended to the piperi-
dine-3-carboxamide would benefit the affinity to JSP-1.
The further study is going on.
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Abstract—Sulfonamide analogues of the potent CB1R inverse agonist taranabant were prepared and optimized for potency and
selectivity for CB1R. They were variably more potent than the corresponding amide analogues. The most potent representative
22 had good pharmacokinetic and brain levels, but was modestly active in blocking CB1R agonist-mediated hypothermia.
� 2007 Elsevier Ltd. All rights reserved.

The steady increase in excessive body weight throughout
the world over the last 50 years is associated with an in-
crease in co-morbidities, such as diabetes, hypertension,
cardiovascular disease, cancer, and arthritis and in an
increase in healthcare costs.1 Only two therapeutic
agents with modest efficacy are currently approved for
chronic use. The involvement of the cannabinoid recep-
tor system in regulating feeding behavior and resultant
weight loss has been demonstrated in both animal and
clinical studies. Endogenous and exogenous cannabi-
noids have been shown to be cannabinoid receptor-1
(CB1R) agonists that enhance food intake and body
weight. CB1R antagonists/inverse agonists have shown
to be useful in the suppression of food intake and the
reduction of body weight.2 Furthermore, rimonabant
1, a selective CB1R inverse agonist, is efficacious in
the treatment of obesity in humans (Fig. 1).3

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

Recently, we described the discovery of a series of acy-
clic diphenylamides that are potent, selective CB1 recep-
tor inverse agonists with good pharmacokinetic and
pharmacological properties.4 A key element in the opti-
mization of that series was appropriate substitution on
the three aryl rings. Most modifications of the acyclic
scaffold of those diphenylamides resulted in compounds
that were less potent inhibitors of CB1R. The result of
that effort afforded a compound 2 (MK-0364; tarana-
bant) that was a suitable candidate for advancement
into clinical studies in the treatment of obesity. Herein,
we describe the preparation and evaluation of a series
of substituted sulfonamides as CB1R inverse agonists
employing the optimized diphenylamine found in 2.


The synthesis of the anti-diastereomer 3 of the substitut-
ed diphenylamine in 2 was reported.4 The preparation of
the individual enantiomers was also described. The sul-
fonamides were simply prepared by reaction of amine 3
with a substituted sulfonyl halide in the presence of an
amine base (Scheme 1).5 Likewise, the amides reported
in Table 2 were prepared from amine 3 and the corre-
sponding acid chlorides.
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Figure 1. Structures of CB1R inverse agonists in clinical development.


NH2


CH3


CN


Cl


ClSO2R1


3


(iPr)2NEt or
N-Me-morpholine,
THF or CH2Cl2
room temp., overnight


N
H


CH3


CN


Cl 4


SO2R1


Scheme 1. Preparation of substituted acyclic sulfonamides 4.
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The inhibition of the human CB1 and CB2 receptors by
sulfonamides 4 is reported in Table 1.6 The simple alkyl
sulfonamides 5–8 have generally poor to modest affinity
for the two receptors. The phenyl sulfonamide 9 sug-
gests that an aryl substituent may afford both potency
enhancement as well as selectivity for CB1R. All of
the sulfonamides that had reasonable potency for the
CB1 receptor were generally selective with respect to
the CB2 receptor. Various substitution patterns on the
aromatic ring (10–25) did little to enhance potency for
CB1R much beyond the unsubstituted phenyl. In addi-
tion, methyl substitution on the sulfonamide nitrogen
(6 and 18) gave relatively inactive compounds. All of
the more potent compounds were determined to act as
potent inverse agonists at CB1R (e.g., sulfonamide 22
had an EC50 = 4 nM [�172% maximum activation] in
cyclic AMP production).6


A comparison of several sulfonamides with their analo-
gous amides is presented in Table 2. The phenylsufona-
mide 9 is significantly more potent against CB1R than is
the corresponding benzamide 32. Likewise, the 3,5-
dichlorophenylsulfonamide 17 retains greater potency
and selectivity for CB1R than does the 3,5-dichloroben-
zamide 33. However, those differences are less apparent
with the 2,6-dichlorophenyl derivatives (16 and 34), ben-
zyl derivatives (26 and 35), and the phenylethyl deriva-
tives (30 and 36). Clearly the positioning of the phenyl
ring with respect to the amine portion of the molecule
is important for efficient binding and not solely depen-
dent upon the nature of the linking group (–SO2NH–
vs –CONH–).


The conformations of sulfonamides 9 and 26 were over-
layed with their respective amides 32 and 35 and are
shown in Figure 2. The amine portion of the molecules
was assumed to be similar in each molecule. The benzyl
analogs 26 and 35 are more closely aligned in space than
are those of the phenyl analogues 9 and 32. In addition,

the calculated conformations of 26 and 35 more closely
resemble that of MK-0364 (Fig. 3).7


Given its improved CB1 activity, the 3-biphenyl deriva-
tive 22 was chosen for further in vivo characterization
(rat CB1R IC50 = 2.3 nM). Its rat pharmacokinetic pro-
file and brain penetration are shown in Table 3. The
compound is well absorbed with low clearance and good
distribution. At an oral dose of 2 mg/kg, it afforded a
plasma Cmax of 343 nM. Access to the brain compart-
ment was good, with a brain/plasma ratio of �1–2.


It is reported that CB1R agonists will elicit a significant
hypothermia response in rodents.8 The tetrahydro-can-
nabinol derivative CP-55940, when dosed by intrave-
nous administration, causes a 3–5 �C drop in body
temperature in rats. The blockade of this agonist-in-
duced temperature drop by another CB1 ligand is con-
sidered to be a measure of the intrinsic receptor
antagonist activity of that compound as well as its access
to the CB1R in the CNS. We used the blockade of the
agonist-induced hypothermia effect to assess the relative
in vivo potency of CB1R ligands. As shown in Table 4,
both rimonabant 1 and MK-0364 2 when administered
by iv dosing completely blocked the hypothermic effects
of CP-55940. On the other hand, sulfonamide 22 was
considerably less active in this model. This hypothermia
model was generally useful for assessing the ability of
compounds to access the CB1 receptor in the brain
and, at least for the acyclic amide class, was predictive
of potent activity in other CB1R-mediated models, such
as inhibition of food intake and body weight reduction.
Therefore, compound 22 was not evaluated further in
other CB1R-mediated models.


The relatively poorer activity of 22 in the hypothermia
inhibition model is not likely associated with poor sys-
temic plasma exposure. The pharmacokinetic profile
outlined in Table 3 suggests that the compound was well







Table 1. Inhibition of hCB1R and hCB2R by substituted diphenyl-


sulfonamides 4


CH3


CN


Cl


N
S


R1


O O


R2


Compound a R1 R2 CB1 IC50


(nM)b


CB2 IC50


(nM)b


1 Rimonabant 6.1 603.3


2 Taranabant 0.3 284.7


5 CH3 H >2000 >2000


6 CH3 CH3 >2000 >2000


7 n-C4H9 H 75.2 1441


8 t-C4H9 H 1677 >2000


9 Ph H 9.7 1488


10 Ph-2-Cl H 12.3 668.2


11 Ph-3-Cl H 13.9 807.7


12 Ph-4-Cl H 21.7 454.2


13 (S,S) Ph-2,3-Cl2 H 10.7 201.7


14 (S,S) Ph-2,4-Cl2 H 7.1 300.8


15 (S,S) Ph-2,5-Cl2 H 7.4 498.2


16 (S,S) Ph-2,6-Cl2 H 29.8 283.5


17 (S,S) Ph-3,5-Cl2 H 11.4 997.8


18 (S,S) Ph-3,5-Cl2 CH3 >2000 >2000


19 (S,S) Ph-2,4,5-Cl3 H 16 622


20 (S,S) Ph-3,5-(CF3)2 H 3.2 1755


21 (S,S) Ph-3,5-F2 H 5.1 1079


22 (S,S) Ph-3-Ph H 2.8 394.4


23 (S,S) Ph-4-Ph H 23.0 406


24 1-Naphthyl H 21.1 1117


25 2-Naphthyl H 15 1092


26 CH2Ph H 20.9 >2000


27 (S,S) CH2Ph-2-Cl H 16.0 1918


28 (S,S) CH2Ph-3-Cl H 53.5 >2000


29 (S,S) CH2Ph-4-Cl H 15.4 1757


30 CH2CH2Ph H 19.3 904


31 (S,S) t-CH@CHPh H 41.8 1077


a Racemic mixture of anti-diastereomers unless otherwise noted.
b Binding affinity determined by inhibition of binding of [3H]CP-55940


to recombinant human CB1 or CB2 receptors expressed on Chinese


Hamster Ovary (CHO) cells (n = 2).6


Table 2. Comparison of sulfonamides and amides in the inhibition of


hCB1R and hCB2R


CH3


CN


Cl


N
H


X
R1


Compound a R1 X CB1 IC50


(nM)b


CB2 IC50


(nM)b


9 Ph SO2 9.7 1488


32 Ph C@O 845 1907


17 Ph-3,5-Cl2 SO2 5.5 1419


33 Ph-3,5-Cl2 C@O 282.8 180.7


16 (S,S) Ph-2,6-Cl2 SO2 29.8 283.5


34 (S,S) Ph-2,6-Cl2 C@O 37.2 945


26 CH2Ph SO2 20.9 >2000


35 CH2Ph C@O 44.1 >2000


30 CH2CH2Ph SO2 19.3 904


36 CH2CH2Ph C@O 38.3 1368


a Racemic mixture of anti-diastereomers unless otherwise noted.
b Binding affinity determined by inhibition of binding of [3H]CP-55940


to recombinant human CB1 or CB2 receptors expressed on Chinese


Hamster Ovary (CHO) cells (n = 2).6


Figure 2. Overlay of (a) sulfonamide 9 (yellow) and amide 32 (green)


and (b) sulfonamide 26 (yellow) and amide 35 (green).


Figure 3. Conformation of MK-0364 as determined from X-ray


analysis.8
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absorbed and distributed. The levels of compound in the
brain and the brain to plasma ratio also look reasonable
and target engagement would be expected. However,
high levels of compound in the brain do not in turn
guarantee facile access to receptor targets. The highly
hydrophobic nature of compounds such as 22 may limit
their ‘bioavailability’ in the brain by binding to brain
proteins and membranes. That said, the clog DpH 7.4 of
22 (7.3) does not differ much from that of 2 (7.2). As
with many CNS targets, assessment of in vivo receptor
occupancy utilizing a CB1R PET ligand may be key to
understanding the lack of activity of compounds such
as 22.9


In summary, sulfonamide analogues of the potent CB1R
inverse agonist taranabant were prepared and optimized
for potency and selectivity for CB1R. The sulfonamides
were variably more potent than the corresponding

amide analogues, depending upon substitution patterns.
The most potent representative of the series 22 had good
pharmacokinetic characteristics and good brain penetra-
tion. Despite these properties, compound 22 was consid-
erably less active in blocking CB1 agonist-mediated
hypothermia than other CB1R inverse agonists. Given
the good levels of compound isolated from the brain,







Table 3. In vivo characterization of biphenylsulfonamide 22


Rat pharmacokinetics (1 mg/kg iv, 2 mg/kg po)


F(%) t1/2 (h) Clp (ml/min/kg) Vdss (L/kg) Cmax (nM)


48% 8.4 10.6 6.9 343


Rat brain penetration (1 mg/kg iv)


Time (h) Plasma concn (nM) Brain concn (nM) Ratio (b/pl)


0.25 220 146 0.66


1 113 92 0.82


2 54 54 1.00


Table 4. Inhibition of CB1R agonist-induced hypothermia


Compound Inhibition (%)


Rimonabant 1 97.9%


Taranabant 2 109.6%


Sulfonamide 22 48.9%


Rats (n = 3) were dosed with test compounds (3 mg/kg iv) 30 min


before administration of CP-55940 (1 mg/kg ip). Rectal temperatures


were measured at 75 min following the CP-55940 injection.
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it may be that sulfonamides such as 22 are too hydro-
phobic to effectively access the CB1 receptor in the CNS.
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Abstract—The 6-(4-alkoxycarbonylalkoxy)phenoxy-3-alkylthio(alkylsulfonyl)-1-phenyl-5-(substituted phenyl)pyrazolo[3,4-d]pyr-
imidin-4-ones 6 and 7 have been synthesized via the tandem aza-Wittig and annulation reactions of the corresponding iminophos-
phoranes 4, aromatic isocyanates, and substituted phenols 2 in 52–98% yields. Their structures were clearly verified by spectroscopic
data (IR, 1H NMR, 13C NMR, MS, and elemental analysis or X-ray diffraction crystallography). And the results of preliminary
bioassay indicated that these title compounds possess potential herbicidal activity against the root of rape and barnyard grass.
� 2007 Elsevier Ltd. All rights reserved.

The derivatives of fused pyrimidinones have been the fo-
cus of great interest over many years due to the fact that
many compounds containing a fused pyrimidinone ring
play an important role in the biochemistry of the living
cell.1 Pyrazolo[3,4-d]pyrimidin-4-one derivatives also
have extremely rich biological activities because of their
structural similarity with purines,2 they exhibit excellent
antibacterial, antiphlogistic, and antitumor activities,3


and they are employed in the treatment of erectile dys-
function in male animals.4 In previous reports, various
synthetic procedures have been devised for the conversion
of o-aminonitriles and o-aminoesters bearing pyrazole
ring to pyrazolopyrimindinone derivatives.5 However,
3-substituted-6-(4-alkoxycarb-onylalkoxy)phenoxy pyr-
azolo[3,4-d]pyrimidin-4-ones are not easily accessible by
these existing methods.


Aryloxyphenoxypropionate (APP) derivatives are a very
important class of herbicides in the international mar-
ket.6 In recent years, heterocycles were introduced to
the structures of APP, which lead to the development
of a new series of highly efficient herbicides, such as
whip, fenthiaprop-ethyl, quizalofop-ethyl, and heloxy-
fop-methyl.7 Furthermore, some heteroaryloxo-phenoxy

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


doi:10.1016/j.bmcl.2007.01.083
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carbonates are of good fungicidal activity and anti-can-
cer activity.8


Aza-Wittig reactions of iminophosphoranes have re-
ceived increasing attention in view of their utility in
the synthesis of nitrogen-containing heterocyclic com-
pounds.9 Recently, aza-Wittig reactions of isocyanates
were used to synthesize carbodiimides, which, in turn,
were able to undergo a plethora of cyclization reactions,
leading to the preparation of thienodipyrimidinones,10


quinazolines,11 imidazolinones,12 pteridinones,13 and
fused pyrimidines.14 As the continuing work of our
search for new herbicidal active heterocycles,15 we
designed the structures which contain both pyrazolo-
[3,4-d]pyrimidin-4-one and aryloxyphenoxypropionate
(APP) moieties based on biochemical reasoning, and
developed a new annulation process (Scheme 1), which
proceeded smoothly via a tandem aza-Wittig and
cyclization reaction to afford the novel title compounds
6-(4-alkoxycarbonylalkoxy)phenoxy-3-alkylthio(alkylsulfo-
nyl)-1-phenyl-5-(substituted phenyl)pyrazolo[3,4-d]pyrimi-
din-4-ones 6 and 7, in order to obtain better herbicidal
activity.


The iminophosphorane 4, which was prepared from
3-alkylthio-5-amino-4-ethoxycarbonyl-1-phenylpyrazole 3,
reacted with aromatic isocyanate to afford carbodiimide
5. Then reaction of 2-(4-hydroxyphenoxy)-carboxylate 2
with 5 provides intermediate guanidine 8. In the
presence of catalytic amount of potassium carbonate,
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Scheme 1. Synthesis of the title compounds 6 and 7. Reagents and conditions: (a) R1ONa, R1OH, 0–35 �C, 6 h, yields 57–66%; (b) Et3N, CH2Cl2,


0 �C for 30 min then 25 �C for 26 h, yields 84%; (c) CH2Cl2, rt, 2–5 h; (d) K2CO3, CH3CN, reflux, 5 h, yields 52–84%; (e) Na2WO4ÆH2O, AcOH, 30%


H2O2, 50 �C, 5 h, yields 75–98%.
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Scheme 2. The cyclization of carbodiimide 5 to synthesize the title compounds 6.
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the reaction took place to give 6 in moderate to good
yields after recrystallization. This process can be ratio-
nalized in Scheme 2.


In this reaction, a variety of substituents can be tolerat-
ed in Ar group, such as electron-withdrawing groups (F,

Table 1. Yields of compounds 6 and 7


Compounds
NCO


R


R =


R3 R2 R1 Yields


of 6 (%)


Yields


of 7 (%)


6a, 7a H Me Me Me 80 75


6b, 7b o-Cl Me Me Me 73 78


6c, 7c m-Me Me Me Me 80 91


6d, 7d o-F Me Me Me 65 85


6e, 7e H Me Me Et 84 98


6f, 7f o-Cl Me Me Et 71 83


6g, 7g m-Me Me Me Et 78 86


6h, 7h m-Me Me H Et 82 77


6i, 7i m-Me Bn Me Et 52 90


6j, 7j m-Me Bn H Et 66 82


6k, 7k H Me Me n-Pr 82 78


6l, 7l o-Cl Me Me n-Pr 72 95


6m, 7m m-Me Me Me n-Pr 74 77

Cl) or electron-donating group (Me). R1, R2, and R3


also could be various alkyl groups. Satisfactory yields
of 6 were obtained when polar solvent acetonitrile was
used;16 furthermore, compounds 6 could be oxidized
by hydrogen peroxide (H2O2) using sodium wolframate
(Na2WO4) as catalyst to give the corresponding
compounds 7 at about 40 �C. The results are listed in
Table 1.

Figure 1. View and atom labeling of 6h.







Table 2. The herbicidal activity of compounds 6 and 7


Compound Relative inhibition (root%/stalk%)


Rape (100 mg/L) Rape (10 mg/L) Barnyard grass (100 mg/L) Barnyard grass (10 mg/L)


6a 96.1/76.9 40.2/20.5 93.5/68.9 63.0/44.8


6b 84.3/56.4 27.5/7.7 97.8/68.9 63.0/62.1


6c 52.2/17.8 3.3/6.7 66.7/�7.3 35.5/�5.3


6d 27.2/0.0 19.6/6.7 62.2/0.0 51.1/�31.6


6e 86.1/46.2 57.4/12.9 88.5/32.3 57.7/12.9


6f 93.1/63.5 61.4/26.9 92.3/35.5 75.0/�25.8


6g 97.0/63.5 46.5/9.6 88.5/0.0 59.6/�12.9


6h 100/100 60.4/25.0 98.1/77.4 59.6/�6.5


6i 32.2/10.6 24.4/�2.1 61.9/�6.4 33.3/�6.4


6j 64.1/24.0 20.6/20.0 75.5/�10.5 66.7/5.3


6k 44.4/14.9 21.1/�2.1 71.4/35.5 57.1/25.8


6l 36.7/8.5 5.5/10.6 64.3/25.8 53.4/25.8


6m 35.5/4.3 30.0/31.9 57.1/35.5 30.9/41.9


7a 80.4/48.9 25.0/13.3 93.3/31.6 66.7/5.3


7b 21.7/4.4 14.1/2.2 46.7/15.8 42.2/�5.3


7c 72.8/26.7 19.6/13.3 86.7/15.8 44.4/�15.8


7d 28.0/0.0 16.3/0.0 53.3/�21.0 33.3/10.5


7e 89.2/58.9 42.2/15.4 89.1/34.5 50.0/31.0


7f 81.4/48.7 29.4/5.1 89.1/47.9 63.0/37.9


7g 98.0/74.4 51.0/17.9 95.6/51.7 54.3/3.4


7h 94.1/71.8 50.0/28.2 95.6/37.9 58.7/�3.4


7i 34.8/6.7 9.8/6.7 72.5/16.7 50.0/13.3


7j 51.1/6.7 21.7/15.5 62.2/0.0 35.5/�5.3


7k 27.2/6.7 3.3/2.2 62.5/13.3 32.5/13.3


7l 67.4/42.2 17.4/�17.8 80.0/23.3 50.0/16.7


7m 63.0/31.1 14.1/13.3 80.0/20.0 35.0/13.3


2,4-D 99.0/91.2 98.1/91.2 97.5/33.3 97.5/30.8
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The structures of compounds 6 and 7 were deduced from
their spectra data (IR, 1H NMR, 13C NMR, MS, and ele-
mental analysis).17 Compound 6h was recrystallized by
slow evaporation from CH2Cl2, and its single crystal
was analyzed by X-ray diffraction crystallography.18


The corresponding structure is shown in Figure 1. X-ray
structure analysis further confirmed the proposed struc-
ture and showed that ring atoms in pyrazolo[3,4-d]pyrim-
idin-4-one moiety are essentially planar. The bond lengths
of C(8)@N(1), C(9)@C(10), and C(12)@N(4) are 1.313(5),
1.371(5), and 1.283(4) Å


´
, respectively, which are longer


than the lengths of the typical C@N (1.28 Å
´


) and C@C
(1.34 Å


´
), while the single bond lengths of C(10)–N(2),


C(8)–C(9), C(9)–C(11), C(12)–N(3), and C(10)–N(4),
are 1.345(5), 1.409(5), 1.432(5), 1.375(4), and 1.377(4) Å


´
,


respectively, which are significantly shorter than
the lengths of typical C(sp2)–N (1.426 Å


´
) and C–C


(1.53 Å
´


). These results show some degree of delocaliza-
tion in 6h.


The herbicidal activity of all compounds 6 and 7 against
brassica napus (rape) and echinochloa crus-galli (barn-
yard grass) has been investigated at the dosage of 100
and 10 mg/L using the reported procedure,19 compared
with distilled water and 2,4-dichlorophenoxyl acetic acid
(2,4-D), a commercially available herbicide in the mar-
ket. The results of preliminary bioassay showed that
some of them exhibit good herbicidal activities (the inhi-
bition rates are listed in Table 2). For example, 6a, 6f,
6h, 7g, and 7h showed more than 90% inhibitory rate
to root of rape and barnyard grass at 100 mg/L. It is also
interesting to note that ethyl ester showed higher herbi-

cidal activity than the corresponding methyl ester and
n-propyl ester in general, the reason may be the hydro-
lysis of the products.20 The investigations on R and S
isomers of products are going on further.


In summary, we have developed a novel synthesis of
6-(4-alkoxycarbonylalkoxy)phenoxy-3-alkylthio(alkylsulfo-
nyl)-1-phenyl-5-(substituted phenyl)pyrazolo[3,4-d]pyr-
imidin-4-one derivatives via tandem aza-Wittig and
annulation reactions smoothly in moderate to good
yields. The structure of the title compounds has both
the skeletons of pyrazolo[3,4-d]pyrimidin-4-one and
aryloxyphenoxypropionate (APP). The herbicidal tests
showed that these title compounds possess herbicidal
activity and could be further used as potential
herbicides.
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General procedure for the preparation of 6-(4-
alkoxycarbonylalkoxy)phenoxy-3-alkylthio-1-phenyl-5-(substi-
tuted phenyl)pyrazolo[3,4-d]pyrimidin-4-ones (6a–6m). To
a solution of iminophosphorane 4 (2 mmol) in dry
dichloromethane (25 mL), aromatic isocyanate (2 mmol)
was added under nitrogen at room temperature. After the
reaction mixture was stirred for 2–5 h, the solvent was
removed off under reduced pressure, then 25 mL anhy-
drous accetonitrile, 2.0 mmol 2-(4-hydroxyphenoxy)-car-
boxylate 2, and 0.05 g anhydrous potassium carbonate
were added to the mixture. Stirring for another 5 h
at refluxing and filtering, the solution was condensed
under reduced pressure, the residue was recrystallized with
ethanol to give pure 6-(4-alkoxycarbonylalkoxy)phenoxy-
3-alkylthio-1-phenyl-5-(substituted phenyl)pyrazolo[3,4-
d]pyrimidin-4-ones 6a–6m.
6-[4-(1-Methoxycarbonylethoxy)]phenoxy-3-methylthio-
1,5-diphenylpyrazolo[3,4-d]pyrimidin-4-one (6a). White
crystals, mp 238–240 �C; yield, 80%; IR (KBr) t (cm�1):
2990, 2926, 1753, 1704, 1604, 1574, 1547, 1516, 1500, 1347,
1204, 1136, 895, 769, 688; 1H NMR (CDCl3, 400 MHz) d
7.91 (d, 2H, J = 7.6 Hz, Ph), 7.26–7.52 (m, 7H, Ph), 7.20
(t, 1H, J = 8.0 Hz, Ar), 7.08 (dd, 2H, J = 2.0 and 7.2 Hz,
OC6H4O), 6.90 (dd, 2H, J = 2.0 and 8.0 Hz, OC6H4O),
4.77 (q, 1H, J = 6.8 Hz, OCHC@O), 3.75 (s, 3H, OCH3),
2.67 (s, 3H, SCH3), 1.65 (d, 3H, J = 6.8 Hz, CH3CHO);
EI-MS (70 eV, m/z): 528 (M+�1), 530 (M++2); Elemental
Anal. Calcd for C28H24N4O5S: C, 63.62; H, 4.58; N, 10.60.
Found: C, 63.49; H, 4.67; N, 10.42.
5-(2-Chlorophenyl)-6-[4-(1-methoxycarbonylethoxy)]phen-
oxy-3-methylthio-1-phenylpyrazolo[3,4-d]pyrimidin-4-one
(6b). White crystals, mp 182–183 �C; yield, 73%; IR (KBr)
t (cm�1): 2989, 2955, 1754, 1718, 1591, 1573, 1545, 1352,
1190, 1099, 896, 824, 762, 689; 1H NMR (CDCl3,
400 MHz) d 7.91 (d, 2H, J = 8.0 Hz, Ph), 7.18–7.71 (m,
8H, Ar), 7.11 (d, 2H, J = 8.8 Hz, OC6H4O), 6.90 (d, 2H,
J = 9.2 Hz, OC6H4O), 4.77 (q, 1H, J = 6.8 Hz,
OCHC@O), 3.76 (s, 3H, OCH3), 2.68 (s, 3H, SCH3),
1.65 (d, 3H, J = 6.4 Hz, CH3CHO); EI-MS (70 eV, m/z):
562 (M+�1), 563 (M+); Elemental Anal. Calcd for
C28H23ClN4O5S: C, 57.93; H, 4.12; N, 9.95. Found: C,
60.00; H, 4.01; N, 10.12.
6-[4-(1-Methoxycarbonylethoxy)]phenoxy-5-(3-methyl-
phenyl)-3-methylthio-1-phenylpyrazolo[3,4-d]pyrimidin-
4-one (6c). White crystals, mp 239–241 �C; yield, 80%; IR
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(KBr) t (cm�1): 2989, 2927, 1753, 1701, 1602, 1573, 1548,
1501, 1349, 1195, 1135, 830, 755, 686; 1H NMR (CDCl3,
400 MHz) d 7.91 (d, 2H, J = 8.0 Hz, Ar), 7.17–7.42 (m,
7H, Ar), 7.08 (d, 2H, J = 9.2 Hz, OC6H4O), 6.90 (d, 2H,
J = 8.8 Hz, OC6H4O), 4.77 (q, 1H, J = 6.4 Hz,
OCHC@O), 3.76 (s, 3H, OCH3), 2.68 (s, 3H, SCH3),
2.43 (s, 3H, m-CH3C6H4), 1.65 (d, 3H, J = 6.4 Hz,
CH3CHO); 13C NMR (100 MHz, CDCl3): d 13.6, 18.7,
21.5, 52.5, 73.3, 102.4, 116.0, 120.3, 122.8, 125.4, 126.1,
129.0, 129.4, 130.2, 134.4, 138.8, 139.7, 146.0, 147.5, 151.3,
155.7, 156.4, 157.7, 172.5; EI-MS (70 eV, m/z): 542 (M+);
Elemental Anal. Calcd for C29H26N4O5S: C, 64.19; H,
4.83; N, 10.33. Found: C, 64.35; H, 5.01; N, 10.22.
6-[4-(1-Methoxycarbonylethoxy)]phenoxy-5-(2-fluorophe-
nyl)-3-methylthio-1-phenylpyrazolo[3,4-d]pyrimidin-4-one
(6d). White crystals, mp 205–206 �C; yield, 65%; IR (KBr)
t (cm�1): 2991, 2951, 1748, 1709, 1601, 1576, 1546, 1501,
1350, 1201, 1136, 896, 829, 756, 680; 1H NMR (CDCl3,
400 MHz) d 7.90 (d, 2H, J = 8.4 Hz, Ar), 7.20–7.44 (m,
7H, Ar), 7.07 (dd, 2H, J = 2.0 and 8.8 Hz, OC6H4O), 6.90
(dd, 2H, J = 2.0 and 7.2 Hz, OC6H4O), 4.78 (q, 1H,
J = 7.2 Hz, OCHC@O), 3.76 (s, 3H, OCH3), 2.68 (s, 3H,
SCH3), 1.65 (d, 3H, J = 6.8 Hz, CH3CHO); 13C NMR
(100 MHz, CDCl3): d 13.5, 18.6, 52.5, 73.2, 102.1, 116.0,
116.6, 116.8, 120.4, 122.2, 122.7, 124.8, 126.2, 128.9, 130.6,
131.2, 131.3, 138.7, 145.9, 147.5, 151.3, 155.7, 156.0, 156.6,
156.8, 159.1, 172.4; EI-MS (70 eV, m/z): 546 (M+�1), 547
(M+); Elemental Anal. Calcd for C28H23FN4O5S: C,
61.53; H, 4.24; N, 10.25. Found: C, 61.24; H, 4.36; N,
10.38.
6-[4-(1-Ethoxycarbonylethoxy)]phenoxy-3-methylthio-
1,5-diphenylpyrazolo[3,4-d]pyrimidin-4-one (6e). White
crystals, mp 213–214 �C, yield, 84%; IR (KBr) t (cm�1):
2991, 2924, 1743, 1703, 1604, 1573, 1548, 1501, 1348, 1192,
1135, 1093, 896, 830, 688; 1H NMR (CDCl3, 400 MHz) d
7.91 (d, 2H, J = 8.0 Hz, Ph), 7.54 (d, 2H, J = 7.6 Hz, Ph),
7.49 (d, 1H, J = 7.2 Hz, Ph), 7.31–7.37 (m, 4H, Ph), 7.20
(t, 1H, J = 7.2 Hz, Ph), 7.07 (d, 2H, J = 9.2 Hz, OC6H4O),
6.90 (d, 2H, J = 8.8 Hz, OC6H4O), 4.74 (q, 1H, J = 6.8 Hz,
OCH), 4.21 (q, 2H, J = 7.2 Hz, OCH2), 2.67 (s, 3H,
SCH3), 1.64 (d, 3H, J = 6.8 Hz, CH3CH), 1.23 (t, 3H,
J = 6.4 Hz, CH2CH3); EI-MS (70 eV, m/z): 542 (M+), 543
(M++1); Elemental Anal. Calcd for C29H26N4O5S: C,
64.19; H, 4.83; N, 10.33. Found: C, 64.35; H, 4.67; N,
10.54.
5-(2-Chlorophenyl)-6-[4-(1-ethoxycarbonylethoxy)phen-
oxy-3-methylthio-1-phenylpyrazolo[3,4-d]pyrimidin-4-one
(6f). White crystals, mp 192–194 �C, yield, 71%; IR (KBr)
t (cm�1): 2985, 2932, 1747, 1714, 1594, 1575, 1551, 1503,
1350, 1205, 1188, 1130, 895, 825, 778, 759; 1H NMR
(CDCl3, 400 MHz) d 7.91 (d, 2H, J = 8.4 Hz, Ar), 7.59 (d,
1H, J = 2.8 Hz, Ar), 7.46 (d, 3H, J = 3.2 Hz, Ar), 7.33 (t,
2H, J = 7.8 Hz, Ar), 7.20 (t, 1H, J = 7.2 Hz, Ar), 7.10 (d,
2H, J = 8.8 Hz, OC6H4O), 6.91 (d, 2H, J = 8.8 Hz,
OC6H4O), 4.75 (q, 1H, J = 6.8 Hz, OCH), 4.21 (q, 2H,
J = 7.2 Hz, OCH2), 2.68 (s, 3H, SCH3), 1.65 (d, 3H,
J = 6.8 Hz, CH3CH), 1.24 (t, 3H, J = 7.2 Hz, CH2CH3);
13C NMR (100 MHz, CDCl3): d 13.5, 14.3, 18.6, 61.5,
73.3, 102.2, 115.9, 120.4, 122.7, 126.2, 128.0, 128.9, 130.5,
130.8, 132.5, 138.7, 145.8, 147.6, 151.4, 155.8, 156.0, 156.7,
171.9; EI-MS (70 eV, m/z): 576 (M+), 578 (M++2);
Elemental Anal. Calcd for C29H25ClN4O5S: C, 60.36; H,
4.37; N, 9.71. Found: C, 60.57; H, 4.20; N, 9.69.
6-[4-(1-Ethoxycarbonylethoxy)]phenoxy-5-(3-methylphe-
nyl)-3-methylthio-1-phenylpyrazolo[3,4-d]pyrimidin-4-one
(6g). White crystals, mp 223–225 �C; yield, 78%; IR (KBr)
t (cm�1): 2989, 2924, 1744, 1701, 1601, 1573, 1549, 1501,
1349, 1194, 1134, 1093, 831, 779, 755; 1H NMR (CDCl3,
400 MHz) d 7.91 (d, 2H, J = 8.0 Hz, Ar), 7.42 (t, 1H,

J = 7.6 Hz, Ar), 7.15–7.35 (m, 6H, Ar), 7.08 (d, 2H,
J = 8.8 Hz, OC6H4O), 6.90 (d, 2H, J = 8.8 Hz, OC6H4O),
4.74 (q, 1H, J = 7.2 Hz, CHC@O), 4.21 (q, 2H, J = 7.6 Hz,
OCH2), 2.67 (s, 3H, SCH3), 2.43 (s, 3H, m-CH3Ph), 1.65
(d, 3H, J = 8.4 Hz, CHCH3), 1.23 (t, 3H, J = 7.2 Hz,
CH2CH3); EI-MS (70 eV, m/z): 556 (M+), 557(M++1);
Elemental Anal. Calcd for C30H28N4O5S: C, 64.73; H,
5.07; N, 10.0. Found: C, 64.87; H, 4.82; N, 10.04.
6-(4-Ethoxycarbonylmethoxy)phenoxy-5-(3-methylphenyl)-
3-methylthio-1-phenylpyrazolo[3,4-d]pyrimidin-4-one (6h).
White crystals, mp 202–204 �C; yield, 82%; IR (KBr) t
(cm�1): 2974, 2930, 1751, 1701, 1603, 1573, 1549, 1502,
1349, 1186, 1077, 911, 830, 779, 684; 1H NMR (CDCl3,
400 MHz) d 7.91 (d, 2H, J = 8.0 Hz, Ar), 7.43 (t, 1H,
J = 7.8 Hz, Ar), 7.15–7.34 (m, 6H, Ar), 7.10 (d, 2H,
J = 8.8 Hz, OC6H4O), 6.94 (d, 2H, J = 9.2 Hz, OC6H4O),
4.64 (s, 2H, J = 7.2 Hz, OCH2C@O), 4.28 (q, 2H,
J = 7.2 Hz, OCH2), 2.67 (s, 3H, SCH3), 1.30 (t, 3H,
J = 7.2 Hz, OCH2CH3); EI-MS (70 eV, m/z): 542 (M+),
543 (M++1); Elemental Anal. Calcd for C29H26N4O5S: C,
64.19; H, 4.83; N, 10.33. Found: C, 64.32; H, 4.64; N,
10.37.
3-Benzylsulfanyl-6-[4-(1-ethoxycarbonylethoxy)]phenoxy-
5-(3-methylphenyl)-1-phenylpyrazolo[3,4-d]pyrimidin-4-one
(6i). White crystals, mp 117–120 �C; yield, 52%; IR (KBr)
t (cm�1): 2986, 2921, 1728, 1705, 1598, 1572, 1555, 1502,
1271, 1197, 1089, 1047, 911, 828, 762, 698; 1H NMR
(CDCl3, 400 MHz) d 7.89 (d, 2H, J = 8.8 Hz, Ar), 7.08–
7.49 (m, 12H, Ar), 7.05 (d, 2H, J = 8.8 Hz, OC6H4O), 6.90
(d, 2H, J = 9.2 Hz, OC6H4O), 4.74 (q, 1H, J = 7.2 Hz,
OCHC@O), 4.49 (s, 2H, PhCH2), 4.21 (q, 2H, J = 6.8 Hz,
OCH2), 2.43 (s, 3H, PhCH3), 1.65 (d, 3H, J = 6.8 Hz,
CHCH3), 1.24 (t, 3H, J = 7.2 Hz, CH2CH3); 13C NMR
(100 MHz, CDCl3): d 14.3, 18.6, 21.5, 35.2, 61.5, 73.2,
102.6, 115.9, 120.3, 122.7, 125.4, 126.1, 127.3, 128.5, 128.9,
129.0, 129.3, 130.1, 134.3, 137.7, 138.7, 139.6, 145.9, 146.2,
151.2, 155.7, 156.4, 157.5, 171.9; EI-MS (70 eV, m/z): 633
(M+), 634 (M++1); Elemental Anal. Calcd for
C36H32N4O5S: C, 68.34; H, 5.10; N, 8.85. Found: C,
68.32; H, 4.94; N, 8.77.
3-Benzylsulfanyl-6-(4-ethoxycarbonylmethoxy)phenoxy-5-
(3-methylphenyl)-1-phenylpyrazolo[3,4-d]pyrimidin-4-one
(6j). White crystals, mp 130–131 �C; yield, 66%; IR (KBr)
t (cm�1): 2980, 2919, 1759, 1701, 1598, 1572, 1544, 1503,
1193, 1085, 778, 690; 1H NMR (CDCl3, 400 MHz) d 7.86
(d, 2H, J = 7.6 Hz, Ar), 7.07–7.49 (m, 12H, Ar), 7.08 (d,
2H, J = 8.8 Hz, OC6H4O), 6.90 (d, 2H, J = 9.2 Hz,
OC6H4O), 4.63 (3, 2H, OCH2C@O), 4.50 (s, 2H, PhCH2),
4.28 (q, 2H, J = 7.2 Hz, OCH2), 2.43 (s, 3H, PhCH3), 1.28
(t, 3H, J = 7.2 Hz, CH2CH3); 13C NMR (100 MHz,
CDCl3): d 14.3, 21.6, 60.5, 61.7, 65.9, 101.5, 115.5, 121.7,
122.6, 125.2, 126.8, 128.0, 128.8, 128.9, 129.0, 129.1, 129.7,
130.7, 131.5, 133.9, 137.6, 140.1, 145.8, 146.5, 151.9, 156.2,
156.6, 157.0, 168.6; EI-MS (70 eV, m/z): 618 (M+�1),
619(M+); Elemental Anal. Calcd for C35H30N4O5S: C,
67.94; H, 4.89; N, 9.06. Found: C, 68.02; H, 4.94; N, 8.98.
3-Methylthio-1,5-diphenyl-6-[4-(1-propoxycarbonyleth-
oxy)]phenoxy pyrazolo[3,4-d]pyrimidin-4-one (6k). White
crystals, mp 195–197 �C; yield, 82%; IR (KBr) t (cm�1):
2974, 2919, 1746, 1701, 1604, 1573, 1548, 1500, 1347, 1191,
1134, 895, 757, 687; 1H NMR (CDCl3, 400 MHz) d 7.91
(d, 2H, J = 8.0 Hz, Ar), 7.20–7.57 (m, 8H, Ph), 7.08 (dd,
2H, J = 7.2 and 2.0 Hz, OC6H4O), 6.90 (dd, 2H, J = 7.2
and 2.0 Hz, OC6H4O), 4.75 (q, 1H, J = 7.2 Hz, CHC@O),
4.11 (m, 2H, OCH2Et), 2.68 (s, 3H, SCH3), 1.60–1.66 (m,
5H, CH3CHO and CH2CH2CH3), 0.87 (t, 3H, J = 7.2 Hz,
CH3); EI-MS (70 eV, m/z): 557 (M+); Elemental Anal.
Calcd for C30H28N4O5S: C, 64.73; H, 5.07; N, 10.07.
Found: C, 64.92; H, 5.16; N, 9.96.
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5-(2-Chlorophenyl)-3-methylthio-1-phenyl-6-[4-(1-propoxy-
carbonylethoxy)]phenoxypyrazolo[3,4-d]pyrimidin-4-one
(6l). White crystals, mp 168–170 �C; yield, 72%; IR (KBr)
t (cm�1): 2974, 1751, 1716, 1594, 1574, 1503, 1399,
1351, 1191, 896, 758; 1H NMR (CDCl3, 400 MHz) d
7.91 (d, 2H, J = 7.6 Hz, Ar), 7.20–7.61 (m, 7H, Ar),
7.10 (d, 2H, J = 8.8 Hz, OC6H4O), 6.90 (dd, 2H,
J = 9.2 Hz, OC6H4O), 4.76 (q, 1H, J = 6.8 Hz, CHC@O),
4.12 (t, 2H, J = 6.8 Hz, OCH2Et), 2.69 (s, 3H, SCH3),
1.61–1.66 (m, 5H, CH3CHO and CH2CH2CH3), 0.88 (t,
3H, J = 7.6 Hz, CH3); EI-MS (70 eV, m/z): 590 (M+�1),
591 (M+); Elemental Anal. Calcd for C30H27ClN4O5S:
C, 60.69; H, 4.60; N, 9.48. Found: C, 60.48; H, 4.53; N,
9.57.
5-(2-Methylphenyl)-3-methylthio-1-phenyl-6-[4-(1-prop-
oxycarbonylethoxy)]phenoxypyrazolo[3,4-d]pyrimidin-4-one
(6m). White crystals, mp 187–188 �C; yield, 74%; IR (KBr)
t (cm�1): 2971, 2919, 1749, 1701, 1602, 1572, 1550, 1500,
1349, 1192, 1132, 779, 684; 1H NMR (CDCl3, 400 MHz) d
7.91 (d, 2H, J = 8.4 Hz, Ar), 7.15–7.44 (m, 7H, Ar), 7.08
(d, 2H, J = 8.8 Hz, OC6H4O), 6.90 (d, 2H, J = 9.2 Hz,
OC6H4O), 4.76 (q, 1H, J = 6.8 Hz, CHC@O), 4.11 (t, 2H,
J = 6.8 Hz, OCH2Et), 2.67 (s, 3H, SCH3), 2.43 (s, 3H, m-
CH3Ph), 1.60–1.66 (m, 5H, CH3CHO and CH2CH2CH3),
0.87 (t, 3H, J = 7.4 Hz, CH3); EI-MS (70 eV, m/z): 570
(M+�1), 571 (M+); Elemental Anal. Calcd for
C31H30N4O5S: C, 65.25; H, 5.30; N, 9.82. Found: C,
65.46; H, 5.41; N, 10.01.
General procedure for the preparation of 6-(4-alkoxy
carbonylalkoxy)phenoxy-3-alkylsulfonyl-1-phenyl-5-(substi-
tuted phenyl)pyrazolo[3,4-d]pyrimidin-4-ones (7a–7m). To
a 25 mL flask, 1.5 mmol 6 and 15 ml acetic acid were
added at room temperature, and 0.002 g (0.06 mmol)
Na2WO4ÆH2O was added with stirring. Then the reaction
mixture was heated to 40 �C with vigorous stirring. Under
this condition, 0.51 g (4.5 mmol) of 30% H2O2 was added
dropped slowly, when addition is complete, the mixture
was heated to 50 �C and stirred for another 5 h. The
reaction mixture was chilled to room temperature and
dumped to a solution that was dispensed by 0.25 g Na2SO3


and 20 mL water. A great deal white solid was precipitated
with stirring, after filtering, pure compounds 7 were
obtained after recrystallization with ethanol.
6-[4-(1-Methoxycarbonylethoxy)]phenoxy-3-methylsulfonyl-
1,5-diphenylpyrazolo[3,4-d]pyrimidin-4-one (7a). White crys-
tals, mp 256–258 �C; yield, 75%; IR (KBr) t (cm�1): 2999,
2917, 1753, 1731, 1596, 1573, 1551, 1499, 1329, 1191, 1134,
1088, 901, 762, 690; 1H NMR (CDCl3, 400 MHz) d 7.89
(d, 2H, J = 8.4 Hz, Ph), 7.53–7.58 (m, 3H, Ph), 7.31–7.40
(m, 5H, Ph), 7.06 (d, 2H, J = 8.8 Hz, OC6H4O), 6.90 (d,
2H, J = 9.2 Hz, OC6H4O), 4.77 (q, 1H, J = 6.8 Hz,
OCHC@O), 3.75 (s, 3H, OCH3), 3.51 (s, 3H, S(O2)CH3),
1.65 (d, 3H, J = 7.2 Hz, CH3CHO); EI-MS (70 eV, m/z):
560 (M+), 561 (M++1); Elemental Anal. Calcd for
C28H24N4O7S: C, 59.99; H, 4.32; N, 9.99. Found: C,
59.89; H, 4.45; N, 10.12.
5-(2-Chlorophenyl)-6-[4-(1-methoxycarbonylethoxy)]phen-
oxy-3-methylsulfonyl-1-phenylpyrazolo[3,4-d]pyrimidin-4-
one (7b). White crystals, mp 153–158 �C; yield, 78%; IR
(KBr) t (cm�1): 3000, 2951, 1715, 1593, 1575, 1544, 1504,
1323, 1199, 1141, 1092, 903, 829, 764, 691; 1H NMR
(CDCl3, 400 MHz) d 7.89 (d, 2H, J = 7.6 Hz, Ph),
7.27–7.50 (m, 7H, Ar), 7.09 (d, 2H, J = 8.8 Hz, OC6H4O),
6.90 (d, 2H, J = 8.8 Hz, OC6H4O), 4.77 (q, 1H, J = 6.8 Hz,
OCHC@O), 3.76 (s, 3H, OCH3), 3.51 (s, 3H, S(O2)CH3),
1.65 (d, 3H, J = 6.8 Hz, CH3CHO); EI-MS (70 eV, m/z):
594 (M+), 595 (M++1); Elemental Anal. Calcd for
C28H23ClN4O7S: C, 56.52; H, 3.90; N, 9.42. Found: C,
56.50; H, 4.01; N, 9.32.

6-[4-(1-Methoxycarbonylethoxy)]phenoxy-5-(3-methyl-
phenyl)-3-methylsulfonyl-1-phenylpyrazolo[3,4-d]pyrimi-
din-4-one (7c). White crystals, mp 227–228 �C; yield, 91%;
IR (KBr) t (cm�1): 3012, 2928, 1753, 1723, 1598, 1574,
1545, 1501, 1324, 1202, 1140, 1096, 774, 696; 1H NMR
(CDCl3, 400 MHz) d 7.89 (d, 2H, J = 8.4 Hz, Ar), 7.46 (t,
2H, J = 7.6 Hz, Ar), 7.27–7.40 (m, 3H, Ar), 7.18 (d, 2H,
J = 8.0 Hz, Ar), 7.06 (d, 2H, J = 9.2 Hz, OC6H4O), 6.90
(d, 2H, J = 8.8 Hz, OC6H4O), 4.77 (q, 1H, J = 6.8 Hz,
OCHC@O), 3.76 (s, 3H, OCH3), 3.51 (s, 3H, S(O2)CH3),
2.47 (s, 3H, m-CH3C6H4), 1.65 (d, 3H, J = 6.8 Hz,
CH3CHO); 13C NMR (100 MHz, CDCl3): d 18.7, 21.5,
42.7, 52.5, 73.2, 101.0, 116.0, 121.7, 122.6, 125.2, 128.0,
128.8, 129.2, 129.7, 130.6, 133.9, 137.7, 140.0, 145.7, 147.6,
151.9, 155.9, 156.5, 157.1, 172.4; EI-MS (70 eV, m/z): 574
(M+), 576 (M++2); Elemental Anal. Calcd for
C29H26N4O7S: C, 60.62; H, 4.56; N, 9.75. Found: C,
60.52; H, 4.77; N, 9.89.
5-(2-Fluorophenyl)-6-[4-(1-methoxycarbonylethoxy)]phen-
oxy-3-methylsulfonyl-1-phenylpyrazolo[3,4-d]pyrimidin-4-
one (7d). White crystals, mp 209–210 �C; yield, 85%; IR
(KBr) t (cm�1): 2999, 2954, 1755, 1727, 1601, 1574, 1546,
1502, 1327, 1197, 1135, 1093, 901, 828, 758, 692; 1H NMR
(CDCl3, 400 MHz) d 7.89 (d, 2H, J = 7.6 Hz, Ar), 7.30–
7.40 (m, 7H, Ar), 7.06 (d, 2H, J = 8.8 Hz, OC6H4O), 6.90
(d, 2H, J = 9.2 Hz, OC6H4O), 4.77 (q, 1H, J = 6.8 Hz,
OCHC@O), 3.75 (s, 3H, OCH3), 3.51 (s, 3H, S(O2)CH3),
2.44 (s, 3H, m-CH3Ph), 1.65 (d, 3H, J = 6.8 Hz,
CH3CHO); 13C NMR (100 MHz, CDCl3): d 18.6, 21.4,
42.6, 52.5, 73.1, 101.0, 116.0, 121.6, 122.5, 127.9, 129.1,
130.5, 131.2, 137.6, 139.8, 145.7, 147.4, 151.8, 155.8, 156.5,
157.2, 172.3; EI-MS (70 eV, m/z): 574 (M+�4), 575
(M+�3); Elemental Anal. Calcd for C28H23FN4O7S: C,
58.13; H, 4.01; N, 9.68. Found: C, 58.24; H, 4.11; N, 9.79.
6-[4-(1-Ethoxycarbonylethoxy)]phenoxy-3-methylsulfo-
nyl-1,5-diphenylpyrazolo[3,4-d]pyrimidin-4-one (7e). White
crystals, mp 228–229 �C, yield, 98%; IR (KBr) t (cm�1):
2987, 2926, 1744, 1726, 1603, 1575, 1546, 1500, 1328, 1192,
1136, 1097, 904, 776, 699; 1H NMR (CDCl3, 400 MHz) d
7.89 (d, 2H, J = 8.0 Hz, Ph), 7.53–7.59 (m, 3H, Ph), 7.31–
7.40 (m, 5H, Ph), 7.06 (d, 2H, J = 8.8 Hz, OC6H4O), 6.90
(d, 2H, J = 9.2 Hz, OC6H4O), 4.74 (q, 1H, J = 6.8 Hz,
OCH), 4.21 (q, 2H, J = 7.2 Hz, OCH2), 3.51 (s, 3H,
S(O2)CH3), 1.64 (d, 3H, J = 6.8 Hz, CH3CH), 1.23 (t, 3H,
J = 7.2 Hz, CH2CH3); EI-MS (70 eV, m/z): 574 (M+), 575
(M++1); Elemental Anal. Calcd for C29H26N4O7S: C,
60.62; H, 4.56; N, 9.75. Found: C, 60.53; H, 4.67; N, 9.54.
5-(2-Chlorophenyl)-6-[4-(1-ethoxycarbonylethoxy)phen-
oxy-3-methylsulfonyl-1-phenylpyrazolo[3,4-d]pyrimidin-4-
one (7f). White crystals, mp 123–125 �C, yield, 83%; IR
(KBr) t (cm�1): 2988, 2924, 1747, 1719, 1594, 1575, 1545,
1501, 1321, 1196, 1144, 1098, 903, 828, 766, 670; 1H NMR
(CDCl3, 400 MHz) d 7.89 (d, 2H, J = 8.0 Hz, Ar), 7.29–
7.63 (m, 7H, Ar), 7.09 (d, 2H, J = 8.8 Hz, OC6H4O), 6.91
(d, 2H, J = 9.2 Hz, OC6H4O), 4.75 (q, 1H, J = 7.2 Hz,
OCH), 4.21 (q, 2H, J = 7.2 Hz, OCH2), 3.51 (s, 3H,
S(O2)CH3), 1.65 (d, 3H, J = 7.2 Hz, CH3CH), 1.24 (t, 3H,
J = 7.2 Hz, CH2CH3); 13C NMR (100 MHz, CDCl3): d
14.2, 18.6, 42.6, 61.5, 73.2, 100.7, 116.0, 121.7, 122.5,
128.0, 128.3, 129.1, 130.4, 130.6, 131.2, 131.9, 132.3, 137.5,
145.5, 147.6, 152.0, 155.4, 156.0, 156.7, 171.8; EI-MS
(70 eV, m/z): 608 (M+), 609 (M++2); Elemental Anal.
Calcd for C29H25ClN4O7S: C, 57.19; H, 4.14; N, 9.20.
Found: C, 57.31; H, 4.20; N, 9.09.
6-[4-(1-Ethoxycarbonylethoxy)]phenoxy-5-(3-methylphe-
nyl)-3-methylsulfonyl-1-phenylpyrazolo[3,4-d]pyrimidin-4-
one (7g). White crystals, mp 215–216 �C; yield, 86%; IR
(KBr) t (cm�1): 2986, 2930, 1744, 1720, 1600, 1573, 1553,
1501, 1320, 1196, 1135, 1094, 917, 759, 690; 1H NMR
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(CDCl3, 400 MHz) d 7.89 (d, 2H, J = 8.0 Hz, Ar), 7.46 (t,
1H, J = 7.6 Hz, Ar), 7.29–7.40 (m, 5H, Ar), 7.18 (d, 1H,
J = 8.0 Hz, Ar), 7.06 (d, 2H, J = 8.8 Hz, OC6H4O), 6.90
(d, 2H, J = 8.8 Hz, OC6H4O), 4.74 (q, 1H, J = 7.2 Hz,
CHC@O), 4.21 (q, 2H, J = 7.6 Hz, OCH2), 3.51 (s, 3H,
S(O2)CH3), 2.45 (s, 3H, m-CH3Ph), 1.65 (d, 3H,
J = 8.4 Hz, CHCH3), 1.23 (t, 3H, J = 7.2 Hz, CH2CH3);
EI-MS (70 eV, m/z): 588 (M+), 589(M++1); Elemental
Anal. Calcd for C30H28N4O7S: C, 61.21; H, 4.79; N, 9.52.
Found: C, 61.33; H, 4.82; N, 9.76.
6-(4-Ethoxycarbonylmethoxy)phenoxy-5-(3-methylphenyl)-
3-methylsulfonyl-1-phenylpyrazolo[3,4-d]pyrimidin-4-one
(7h). White crystals, mp 234–235 �C; yield, 77%; IR (KBr)
t (cm�1): 2976, 2924, 1748, 1709, 1601, 1574, 1502, 1446,
1320, 1188, 1144, 1075, 917, 833, 782, 687; 1H NMR
(CDCl3, 400 MHz) d 7.89 (d, 2H, J = 8.0 Hz, Ar), 7.44 (t,
1H, J = 7.8 Hz, Ar), 7.31–7.37 (m, 4H, Ar), 7.18–7.20 (m,
2H, Ar), 7.08 (d, 2H, J = 9.2 Hz, OC6H4O), 6.94 (d, 2H,
J = 9.2 Hz, OC6H4O), 4.64 (s, 2H, J = 7.2 Hz,
OCH2C@O), 4.28 (q, 2H, J = 7.2 Hz, OCH2), 3.51 (s,
3H, S(O2)CH3), 1.30 (t, 3H, J = 7.2 Hz, OCH2CH3); EI-
MS (70 eV, m/z): 574 (M+), 575 (M++1); Elemental Anal.
Calcd for C29H26N4O7S: C, 60.62; H, 4.56; N, 9.75.
Found: C, 60.53; H, 4.48; N, 9.87.
3-Benzylsulfonyl-6-[4-(1-ethoxycarbonylethoxy)]phenoxy-
5-(3-methylphenyl)-1-phenylpyrazolo[3,4-d]pyrimidin-4-
one (7i). White crystals, mp 208–210 �C; yield, 90%; IR
(KBr) t (cm�1): 2984, 2930, 1721, 1599, 1574, 1502, 1197,
1095, 1047, 918, 781, 688; 1H NMR (CDCl3, 400 MHz) d
7.85 (d, 2H, J = 8.2 Hz, Ar), 7.21–7.51 (m, 12H, Ar), 7.08
(d, 2H, J = 8.8 Hz, OC6H4O), 6.90 (d, 2H, J = 8.8 Hz,
OC6H4O), 5.00 (s, 2H, PhCH2S(O2)), 4.74 (q, 1H,
J = 6.8 Hz, OCHC@O), 4.21 (q, 2H, J = 6.8 Hz, OCH2),
2.47 (s, 3H, PhCH3), 1.66 (d, 3H, J = 6.4 Hz, CHCH3),
1.23 (t, 3H, J = 7.2 Hz, CH2CH3); 13C NMR (100 MHz,
CDCl3): d 14.3, 18.6, 21.6, 60.5, 61.5, 73.2, 101.4, 116.0,
121.7, 122.5, 125.2, 126.8, 127.9, 128.8, 128.9, 129.0,
129.1, 129.7, 130.6, 131.5, 133.9, 137.6, 140.1, 145.7, 146.4,
156.0, 156.6, 157.1, 171.9; EI-MS (70 eV, m/z): 665
(M+), 666 (M++1); Elemental Anal. Calcd for
C36H32N4O7S: C, 65.05; H, 4.85; N, 8.43. Found: C,
65.14; H, 4.92; N, 8.57.
3-Benzylsulfonyll-6-(4-ethoxycarbonylmethoxy)phenoxy-5-
(3-methylphenyl)-1-phenylpyrazolo[3,4-d]pyrimidin-4-one
(7j). White crystals, mp 230–231 �C; yield, 82%; IR (KBr) t
(cm�1): 2952, 2913, 1762, 1705, 1598, 1574, 1549, 1504,
1197, 1084, 1045, 699; 1H NMR (CDCl3, 400 MHz) d 7.85
(d, 2H, J = 6.8 Hz, Ar), 7.21–7.42 (m, 12H, Ar), 7.10 (d, 2H,
J = 9.2 Hz, OC6H4O), 6.94 (d, 2H, J = 8.8 Hz, OC6H4O),
5.00 (s, 2H, PhCH2 S(O2)), 4.64 (3, 2H, OCH2C@O), 4.28
(q, 2H, J = 7.2 Hz, OCH2), 2.48 (s, 3H, PhCH3), 1.30 (t, 3H,
J = 7.2 Hz, CH2CH3); 13C NMR (100 MHz, CDCl3): d
14.3, 21.5, 35.3, 61.6, 66.0, 102.6, 115.4, 120.3, 120.9, 122.3,
122.7, 125.4, 126.2, 127.3, 128.5, 128.9, 129.4, 130.2, 134.3,
137.7, 138.7, 139.7, 146.1, 146.2, 151.2, 156.0, 156.4, 157.6,
168.7; EI-MS (70 eV, m/z): 649 (M+�1), 650(M+); Elemen-
tal Anal. Calcd for C35H30N4O7S: C, 64.60; H, 4.65; N, 8.61.
Found: C, 64.75; H, 4.81; N, 8.68.
3-Methylsulfonyl-1,5-diphenyl-6-[4-(1-propoxycarbonyleth-
oxy)]phenoxy pyrazolo[3,4-d]pyrimidin-4-one (7k). White
crystals, mp 198–199 �C; yield, 78%; IR (KBr) t (cm�1):
2969, 2923, 1751, 1719, 1605, 1577, 1560, 1501, 1196, 1147,
1093, 1032, 900, 765, 571; 1H NMR (CDCl3, 400 MHz)

d 7.90 (d, 2H, J = 8.0 Hz, Ar), 7.26–7.58 (m, 8H, Ph), 7.06
(d, 2H, J = 8.8 Hz, OC6H4O), 6.90 (d, 2H, J = 8.8 Hz,
OC6H4O), 4.74 (q, 1H, J = 6.8 Hz, CHC@O), 4.11 (m, 2H,
OCH2Et), 3.51 (s, 3H, S(O2)CH3), 1.57–1.66 (m, 5H,
CH3CHO and CH2CH2CH3), 0.87 (t, 3H, J = 7.6 Hz,
CH3); EI-MS (70 eV, m/z): 589 (M+); Elemental Anal.
Calcd for C30H28N4O7S: C, 61.21; H, 4.79; N, 9.52. Found:
C, 61.18; H, 4.83; N, 9.44.
5-(2-Chlorophenyl)-3-methylsulfonyl-1-phenyl-6-[4-(1-
propoxycarbonylethoxy)]phenoxypyrazolo[3,4-d]pyrimi-
din-4-one (7l). White crystals, mp 148–150 �C; yield, 95%;
IR (KBr) t (cm�1): 2971, 1718, 1594, 1575, 1545, 1501, 1196,
1142, 1095, 903, 765; 1H NMR (CDCl3, 400 MHz) d 7.91 (d,
2H, J = 8.0 Hz, Ar), 7.26–7.63 (m, 8H, Ar), 7.06 (d, 2H,
J = 8.8 Hz, OC6H4O), 6.90 (dd, 2H, J = 9.2 Hz, OC6H4O),
4.75 (q, 1H, J = 6.8 Hz, CHC@O), 4.11 (t, 2H, J = 7.2 Hz,
OCH2Et), 3.51 (s, 3H, S (O2)CH3), 1.57–1.66 (m, 5H,
CH3CHO and CH2CH2CH3), 0.87 (t, 3H, J = 7.6 Hz, CH3);
EI-MS (70 eV, m/z): 624 (M+); Elemental Anal. Calcd for
C30H27ClN7O5S: C, 57.83; H, 4.37; N, 8.99. Found: C,
57.91; H, 4.43; N, 8.97.
5-(3-Methylphenyl)-3-methysulfonyl-1-phenyl-6-[4-(1-prop-
oxycarbonylethoxy)]phenoxypyrazolo[3,4-d]pyrimidin-4-
one (7m). White crystals, mp 179–181 �C; yield, 77%; IR
(KBr) t (cm�1): 2969, 2923, 1751, 1717, 1601, 1577, 1553,
1502, 1199, 1147, 1093, 1046, 769, 573; 1H NMR (CDCl3,
400 MHz) d 7.90 (d, 2H, J = 8.0 Hz, Ar), 7.17–7.48 (m, 8H,
Ar), 7.06 (d, 2H, J = 8.8 Hz, OC6H4O), 6.90 (d, 2H,
J = 9.2 Hz, OC6H4O), 4.75 (q, 1H, J = 6.8 Hz, CHC@O),
4.11 (t, 2H, J = 7.6 Hz, OCH2Et), 3.51 (s, 3H, S(O2)CH3),
2.48 (s, 3H, m-CH3Ph), 1.57–1.66 (m, 5H, CH3CHO and
CH2CH2CH3), 0.87 (t, 3H, J = 7.4 Hz, CH3); EI-MS
(70 eV, m/z): 602 (M+�1), 603 (M+); Elemental Anal. Calcd
for C31H30N4O7S: C, 61.78; H, 5.02; N, 9.30. Found: C,
61.85; H, 5.14; N, 9.29.


18. Single crystal X-ray diffraction data for 6h at 292 K on a
Bruker Smart Apex Area CCD equipped with Mo Ka
radiation (k = 0.71073 Å


´
). Crystallographic data (exclud-


ing structure factors) for the structures in this paper have
been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication No. CCDC-606703.
Copies of the data can be obtained, free of charge, on
application to CCDC, 12 Union Road, Cambridge CB2
1EZ, UK (fax: +44 1223 336033 or email:
deposit@ccdc.cam.ac.uk).


19. (a) Yang, G.-F.; Xu, L.; Lu, A.-H. Heteroat. Chem.
2001, 12, 491; (b) Yang, F.-L.; Liu, Z.-J.; Huang, X.-B.;
Ding, M.-W. Heterocycl. Chem. 2004, 41, 77; Herbicidal
testing of the newly synthesized compounds 6 and 7 was
carried out in a plant growth room. Temperature
23 ± 1 �C, RH 60 ± 5%, light intensity 10 Klux, and
photoperiod 8 h/day. Twenty seeds of each one of weed
species including rape and barnyard grass were chosen
for testing. Seedlings were grown in the test plate of
9 cm diameter containing two pieces of filter paper and
9 mL solution of the tested compound (100 and 10 mg/
L, respectively). Distilled water was used as comparison
compound. The herbicidal activity was assessed as the
inhibition rate in comparison with the distilled water.
The herbicidal rating score based on visual observation.
Range from 0% to 100%, 0% means no effect, 100%
means complete killing.


20. Bewick, D. W. Pestic. Sci. 1986, 17, 349.
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Abstract—A novel series of imidazolylpyrimidines were found to possess inhibitory activity against the human CMV UL70 primase.
Extensive SAR studies on an HTS lead led to potent, orally bioavailable compounds with anti-CMV IC50 values of 150 nM in both
viral yield and viral DNA replication assays and with a much reduced cytotoxicity compared to marketed treatments ganciclovir and
cidofovir.
� 2007 Elsevier Ltd. All rights reserved.

Figure 1. Proposed mechanism of action for compound 1 and analogs.
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Cytomegalovirus (CMV) is a subgroup of herpesviruses
that is widely distributed in nature. Human cytomegalo-
virus (hCMV) infects, by age 40, about 50% of the pop-
ulation outside of urban centers and up to 80% of the
population within the cities in North America.1 CMV
infection in normal hosts results in a sub-clinical
response that is usually not diagnosed or treated. How-
ever, infection of allograft recipients (kidney, liver,
heart, and bone marrow) is a major cause of graft rejec-
tion.2–4 Human CMV also causes retinitis in AIDS
patients with low CD4 counts, a situation expected to
continue unless an appropriate treatment against hCMV
is implemented. The existing treatments for hCMV suf-
fer from poor oral bioavailability, sub-optimal antiviral
activity, as well as propensity for induction of severe
neutropenia.5 Additionally, the emergence of ganciclo-
vir- and cidofovir-resistant virus has resulted in an in-
crease in the rate of disease relapse in the high-risk
patient population.6 High-throughput screening using
a cell-based hCMV-luciferase replication assay discov-
ered compound 1.7 This and related compounds were
found to be inhibitors of the hCMV UL70 primase.


In an earlier publication,8 we disclosed the initial SAR
results and radiolabeling experiments that led to the
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Figure 2. Attempts to prepare a non-covalent CMV primase inhibitor.


(IC50 values shown refer to inhibition of viral DNA replication


determined by Dot blot assay9).
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Table 2. Inhibition of hCMV replication (Dot blot assay9) by


2-alkylamine analogs
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identification of UL70 as the viral target. Resistant virus
cultivated in the presence of 1 carried a single point
mutation of P571 – S571. It was believed that the thiol
group of cysteine 570 of the UL70 primase acts as a
nucleophile that attacks compound 1 with displacement
of the imidazole moiety. This results in the formation of
a covalent link between the target enzyme and the drug,
rendering the primase inactive (Fig. 1). Not surprisingly,
early attempts to find a bioisosteric replacement of the
imidazole, such as a C-linked 5-oxazole, 5-oxadiazole
or 4-isoxazole, met with failure (Fig. 2). Removal of
the imidazole or methyl imidazole resulted in a tremen-
dous reduction in antiviral activity. Previous SAR

Table 1. Inhibition of hCMV replication (Dot blot assay9) by


2-substituted benzylamine analogs
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6 2-CH3 0.2


7 3-CH3 0.5


8 4-CH3 1.6
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25 Ph@2-Py 0.5


N


N


OH
NO2


HO


N


N


Cl
NO2


Cl


N


N


OH
NO2


Cl


N


N


OH
NO2


RHN


N


N


Cl
NO2


RHN
N


N


N
NO2


RHN


N


a b


c d e


I II III


IV VIV


Scheme 1. Reaction conditions for analog synthesis: (a) Et4NCl, N,
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28 0.5


29 0.3


30 0.13


31 2.3


32
Ph


0.35


33 O 2.3


34 S 0.2


35
O2
S 1.3


36 O 0.9


37 0.6


38 0.2


39 0.12


40 0.2


41 0.15


42 0.15


43 0.08


44 0.1


45 0.5







Table 4. Inhibition of hCMV replication (Dot blot assay9) by


2-heterocyclo-amine analogs


N


N


N


N


R1


NO2


N
H


R


Compound R IC50 (lM)


53 O 3


54 S 0.4


55 O2S >5


56
O


4


57 O 0.4
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studies also indicated that replacement of the nitro
group with other electron-withdrawing groups also
significantly diminished the antiviral activity. Analogs
with 2-methyl imidazole had similar antiviral activity
as analogs containing unsubstituted imidazole.8


Subsequent SAR studies were focused on close analogs
of 1 by investigating the effect of substitutions on the
phenyl ring while maintaining the methyl imidazole moi-
ety intact. SAR results are summarized in Table 1. The
antiviral activity (IC50) was measured by using a Dot
blot CMV DNA replication assay.9 In general, the
SAR trend is rather flat; there are no large increases in
activity due to change of substitution patterns in this
series. Most active inhibitors (IC50 6 200 nM) contain
a small electron-withdrawing group on the phenyl ring.
There is no additive SAR effect from multiple substitu-
tions. Replacement of the electronically deficient phenyl
ring in 10 by a pyridine group (compound 10 vs 15 and
25) resulted in a slight reduction of antiviral activity.
When compound 10 was dosed in rats, it showed rela-
tively high clearance and poor oral bioavailability.
Additionally, the majority of the compounds in Table
1 had poor aqueous solubility that prevented them from
further in vivo evaluation.


We speculated that a sterically bulky alkylamino group
could mimic the hydrophobic interactions of the benzyl

Table 3. Inhibition of hCMV replication (Dot blot assay9) by


2-cycloalkylamine analogs


N


N


N


N


NO2


N
H


R


Compound R IC50 (lM)


46 0.1


47 0.7


48 0.09


39 0.12


49 0.3


50 1.5


51 0.1


52 0.15

group in the benzylamino series. Hindered secondary
amino groups were expected also to be less metabolically
labile than the benzylamino group toward oxidative
dealkylation. The polarity of the alkylamino group

58a O 0.5


59c
O


0.15


60c
O


0.15


61 O 0.7


62
S


0.25


63 O2S 2


64
O


1


65 O 0.3


66b O 0.6


67c
O


0.2


68
O


0.13


a For the synthesis of alkyl amine for 58 see Ref. 12.
b Synthesis of alkyl amine for 66 see Ref. 13.
c Synthesis of alkyl amines for 59, 60, and 67, see Ref. 14.







Table 5. Antiviral activity, cellular toxicity, and bone marrow cellular toxicity comparison of 60, GCV (ganciclovir), and CDV (cidofovir)


Compound CMV replication9


IC50 (lM)


CMV yield17


EC99.9 (lM)


HFF Tox.15


CC50 (lM)


Jurkat Tox.15


CC50 (lM)


CFU-GM Tox.16


CC50 (lM)


60 0.13 0.4 100 50 50


GCV 1 5 >100 >100 30


CDV 0.35 0.9 100 100 6
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could then be subsequently adjusted to increase aqueous
solubility.


The general procedure for the preparation of this series
of compounds is depicted in Scheme 1. Dichlorination
of dihydroxypyrimidine I with phosphorooxytrichloride
in refluxing acetonitrile produced 2,4-dichloropyrimi-
dine II in 87% yield.10 The 4-chloro atom in II was selec-
tively removed under careful basic hydrolysis with
NaOAc and HOAc to give III.11 Amino substitution
of 2-chloropyrimidine III in refluxing chloroform fur-
nished compounds of general formula IV in 35–80%
yields. The 4-chloro group of V was then reintroduced
by reacting IV with phosphorooxytrichloride. The imid-
azole group was introduced by reaction with 2-methyl
imidazole in refluxing acetonitrile to yield the final com-
pounds VI (Scheme 1). All final compounds showed sat-
isfactory 1H NMR and LC mass spectral analysis. All
the compounds are racemic except as noted.


Analogs with the proper alkylamine substituents display
potent anti-CMV activity (Table 2). The antiviral activ-
ity increases as the size of the alkyl side chain increases
(from 26 to 30). However, if the substitution is too large
like 31 or 32, there is not further increase of antiviral
activity. Polar groups, such as sulfone and ethers, are
not very well-tolerated in the side chain (33, 35, and
36). The cyclohexyl analog (38) has good antiviral activ-
ity compared with the cyclopentyl analog (37). Addi-
tional substitution around the cyclohexyl ring, in
particular, 2 0-methyl substitution, provides the best anti-
viral activity (43). Only small alkyl-substituents on the
2 0-position of the cyclohexyl ring are tolerated in this
series.


Inhibitors with a methyl substitution at the 3 0 or 4 0 posi-
tion of the cyclohexyl group are not as potent as the 2 0


substituted analog. 2 0-Methylcyclohexyl appears to be
optimal in this series. Substituents larger than ethyl
group (data not shown) compromise antiviral activity.
For substituted cyclohexyl side chains, trans-substitu-
tion leads to better antiviral activity than cis-substitu-
tion. For example, trans compound 46 is sevenfold
more potent than its cis isomer 47. Most compounds
containing cycloamino substituents at the 2-position of
the pyrimidine ring still displayed poor (<5%) oral bio-
availability in rats. In contrast to the in vitro glutathione
reactivity of these compounds, glutathione replacement
of the methyl imidazole or imidazole does not appear
to be a major metabolic pathway in vivo. For example,
compound 26 showed bioavailability of 59% after oral
dosing of 2 mg/kg to rats. The poor oral bioavailability
of the more potent analogs is likely due to their limited
aqueous solubility, hence the poor absorption, and high

rate of oxidative elimination in vivo. When compound
46 (Table 3) was incubated with rat liver S9 microsomes,
the hydroxylation of the cyclohexyl group also appeared
to be a major route of metabolism. Hence, it was neces-
sary to design newer analogs with improved aqueous
solubility and oxidative stability in order to obtain good
oral CMV inhibitors.


To address this issue, we explored heterocyclic alkyl
analogs (Table 4). Simple tetrahydropyran replacement
of the cyclohexyl group resulted in a large decrease in
antiviral activity (53 vs 38), while the more polar thiacy-
clohexane or thiacyclopentyl groups further decreased
the antiviral activity (55 and 63). This observation is
consistent with the earlier SAR trend that polar alkyl
groups containing sulfone and ethers are not very well
tolerated in the side chain. Fortunately, analogs with
2 0-methyl substitution of the tetrahydropyran or the
tetrahydrofuran group achieved similar potency as the
2 0-methyl cyclohexyl analogs. Tetrahydrofuran or tetra-
hydropyran analogs had a good balance of potent anti-
viral activity, good aqueous solubility, and in vitro
metabolic stability. Compounds 60 and 68 showed good
pharmacokinetic profiles in rats with clearance values of
1.4 and 2.2 L/h/kg, and oral bioavailabilities of 21% and
57%, respectively. Additionally, compound 60 showed a
much larger window between antiviral activity and cellu-
lar toxicity in the HFF, Jurkat,15 and human bone mar-
row cells, when compared with ganciclovir and cidofovir
(Table 5).16


Summary. A novel class of non-nucleoside CMV inhib-
itors has been identified. The compounds selectively and
irreversibly bind to CMV UL70 primase, resulting in the
blockade of CMV replication and infection. Detailed
SAR studies on this series of CMV inhibitors yielded
several potent and orally bioavailable drug candidates
that have the potential to become a novel therapeutic
approach to CMV infection.

Acknowledgment


We acknowledge the late Professor William H. Burns,
Department of Medicine, Medical College of Wisconsin,
for performing the bone marrow toxicity studies.

References and notes


1. <http://www.cdc.gov/cmv/facts.htm.>
2. Ho, M. Cytomegalovirus: Biology and Infection. In


Greenough, W. B., Merigan, T. C., Eds.; Plenum Publishing:
New York, 1982; pp 171–204.



http://www.cdc.gov/cmv/facts.htm





2192 X. Chen et al. / Bioorg. Med. Chem. Lett. 17 (2007) 2188–2192

3. Meyers, J. D.; Spencer, H. C., Jr.; Watts, J. C.; Gregg, M.
B.; Stewart, J. A.; Troupin, R. H.; Thomas, E. D. Ann.
Intern. Med. 1975, 82, 181.


4. Neiman, P.; Wasserman, P. B.; Wentworth, B. B.; Kao, G.
F.; Lerner, K. G.; Strob, R.; Buckner, C. D.; Clit, R. A.;
Fefer, A.; Fass, L.; Glucksberg, H.; Thomas, E. O.
Transplantation 1973, 15, 478.


5. Goodrich, J. M.; Bowden, R. A.; Fisher, L.; Keller, C.;
Schoch, G.; Meyers, J. D. Ann. Intern. Med. 1993, 118(3),
173.


6. Bhorade, S. M.; Lurain, N. S.; Jordan, A.; Leischner, J.;
Villanueva, J.; Durazo, R.; Creech, S.; Vigneswaran, W.
T.; Garrity, E. R. J. Heart Lung Transplant. 2002, 21(12),
1274.


7. The luciferase screen involved infection of human foreskin
fibroblasts (HFF) with a recombinant virus (rCMVLUC)
containing a luciferase reporter gene under the control of
HCMV UL99 promoter, inserted in the CMV genome
between US9 and US10. Luciferase activity was measured
following incubation with various concentrations of the
drugs.


8. Cushing, T. D.; Adrian, J.; Chen, X.; DiMaio, H.;
Doughan, B.; Flygare, J.; Liang, L.; Mayorga, V.; Miao,
S.; Mellon, H.; Peterson, M. G.; Powers, J. P.; Spector, F.;
Stein, C.; Wright, M.; Xu, D.; Ye, Q.; Jaen, J. Bioorg.
Med. Chem. Lett. 2006, 16(18), 4879.


9. The Dot blot assay was used to determine the drug
susceptibility against CMV. The foreskin fibroblast (HFF)
cells were infected with cytomegalovirus (rCMVLUC).
The infected HFF cells were incubated with various
concentrations of the drug for 5 days. The rCMVLUCD-
NA was then harvested and immobilized on a membrane.
The viral DNA was quantified using a radio-labeled probe
containing CMV-specific sequences hybridized with the
membrane. The IC50 values represent the drug concentra-
tion required to inhibit 50% of the amount of radioactivity
captured by the membrane when the infected cells were
treated only with drug vehicle.


10. (a) Clark, J.; Ramsden, T. J. Chem. Soc., C 1971, 675; (b)
Hanson, J.C. PCT Int. Appl. WO 91/01310. see also
Hodgetts, K.J.; Yoon, T.; Huang, J.; Gulianello, M.;
Kieltyka, A.; Primus, R.; Brodbeck, R.; De Lombaert, S.;
Doller, D. Bioorg. Med. Chem. Lett. 2003, 13(15), 2497.


11. Clark, J.; Ramsden, T. J. Chem. Soc. C 1971, 679.
12. The starting amine was synthesized by azide replacement


of the corresponding alcohol synthesized by the method

described in reference (Amouroux, R.; Slassi, A.; Saluzzo,
C. Heterocycles, 1993, 36(9) 196), followed by
hydrogenation.


13. The starting amine was prepared similarly to examples
in Ref. 12 starting with the same alcohol followed
by Mitsunobu reaction with p-chlorobenzoic acid
and followed by hydrolysis, azide replacement, and
reduction.


14. The starting amine was prepared by methyl Grignard
reagent opening of epoxide catalyzed by CuI, azide
replacement of the alcohol, and azide reduction. The
enantiomerically pure amine was prepared by chiral reso-
lution with DD- or LL-malic acid recrystallized in ether. The
absolute stereo chemistry was determined by X-ray
crystallography of the crystal of 4-iodo-N-((3R, 4S)-4-
methyl-tetrahydrofuran-3-yl)benzeneulfonamide and 4-iodo-
N-((3S,4R)-4-methyl-tetrahydrofuran-3-yl)benzeneulfonamide.


15. The cytotoxicity assay in HFF or Jurkat cells was
performed by Alamar blue assay. HFF or Jurkat cells
were seeded into 96-well plates and then incubated with
various concentrations of compound. This was followed
by Alamar blue (10 lL) staining at various time points
(0, 24, 48, and 72 h). After incubating an additional 3 h,
the fluorescence was determined (PerSeptive Biosystems
CytoFluor II) and quantified (MS Excel). The IC50 value
represents the concentration of compound that inhibits
cell growth by 50%.


16. The cytotoxicity assay in bone marrow cells was
performed in the following way. Human bone marrow
cells were harvested, washed with Iscoves modified
Dulbecco’s medium (IMDM)–2% FBS, and the viable
nucleated or mononuclear cell number was determined.
The cells were diluted with IMDM–2% FBS to 106 cells/
mL, at which point the drug was added. The cells were
diluted 1:10 methocult (stem cell technologies), vortexed,
and plated onto tissue culture dishes. After incubating at
37 �C in a humid 5% CO2 atmosphere for 15 days, the
CFU-GM colonies were quantified by microscopic
inspection (inverted microscope). The concentration of
drug that inhibited colony formation by 50% (IC50) was
calculated.


17. The viral yield from the rCMVLUC-infected HFF
cells was determined by the immunofluorescence assay
using human antiserum to HCMV after 5–7 days
incubation in the presence of various concentrations
of the drug.





		SAR studies on a novel series of human cytomegalovirus  primase inhibitors

		Acknowledgment

		References and notes








Bioorganic & Medicinal Chemistry Letters 17 (2007) 2365–2371

Identification of diamino chromone-2-carboxamides as
MCHr1 antagonists with minimal hERG channel activity


Andrew S. Judd,a,* Andrew J. Souers,a Dariusz Wodka,a Gang Zhao,a


Mathew M. Mulhern,a Rajesh R. Iyengar,a Ju Gao,a John K. Lynch,a


Jennifer C. Freeman,a H. Douglas Falls,a Sevan Brodjian,a Brian D. Dayton,a


Regina M. Reilly,a Gary Gintant,b James T. Limberis,b Ann Mikhail,b Sandra T. Leitza,b


Kathryn A. Houseman,b Gilbert Diaz,b Eugene N. Bush,a Robin Shapiro,a


Victoria Knourek-Segel,a Lisa E. Hernandez,c Kennan C. Marsh,c


Hing L. Sham,a Christine A. Collinsa and Philip R. Kyma


aMetabolic Disease Research, Abbott Laboratories, 100 Abbott Park Road, Abbott Park, IL 60064, USA
bIntegrative Pharmacology, Metabolic Disease Research, Abbott Laboratories, 100 Abbott Park Road, Abbott Park, IL 60064, USA


cExploratory Pharmacokinetics, Metabolic Disease Research, Abbott Laboratories, 100 Abbott Park Road,


Abbott Park, IL 60064, USA


Received 25 October 2006; revised 14 November 2006; accepted 20 November 2006


Available online 1 December 2006

Abstract—A series of potent 2-carboxychromone-based melanin-concentrating hormone receptor 1 (MCHr1) antagonists were syn-
thesized and evaluated for hERG (human Ether-a-go-go Related Gene) channel affinity and functional blockade. Basic dialkyl-
amine-terminated analogs were found to weakly bind the hERG channel and provided marked improvement in a functional
patch-clamp assay versus previously reported antagonists of the series.
� 2006 Elsevier Ltd. All rights reserved.
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Chart 1. Chromone-based MCHr1 antagonists. aDisplacement of


[125I]-MCH from MCHr1 expressed in IMR-32 (I3.4.2) cells (MCH


binding K = 0.66 ± 0.25 nM, B = 0.40 ± 0.08 picomol/mg).11

Melanin-concentrating hormone (MCH) is a cyclic
19-amino acid neuropeptide that serves as an important
mediator of food intake and energy balance in mam-
mals.1,2 Various data suggest that interruption of
MCH signaling could be an effective anti-obesity thera-
py. For example, transgenic mice overexpressing the
MCH gene are insulin resistant and obese,3 while mice
lacking the gene encoding MCH are hypophagic, lean,
and maintain elevated metabolic rates.4 Additionally,
mice lacking the gene for encoding the MCH receptor
maintain elevated metabolic rates and remain lean de-
spite hyperphagia on a normal diet.5,6 Indeed, several re-
ports of orally efficacious small-molecule inhibitors of
rodent MCHr1 have recently been published.7,8


In the electrocardiogram, the QT interval represents the
time during which ventricles depolarize and repolarize.
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In humans, IKr, an inwardly rectifying potassium chan-
nel encoded by the human Ether-a-go-go Related Gene
(hERG), plays an important role in ventricle repolariza-
tion.9 Congenital mutations to the hERG channel (IKr)

d max
bInhibition of MCH-mediated Ca2+ release in whole IMR-32 cells


(MCH EC50 = 62.0 ± 3.6 nM). cDisplacement of [3H]-dofetilide from


hERG/HEK membrane homogenates at 6 concentrations, 1
2


log apart,


in duplicate, using a 96-well plate design. IC50 values calculated using


Graphpad Prizm software.
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are responsible for QT prolongation, resulting in poten-
tially life-threatening cardiac arrhythmias such as tor-
sades de pointes. Moreover, small molecule blockade of
the hERG channel has been associated with acquired
QT prolongation, which in some instances has led to
similar untoward effects and, ultimately, to the removal
of the offending agents from the consumer market. Ac-
quired QT prolongation is now considered a significant
risk factor for human safety predictions of drug candi-
dates, making hERG channel cross-reactivity a poten-
tially severe liability.


A previous report10 from these laboratories described
the optimization of chromone-based MCHr1 antagonist
1 (Chart 1) and detailed its in vivo weight-loss efficacy in
a DIO mouse model of obesity. However, the high ther-
apeutic plasma Cmax (7.7 lM) required to induce effica-
cy eroded the observed in vitro selectivity windows and
rendered the attainment of a satisfactory safety window
impossible. Specifically, 1 showed 90% functional block-
ade of the hERG tail current in a patch-clamp assay at
the efficacious plasma Cmax. The detrimental effect of the
blockade was confirmed in the pentobarbital-anesthe-
tized dog model, where significant QT prolongation at
low multiples of the therapeutic plasma Cmax was
observed.


Henceforth, advancement of the chromone series would
likely necessitate a decrease in the therapeutic plasma
Cmax and that greater off-target selectivity be engineered
into the series, particularly with respect to the hERG
channel. In this letter, we disclose the MCHr1- and
hERG-related SARs of a chromone-based sub-series.
Compounds with excellent MCHr1 binding affinity,
good MCHr1 functional activity, weak hERG channel
binding affinity, and greatly diminished hERG channel
functional blockade relative to 1 are highlighted. Ade-
quate CNS penetration of optimized analogs upon oral
dosing prompted their evaluation in a 2-week study in
DIO mice.


Previous work10 detailed the study of the piperidine
linker and 2-carboxychromone sub-unit of 1, wherein
the 7-fluoro-substituted permutation was considered
optimized with respect to MCHr1 potency, CNS pene-
tration, and hERG selectivity. Our studies have also re-
vealed that incorporation of polar substituents into the
benzylamine moiety greatly diminishes the hERG affin-
ity of the resultant analogs, though at the cost of requi-
site CNS exposure.10,12 As we considered various
alternative ‘leads’ to the development of hERG-selec-
tive13 MCHr1 antagonists that could efficiently pene-
trate the brain, our attention was drawn to the
previously reported10 2, which carries a 3-fluoro-4-meth-
oxy aryl substituent in place of the piperonyl moiety
found in parent 1. Considering its good functional
potency (MCHr1 Ca2+ flux IC50 = 168 nM) and the po-
tential for rapid modification of the benzyl unit via its
ether bond, we selected 2 as the root of a more general
analog library.


We chose to survey the SAR of ether 2 by means of
Mitsunobu reaction-based elaboration of the phenol 3.

However, initial efforts to directly couple 3 with a vari-
ety of substituted alcohols under the action of DBAD
and PS–Ph3P in THF were beset by incomplete reaction.
While this method variably delivered sufficient quanti-
ties of materials 4 for initial in vitro testing, we found
the sequence of Mitsunobu reaction of the more acidic
hydroxybenzaldehyde 5 (vs 3) with the appropriate alco-
hol to generate 4-alkoxybenzaldehydes 6 and subse-
quent reductive amination with the piperidine 7 to be
more efficient and amenable to preparations of 4 on
scale (see Scheme 1).


Cognizant of our aforementioned forays into hERG-se-
lective MCHr1 antagonists in which drug distribution
was effectively limited or even excluded from the brain,12


we initially focused on introducing polarity to the ben-
zylamine unit by moieties that would likely maintain
high volumes of distribution, such as tethered dialkyl
amines. Thus, incorporation of cyclic amines by an ethyl
linker was unproductive, as the diamines 4a and 4b
weakly bound to MCHr1 and had no functional potency
in the Ca2+ flux assay (see Table 1). Attachment of a
dialkyl amine by an n-propyl tether in compounds such
as 4c and 4d, however, had more beneficial results, res-
cuing both the MCHr1 binding and functional poten-
cies. Indeed, 4d was approximately twice as
functionally potent as the methyl ether 2. Encouraged
by these results, we assayed the compounds in a hERG
channel affinity screen (displacement of [3H]-dofetilide,
see Table 1). We were intrigued to find that 4c and 4d
had considerably less hERG channel affinity than the
parents 1 and 2, with the smaller, less lipophilic R1


group in 4c seemingly more beneficial in this regard.
In contrast, related terminal ethers such as 8 had in-
creased affinity for the hERG channel relative to 1 and
2, with only modest affinity for MCHr1. In accord with
this trend, the lipophilic trifluoroethyl ether 9 was the
most potent binder of the hERG channel within this
preliminary subset.







Table 1. Binding affinity and functional potency of MCHr1 antagonistsa
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N
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O N
R2


O
R1


Compound R1 R2 MCHr1 binding


IC50 (lM)b,e


MCHr1 Ca2+ flux


IC50 (lM)c,e


hERG (dof)


IC50 (lM)d,e


2 CH3 F 0.024 0.168 8.3


4a
N


O
F >2 NTf NTf


4b N F 1.52 >10 NTf


4c N F 0.020 0.773 65


4d
N


F 0.003 0.086 42


8
O


H 0.165 1.75 4.3


9 CF3CH2- F 0.064 NTf 1.6


4f N
O


F NTf NTf 34


4g N F 0.051 4.01 0.74


4h N
O F 0.031 0.480 3.2


4i
N


O F 0.015 1.98 0.45


4j N S


O


O


F 0.004 0.545 8.5


a All compounds were >95% pure by HPLC and characterized by 1H NMR and HRMS.
b See Chart 1, footnote a.
c See Chart 1, footnote b.
d See Chart 1, footnote c.
e Values represent an average of at least two determinations.
f NT, not tested.
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To further investigate the requirements for favorable
hERG selectivity, we synthesized close structural ana-
logs of 4c and 4d having attenuated basicity at the termi-
nal amine. Thus, the morpholino and
dicyclopropylamino14 analogs 4f and 4g were synthe-
sized according to the methods outlined in Scheme 1
for similar substrates. We were also interested in the ef-
fect of polar non-ionizable termini on the hERG affinity
of the sub-series and, therefore, assayed the oxime ethers
4h, 4i and the thiazolidinedione 4j, which were made
according to Scheme 2.


The syntheses of 4h and 4i commenced with alkylation
of benzaldehyde 5 with bromo-acetaldehyde dimethyl

acetal to provide the differentiated bis-aldehyde equiva-
lent 9 (Scheme 2). Reductive amination with 7 under
standard conditions and subsequent treatment of the ad-
duct with aqueous HCl revealed the aldehyde 10. Con-
densation of 10 with O-alkylhydroxylamines gave 4h
and 4i. The thiazolidinedione 4j was made from phenol
5 by the 3-step sequence of alkylation with 3-bromopro-
panol, Mitsunobu reaction with thiazolidinedione, and
reductive amination.


Evaluation of morpholine 4f and dicyclopropylamine 4g
(see Table 1) revealed their increased hERG affinity rel-
ative to the piperidine 4d. Notably, inclusion of the
weakly basic dicyclopropylamino moiety resulted in a







Scheme 2. Reagents and conditions: (a) (MeO)2CHCH2Br, K2CO3,


acetone; 50 �C (78%); (b) 7, MP–CNBH3, AcOH, MeOH, 50 �C


(50–80%); (c) acetone, 1N HCl, 70 �C (95%); (d) RONH3Cl, MeOH, rt


(80–90%); (e) 3-bromopropanol, K2CO3, DMF; 80 �C (77%); (f)


thiazolidinedione, DBAD, PS–Ph3P, THF, 50 �C (65%).


 


Scheme 3. Reagents and conditions: (a) R2NCH2CH2NH2, EDCI,


HOBt, NMM, DMF (65–95%); (b) Ra–Ni, NaH2PO2, pyridine,


AcOH, H2O (60–70%); (c) 7, NaBH(OAc)3, AcOH, THF, rt (67%);


(d) NBS, AIBN, CCl4, 90 �C (30–65%); (e) 7, K2CO3, EtOH (40–75%).
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Chart 2. Amide-based MCHr1 antagonists. aSee Chart 1, footnote a.
bSee Chart 1, footnote b. cSee Chart 1, footnote c. dSee Table 1,


footnote e.
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compound (4g) with sub-micromolar affinity for the
hERG channel and with greatly diminished MCHr1
functional potency. Interestingly, the hERG channel
affinities of 4d, 4f, and 4g correlate with the pKa of the
terminal amine’s conjugate acid, supporting the notion
that increased cationic character at the terminus inhibits
hERG channel binding. Compounds with non-ionizable
polar oxime ether termini, such as 4h, were relatively
good binders to the hERG channel. The 10-fold increase
in hERG channel affinity acquired in the iso-butyl for
methyl exchange on going from 4h to 4i was also partic-
ularly striking. Finally, the polar thiazolidinedione 4j
was an exceptional binder to MCHr1, but had very
modest MCHr1 functional potency and offered no ben-
efit in terms of hERG selectivity over the parent methyl
ether 2.


Having found that basic 3-propylamino moieties in
antagonists such as 4d retained good MCHr1 potency
and deterred hERG channel binding, we next explored
modification to the 4-atom tether connecting the phenyl
ring to the amine terminus. We hypothesized that a
more polar15 linker would further decrease hERG chan-
nel binding and, hence, elected to probe the effect of
amide-based tethers on the hERG and MCHr1 affinities
of the sub-series.


Representative amides 16 were made according to
Scheme 3. The 2-fluoro analog (Table 2 numbering)
16a was conveniently made from commercially available
2-fluoro-4-cyanobenzoic acid 13. Thus, EDCI-mediated
amide coupling gave 14, which was partially reduced to
the aldehyde 15 with Raney Nickel. Reductive amina-
tion with 7 as described previously gave the analog
16a. Alternatively, 3-chloro-4-methyl- or 3-methoxy-4-
methyl benzoic acids were functionalized under radical
conditions to give the benzyl bromides 18 (Scheme 3).
Alkylation with 7 followed by standard amide forma-
tion with 2-aminoethylpyrrolidine yielded the analogs
16d, 16e. The ‘reversed-amide’ 20 was made by acylation

of the corresponding aniline with commercially avail-
able 3-piperidine-1-yl propionyl chloride.


To our delight, replacement of the ether tether with a
benzamide-type linkage to give 16a (Chart 2) provided
an additional decrease in the hERG channel affinity,
as no inhibition of dofetilide binding was seen up to
the measured assay concentration. This compound re-
tained excellent MCHr1 binding affinity, but the amido
unit was detrimental to the MCHr1 functional potency,
resulting in nearly a fourfold decrease with respect to
ether 4d. Conversely, the ‘reversed amide’ 20 retained
much of the MCHr1 binding and functional potency
of 4d. Interestingly, however, 20 had hERG affinity
comparable to the methyl ether 2, ostensibly due, in
part, to attenuation of the terminal amine’s pKa by the
beta-disposed carbonyl group.


Guided by these results, we surveyed the MCHr1 and
hERG channel SARs of benzamides related to 16a.
The archetype 16b, lacking the 2-fluoro substitution,
had MCHr1 activity similar to 16a, but had slightly
higher binding affinity for the hERG channel. As with
the ether-linked analogs, changes to the basicity and/or
lipophilicity of the terminal component directly affected
the MCHr1 functional potency and hERG selectivity.
For example, the 4,4-difluoropiperidine-substituted ana-
log 16c was 5-fold less functionally potent at MCHr1
than 16b, and its binding affinity for the hERG channel
increased by 10-fold. Substitution to the phenyl ring also







Table 2. Binding affinity and functional potency of MCHr1 antagonistsa
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Compound R1 R2 R3 MCHr1 binding


IC50 (lM)b, e


MCHr1 Ca2+


flux IC50 (lM)c,e


hERG (dof)


IC50 (lM)d,e


16a N 2-F H 0.029 0.420 >100


16b N H H 0.017 0.519 66


16c
N


F


F H H 0.086 2.93 6.3


16d N 3-Cl H 0.002 0.136 11


16e N 3-OCH3 H 0.026 0.270 6.6


16f N 3-CH2 CH2 0.009 1.9 23


a All compounds were >95% pure by HPLC and characterized by 1H NMR and HRMS.
b See Table 1, footnote b.
c See Table 1, footnote c.
d See Table 1, footnote d.
e See Table 1, footnote e.
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greatly affected the affinities for the MCH receptor and
hERG channel, as already noted for the 2-fluoro deriv-
ative 16a. Substitution at the 3-position with a chlorine
atom or methoxy group provided functionally potent
MCHr1 antagonists 16d and 16e, but negated the previ-
ously observed beneficial effect of the terminal basic
amine on hERG affinity. The racemic, constrained inda-
nyl 16f also lost functional MCHr1 potency and had
hERG affinity comparable to the piperonyl 1.


Several analogs with varying affinities for the hERG
channel were chosen for study in a patch-clamp assay

Table 3. Selected parameters for compounds 1, 4d, 16a, and 16b


Compound MCHr1


binding


IC50 (lM)


hERG


(dofetilide)


IC50 (lM)


Patch-clamp: tail


current inhibition


at 30 lMa


1 0.003 15.1 100%


4d 0.003 42.0 57%


16b 0.013 66.2 13%


16a 0.029 >100 21%


a The hERG current was evaluated using HEK 293 cells stably


expressing hERG. Drug effects were evaluated based on changes of


tail currents measured during 4 s repolarizing test pulses to �50 mV


preceded by a 3 s depolarizing conditioning pulse to 0 mV (holding


potential of �80 mV, pulses applied once every 15 s). Experiments


were conducted at 36.5–37 �C with a 5 mM external K + HEPES-


buffered Tyrode’s solution.

of functional hERG current blockade, as summarized
in Table 3. Compound 1, which was previously shown
to induce QT prolongation in the anesthetized-dog mod-
el at therapeutically relevant plasma concentrations, was
chosen as a standard compound and found to cause
100% inhibition of the hERG tail current at 30 lM drug
concentration.16 The ether 4d induced 57% inhibition at
the same concentration, an improvement that roughly
correlated with its relative increase in hERG binding
IC50. Despite the apparent difference in the hERG bind-
ing IC50’s of the amides 16a and 16b, the functional
assay at 30 lM drug concentration revealed they were
nearly equally benign to the hERG tail current, impart-
ing 21% and 13% inhibition, respectively, and thus
represented marked improvements to hERG channel
cross-reactivity as measured by this parameter.


The fluorinated amide 16a was chosen for pharmacoki-
netic (PK) analysis to assess the CNS-penetrating ability
of this hERG-selective class of MCHr1 antagonists.
Acute oral dosing (10 mpk) of 16a in DIO mice exposed
an interesting PK profile (see Table 4) characterized by a
shallow plasma Cmax (598 ng/mL) and a relatively short
(2 h) plasma t1/2. Additionally, 16a showed a long (8 h)
half-life in the brain, leading to 12 h drug concentrations
in the brain (75 ng/g) superior to those in the plasma
(38 ng/mL). We surmised that chronic dosing of an
MCHr1-potent compound with this in vivo profile







Table 4. Selected PK parameters of 16a in DIO mice (10 mg/kg po)a


AUC0�1
b Cmax


b C12h t1/2


Plasma 3154 (ng h/mL) 598 ng/mL 38 ng/mL 2 h


Brain 1378 (ng h/g) 185 ng/g 75 ng/g 8 h


a All values are mean values (n = 3 unless specified otherwise). Inter-


animal variability was less than 30%. Compounds are dosed in DIO


mice at 10 mg/kg, po in a vehicle containing 1% Tween 80 and water.
b The three mice with highest plasma and brain concentrations were


averaged to provide the peak plasma and brain concentrations


(Cmax), respectively. The mean plasma or brain concentration data


were submitted to multi-exponential curve fitting using WinNonlin.


The area under the mean concentration–time curve from 0 to t h


(time of the last measurable concentration) after dosing (AUC0�t)


was calculated using the linear trapezoidal rule for the concentra-


tion–time profile. The residual area was extrapolated to infinity,


determined as the final measured mean concentration (Ct) divided by


the terminal elimination rate constant (b), and was added to AUC0�t


to produce the total area under the curve (AUC0�1).
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might lead to a steady-state CNS concentration suffi-
cient to induce MCHr1-mediated weight loss while lim-
iting plasma drug exposure.


To test the pharmacokinetic aspect of this hypothesis,
compound 16a was orally dosed at 10 mpkqd to DIO
mice fed a high fat diet for 2 weeks.17 Day 14 drug levels
indicated that while the plasma drug concentration
cleared from a one-hour concentration of 0.77 lg/mL
to a 16-h concentration of 0.10 lg/mL, a constant
(C1h = C16h) concentration of 0.6 lg/g had been reached
in the brain. However, we were concerned by the non-
linear relationship between the acute (0.185 lg/g) and
chronic brain distributions. Particularly, the static nat-
ure of the latter prompted us to analyze more closely
the drug distribution in other tissues, where we found
significant accumulation in the heart and thigh.18 As this
phenomenon was likely secondary to the di-basic19 char-
acter of 16a, an aspect of the entire sub-series that was
seemingly critical to deliver off-target (hERG channel)
selectivity, work in this area was discontinued.
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Abstract—The design, synthesis, and SAR of a series of substituted spirohydantoins are described. Optimization of an in-house
screening hit gave compounds that exhibited potent binding affinity and functional activity at MCH-R1.
� 2007 Published by Elsevier Ltd.
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Melanin-concentrating hormone receptor-1 (MCH-R1)
has recently become the subject of great interest within
the pharmaceutical industry. MCH-R1 is activated by
the peptide melanin-concentrating hormone (MCH),
and it has been known for some time that in mammals,
both MCH and MCH-R1 are involved in the regulation
of feeding behavior and energy homeostasis. For in-
stance, transgenic mice overexpressing MCH peptide
are hyperphagic and obese,1 whereas those deficient in
MCH are hypophagic and lean.2 In addition, mice lack-
ing MCH-R1 are hyperphagic, lean, and resistant to
diet-induced obesity.3 Not surprisingly therefore, it
was hypothesized that a selective MCH-R1 antagonist
may be successful in treating obesity in humans.4 To this
end a number of laboratories have recently reported the
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discovery of orally active small-molecule MCH-R1
antagonists effective in controlling weight gain in
rodents,5 though it still remains to be seen whether this
translates to safe clinical efficacy in humans.


As part of our efforts to discover and develop novel
small-molecule MCH-R1 antagonists,5b,6 we identified
a high-affinity ligand from an in-house high-throughput
screen (compound 1, Fig. 1). Compound 1, derived from
a spirohydantoin scaffold, exhibited a Ki of 50 nM at
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Figure 1. Structure of MCH-R1 high-throughput screening hit.
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MCH-R1. Unfortunately, compound 1 also proved to
be a potent inhibitor of CYP3A4 (IC50 = 35 nM). As
approximately 50% of all known drugs are metabolized
to some degree by CYP3A4, inhibition of this enzyme
in vivo can lead to undesirable drug–drug interactions.7


Therefore, any subsequent optimization campaign
would have to address not only binding and functional
activity at MCH-R1, but also the reduction of inhibition
at CYP3A4. In this letter, we describe efforts toward the
optimization of this lead, which led to the discovery of a
novel series of highly potent and functional MCH-R1
antagonists, with an improved CYP3A4 profile.


In order to fully explore SAR around this spirohydan-
toin scaffold, we developed synthetic strategies which en-
abled the incorporation of a variety of substituents at
both the N-1 and N-3 nitrogens of the hydantoin, and
variation of the terminal ring of the biaryl motif
(Schemes 1–3). Variation of the substituent at N-3 was
achieved via the route outlined in Scheme 1. Reductive
amination of commercially available 4-(1H-imidazol-1-
yl)benzaldehyde 2 with 4-hydroxypiperidine, then oxida-
tion to the ketone followed by a Strecker reaction
employing 2-fluorobenzylamine, gave aminonitrile 3 in
moderate yield. Cyclization to the corresponding spiro-
hydantoin was achieved using either chlorosulfonyl iso-
cyanate followed by acid hydrolysis to give N–3(H)
derivative 4, or a variety of substituted isocyanates fol-
lowed by acid hydrolysis to yield compounds 5a–h. Var-
iation of the terminal ring of the biaryl motif was
achieved as outlined in Scheme 2. Intermediate 7 was
obtained in good yield from N-benzylpiperidin-4-one 6
via a Strecker reaction with 2-fluorobenzylamine, subse-
quent cyclization with 3-methoxyphenyl isocyanate then
acid hydrolysis, followed by N-debenzylation. Reductive
alkylation with 4-bromobenzaldehyde gave intermediate

N
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Scheme 1. Reagents and conditions: (a) 4-hydroxypiperidine, NaBH(AcO)3,


�78 �C, rt, 2 h, quantitative; (c) 2-fluorobenzylamine, potassium cyanide, Me


1 h, then 2 N aq HCl, EtOH, 70 �C, 12 h, 20%; (e) RNCO, EtOH, rt, 5 h, th

8 which can participate in a palladium-mediated Suzuki
coupling, either directly or via conversion to a pinacol
boronate ester, to yield compounds 9c–u. In addition,
copper-mediated coupling with the corresponding
N(H)-heterocycle gave compounds 9a and b. Compound
10 was obtained via the reductive alkylation of interme-
diate 7 with commercially available 3-[(4-formylphe-
nyl)methylamino]propionitrile. Variation at N-1 was
achieved via the routes outlined in Scheme 3. Unsubsti-
tuted derivative 13 was obtained in two steps from
4-amino-1-(tert-butoxycarbonyl)piperidine-4-carboxylic
acid 11 via cyclization with 3-methoxyphenyl isocyanate
followed by reductive alkylation with 3-(4-formylphe-
nyl)benzonitrile. Substituted derivatives 16a–f were ob-
tained in four steps from 4-piperidone hydrochloride 14.
Alkylation of 14 with 4-bromobenzyl bromide, then Su-
zuki coupling with 3-cyanophenyl boronic acid,
followed by a Strecker reaction with the corresponding
primary amine gave intermediates 15a–f in high yield.
Subsequent cyclization with 3-methoxyphenyl isocyanate
followed by acid hydrolysis gave the final compounds
16a–f. The N–3(H) hydantoin derivative 17 was obtained
via reaction of 15f with chlorosulfonyl isocyanate, fol-
lowed by acid hydrolysis. Compound 18 was obtained
via a copper-mediated coupling of 17 with 3-bromotolu-
ene. All final compounds described herein (Tables 1–3)
were assayed for their ability to displace radiolabeled
[125I-Tyr13]-MCH in a competitive binding assay.8 The
functional antagonism of select compounds was further
confirmed based upon their ability to inhibit, in a dose-de-
pendent manner, MCH stimulated G-protein-GTPc35S
binding in cells expressing native human MCH-R1.9


We initially examined SAR around N-3 of the hydanto-
in core, keeping the substituents at both N-1 (2-fluorob-
enzyl) and N-8 [4-(imidazol-1-yl)benzyl] constant
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(see Table 1). The unsubstituted derivative 4
(Ki = 2, 100 nM) proved to be approximately 40-fold
less active than 1, though introduction of a simple alkyl
group did improve potency significantly, the n-butyl (5b)
and cyclohexyl (5c) derivatives having Ki’s of 200 and
340 nM, respectively. Incorporation of an unsubstituted
phenyl ring resulted in a slight improvement (5d,
Ki = 115 nM), though moving the ring further out,
either one (5e, Ki = 150 nM) or two carbons (5f,
Ki = 400 nM), proved detrimental. Attempts to improve
potency via the introduction of substituted phenyl
groups proved unsuccessful (results not shown). More
than 60 analogs were prepared incorporating a variety
of functional groups on the phenyl ring, though SAR
around this ring proved to be very flat, showing little
improvement over the 3-methoxyphenyl group incorpo-
rated in our original lead (1). An exception proved to be
the 1-naphthyl moiety (5g, Ki = 25 nM) which led to a
2-fold improvement in potency with respect to 1. Again
it seemed that the aryl ring directly attached to the core
was important, as saturation of this ring (compound 5h,
Ki = 340 nM) led to more than a 10-fold decrease in
activity. Unfortunately, all compounds described in Ta-
ble 1 still proved to be significant inhibitors of CYP3A4,
with IC50 values similar to that observed with 1. We
hypothesized that the observed inhibition of CYP3A4
may be due to the presence of the imidazole ring, as it
is well known that certain drugs containing an imidazole
(such as ketoconazole) strongly bind and inhibit

CYP3A4 by chelation of the imidazole nitrogen with
the active heme iron atom of the CYP enzyme.10 We rea-
soned that replacement of the imidazole ring in this ser-
ies should result in compounds with an improved
CYP3A4 profile.


A number of biaryl derivatives were subsequently pre-
pared, as outlined in Table 2. The N-pyrrolo derivative
9b, though much less potent at MCH-R1
(Ki = 1500 nM), was also significantly less active at
CYP3A4 (IC50 > 10,000 nM),11 suggesting the imidaz-
ole ring is indeed important for potent inhibition of
CYP3A4. We discovered that the imidazole could be
replaced with either a 3-pyridyl (9c, Ki = 89 nM) or
4-pyridyl (9d, Ki = 44 nM) moiety without loss of
MCH-R1 activity. The 4-pyridyl derivative 9d was
approximately 4-fold more potent at CYP3A4 than
the 3-pyridyl analog 9c, the IC50 values being 300
and 1100 nM, respectively. Substitution around the
3-pyridyl gave interesting results, with respect to affin-
ity at MCH-R1. The 4-methyl-3-pyridyl (9f, Ki =
640 nM) and 4-methoxy-3-pyridyl (9g, Ki = 315 nM)
derivatives were less potent than the unsubstituted ana-
log 9c. The introduction of a 4-amino-3-pyridyl moiety
increased potency 4-fold (with respect to 9c), com-
pound 9h having a Ki of 20 nM. In addition, it was
interesting to observe that simply moving the 4-meth-
oxy substituent (of 9g) to either the 5- or 6-position
resulted in a greater than 20-fold increase in potency,
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compounds 9i and 9k exhibiting Ki’s of 13 and 8 nM,
respectively. The reasons for these observed differences
in MCH-R1 binding affinity are not clear, but overall
the data may suggest that either the pyridyl nitrogen,
or the methoxy substituent, may be involved in a key
hydrogen bonding interaction with the receptor.
Certainly replacement of the 5-methoxy (of 9i) with a
cyano group (9j, Ki = 10 nM) had no effect on potency,
presumably due to the potential of the cyano function-
ality to also act as a hydrogen bond acceptor. Unfortu-
nately, as one might expect, the incorporation of
substituted 3-pyridyl moieties in this region of the
molecule did not remove the CYP3A4 inhibition liabil-
ity. For instance, compounds 9i, 9j, and 9k had IC50


values (at CYP3A4) of 2000, 6200, and 1700 nM,
respectively. Incorporation of a substituted phenyl ring
in place of the pyridine also gave potent MCH-R1
antagonists, though the position and nature of the sub-
stituent seemed important. The 3-cyanophenyl deriva-

tive 9o (Ki = 20 nM) was approximately 10-fold more
active than the corresponding 4-isomer 9p (Ki =
210 nM), whereas surprisingly the 2-cyanophenyl
derivative was essentially inactive. The 3-methoxyphe-
nyl derivative (9q, Ki = 620 nM) was less potent, and
the presence of polar groups such as hydroxyl (9t,
Ki = 2900 nM) in this position was not well tolerated.
We also discovered that a biaryl is not necessary for
potency at MCH-R1. The propionitrile derivative 10
(Ki = 19 nM) proved equipotent to compound 9o,
again supporting the idea that it is the presence
and position of a hydrogen bond accepting motif in
this region of the molecule that is important for
potency. In addition, we were pleased to discover
that compound 9o displayed minimal CYP3A4 inhibi-
tion, the IC50 > 10,000 nM. Taking compound 9o as
our lead, we investigated SAR around N-1 of the
hydantoin core, the results of which are summarized
in Table 3.







Table 1. Binding affinities of spirohydantoins 1, 4, and 5a–h toward
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5b n-Bu 200


5c 340
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5e 150
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5h 340


a Ki values are averaged from at least two experiments.8


Table 2. Binding affinities of spirohydantoins 9a–u and 10 toward
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(continued on next page)
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The unsubstituted derivative 13 (Ki = 280 nM) was
approximately 14-fold less potent than 9o. It became
clear that lipophilic groups were preferred at N-1, as
incorporation of progressively larger groups led to a sig-
nificant improvement in binding affinity. For instance,
the cyclopropyl methyl (16c), cyclohexyl (16d), and
cyclohexyl methyl (16e) derivatives had measured Ki’s
of 84, 12, and 16 nM, respectively. Exchanging cyclo-
hexyl for phenyl led to a further increase in potency,
compounds 16f and 18 both exhibiting a Ki of 6 nM.
Although we had obtained very potent compounds
within this series, we were somewhat concerned as to
the size and lipophilicity of some of these analogs. For
instance, the calculated logP’s for compounds 9o, 16f,
and 18 are 6.52, 6.35, and 6.40, respectively.12 Highly
lipophilic compounds can suffer from a poor pharmaco-
kinetic profile in vivo, with poor absorption and/or high
first pass metabolism often being major contributing







Table 2 (continued)
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Table 3. Binding affinities of spirohydantoins 13, 16a–f, and 17–19
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factors. Indeed, compound 18 displayed very poor oral
bioavailability in rat (% F < 5),13 an issue that needed
to be addressed. SAR data discussed earlier may suggest
that the N-3 substituent does not play a critical role in
the binding of these molecules to MCH-R1 (see data
in Table 1). If correct, removal of this substituent should
significantly reduce logP without unacceptably affecting
potency. Indeed, the N–3(H) derivative 17 (Ki = 45 nM)
was only 8-fold less potent than compound 16f. Impor-
tantly, we had reduced clogP by approximately 2 log
units (to 4.77) and this decrease in clogP was reflected
in a corresponding increase in metabolic stability
and oral bioavailability. For instance, in an in vitro
human liver microsome assay, compounds 9o and
16f had scaled intrinsic clearance values of 94 and
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47 mL/min/kg, respectively.14 On the other hand, com-
pound 17 had a scaled intrinsic clearance value of
25 mL/min/kg. In addition, 17 had significantly im-
proved oral bioavailability (% F = 65),15 compared to
compound 18. Compound 17 also proved to be a weak
inhibitor of CYP3A4, the IC50 being >10,000 nM.
Finally, we discovered that even without a substituent
at N-3 we could access highly potent analogs. The sim-
ple addition of a chlorine atom on the left-hand phenyl
ring improved potency as compound 19 exhibited a Ki of
8 nM.16


In summary, we have disclosed SAR for a novel series of
MCH-R1 antagonists based around a spirohydantoin
core. Optimization of a high-throughput screening hit
led to analogs that exhibited high affinity for
MCH-R1, and low inhibition at CYP3A4. Examples
also demonstrated good metabolic stability in human
liver microsomes and oral bioavailability in rat.
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Abstract—A novel class of platinum(II) complexes of pyridine sulfide derivatives of triazine was synthesized, characterized, and
investigated using the human breast cancer cell line, MDA-MB-468. S-30 was one of the most potent derivatives of its class
(IC50, 0.39 lM) eliciting the greatest biological response. S-30 induced arrest in the G1 phase and apoptosis (TUNEL assay) in a
p53/p21WAF1/CIP1-consistent manner. Modeling and docking experiments were performed for three known targets for cisplatin,
d(GpG), d(ApG), and a protein (Cu/Zn superoxide dismutase, SOD) from bovine origin. A Blast search of bovine SOD was per-
formed to identify analogous human protein targets resulting in about 22 human proteins. A multi-sequence alignment of those tar-
gets showed >80% sequence identity and >88% similarity. One of them is SOD1 that is differentially expressed (based on global gene
expression pattern) in various forms of cancer and other diseases. SOD1 controls apoptosis via p53/BAD/BAX/BCL2 in the amyo-
trophic lateral sclerosis (ALS) pathway and is also involved in various other KEGG’s pathways. Results suggest that the S-30 is a
potential cytotoxic agent.
� 2007 Elsevier Ltd. All rights reserved.

Breast cancer is one of the most common cancers in
women and the second most lethal cancer in Western
countries.1 Despite therapeutic advances, breast cancer
still has a high mortality rate.2 Cisplatin is one of the
most effective antitumor agents used against a variety
of cancers and has been studied extensively.3–11 Unfor-
tunately, the use of cisplatin is limited in some cancers,
such as breast cancer, due to the development of drug
resistance, as well as its side effects. There has been an
increasing interest in the development of cisplatin ana-
logues designed to overcome drug resistance, reduce tox-
icity, and increase efficacy in combination with other
therapies.12
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We have proposed our rationale in designing simple
platinum complexes to improve specificity and poten-
cy.13–16 Here, we report the synthesis of new pyridinesul-
fide derivatives of triazine and their platinum(II)
complexes (Scheme 1). Ligands 3–5 were synthesized
in a two-step procedure and used for preparing plati-
num(II) complexes, 6–8. All compounds were character-
ized by NMR, mass, and elemental analysis. These data
indicate that S-30 contained one molecule of water in its
crystals. The structure of one of the platinum(II)
complexes, S-19 (PtC12H16N6Cl2S), was confirmed by
X-ray analysis (Fig. 1). In S-19, the platinum is coordi-
nated by two nitrogen atoms, and two chlorine atoms
completing a PtN2Cl2 core analogous to cisplatin.


The estrogen receptor negative human breast cancer cell
line, MDA-MB-468, was used to examine the biological
properties of this class of anticancer agents. The ratio-
nale behind using MDA-MB-468 cell line for this study
was that this cell line represents an aggressive ER
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Scheme 1. Synthetic strategy for compound 7 (S-30) and other derivatives.36 Reagents and conditions: (a) 1 in acetone, cooled to �15 �C; and added


2-thiopyridine [2 equivalents (equiv) in acetone], stirred 30 min at �15 �C, 80%; (b) 2 (1 equiv) in methanol and added morpholine (6 equiv), 25 �C,


8 h, 75%; (c) 4 (1 equiv) in CH2Cl2 and added K2PtCl4 (1 equiv) in methanol–water mixture (CH2Cl2/CH3OH/H2O, 10:1:1), N2, reflux for 8 h, 60%.


Figure 1. X-ray structural representation of S-19 [Pt (C12H16N6SCl2)],


with the atomic numbering and hydrogen atoms are omitted for


clarity.37
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negative phenotype. Moreover, these breast cancer cells
possess a p53 mutant species that can undergo changes
to the pseudo-normal wild-type species under certain
conditions leading to growth inhibition or apoptosis.
Hence, changes to the p53 status could be studied in
an aggressive breast cancer phenotype background.
S-30 (compound 7), a dichloro platinum(II) derivative
of 2-[(2 0-pyridinesulfide)-4,6-bismorpholinyl]-1,3,5-tri-
azine, proved to be the most effective in this class of
compounds.


In MDA-MB-468 cells, the platinum(II) complexes were
more potent than their respective ligands (IC50


P 100 lM) as determined by the MTT assay (Table 1).
In a separate experiment, cells were incubated with S-
17, S-19, S-30 or cisplatin up to 10 lM for 24 h. The
IC50 value of S-30 in MDA-MB-468 cells was

Table 1.


Compound IC50 (lM) Compound IC50 (lM)


3 >100 6 5.65


4 >100 7 0.39


5 >100 8 3.11


Cisplatin 1.81

0.39 lM, which is about 5 and 14 times lower than cis-
platin (IC50 1.81 lM), S-17 (IC50 3.11 lM), and S-19
(IC50 5.65 lM), respectively.


In most cycling cells, cytotoxicity is preceded or accom-
panied by cell cycle arrest.17 To examine the effect of
S-30 on cell cycle progression, we treated cells with varying
concentrations of S-30 and analyzed the DNA content
of propidium-iodide stained cells by flow cytometry.
The G1 cell population increased with time and concen-
tration. At 24 h, 5 lM S-30 caused over a 77.0% accu-
mulation of cells in G1 phase attenuating cells in the S
and G2 phases (Fig. 2B). In contrast, cisplatin blocked
cell cycle progression in the S phase (G0/G1 = 22.27%,
S = 56.01%, and G2/M = 21.72%); S-phase block was
also observed in other breast cancer cell lines.18 This dif-
ference in cell cycle arrest by cisplatin and S-30 is inter-
esting and potentially useful in cancer therapy.


Anticancer drugs19 (including cisplatin) exert their toxic-
ity through induction of apoptosis. To investigate if S-30
induced apoptosis, we examined S-30-treated cells for
apoptosis-associated changes. Flow cytometry analysis
of S-30-treated cells showed a sub-G1 (A0) peak
(Fig. 2B); this is suggestive of apoptosis. Apoptosis
was confirmed by morphology and DNA fragmentation.
Representative electron micrographs (Fig. 2D) show
that S-30 caused characteristic morphological changes
such as membrane blebbing, chromatin condensation,
and vacuolization at higher concentrations at 24 h; nev-
ertheless, some chromatin condensation and vacuolisa-
tion were also seen at lower concentrations. Apoptotic
cells have fragmented nuclear chromatin20 produced as
a result of DNA strand breaks. In situ TUNEL assay
showed a dark blue nuclear staining in S-30-treated cells
in comparison to control cells, which stained pale red
with Nuclear Fast Red (Fig. 2F). Thus, S-30 possesses
apoptosis-inducing properties.


Growth arrest and apoptosis occur in response to DNA
damage produced by chemotherapeutic drugs.19 The
phosphoprotein p53 exerts its tumor-suppressive effects
by inducing arrest and apoptosis, thereby controlling
propagation of damaged DNA.21 p53 mediates
G1 arrest through its direct transcriptional target,







Figure 3. Effect of S-30 on the subcellular localization of p53 and


p21WAF1/CIP1 in MDA-MB-468 cells. Cells were seeded in chambered


glass slides, treated with 5.0 lM S-30 for 3.5 h. (A and B) Cells were


stained with wild-type p53-specific PAb 1620. (C and D) Cells were


stained with mutant p53-specific PAb 240. (E and F) cells were stained


with anti-p21WAF1/CIP1. (A and C), and (E) represent corresponding


control cells. Cells showed positive staining with PAb 1620 (B) or (D)


an absence of reactivity with PAb 240 in the nucleus. S-30 caused an


increase in the nuclear staining of p21WAF1/CIP1 (F). Scale bar-10 lm.


Figure 2. Effect of S-30 on cell cycle distribution and apoptosis; (A)


DNA histograms for control; (B) cells treated with 5 lM S-30 for 24 h;


histograms are shown in a different scale to magnify the sub-G1 peak,


A0, which is present in cells treated with 5 lM S-30; (C) electron


micrographs of control; (D) cells treated with 5.0 lM S-30 for 24 h. At


5.0 lM, as labeled, morphological changes such as blebbing, vacuo-


lization (denoted as v), nuclear condensation (denoted as nc), and


apoptotic bodies (denoted as ab) were seen (scale bar-3 lm); (E)


control; (F) images of TUNEL stained 5.0 lM S-30-treated cells at


24 h. At 5.0 lM S-30, DNA fragmentation was seen (scale bar-10 lm).
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p21WAF1/CIP1.22 Both p53 and p21WAF1/CIP1 are induced
by DNA damage.23–25 MDA-MB-468 cells possess the
p53 mutant, p53273His. p53273His has properties like its
wild-type counterpart (p53273Arg)26 and becomes
growth-suppressive under certain conditions.27,28


Many drugs can cause G1 arrest and G1-restricted
apoptosis by restoring the wild-type function of some
p53 mutants, including p53273His.29 The nuclear localiza-
tion of p53 is essential for its growth-suppressive as well
as its oncogenic actions.30 Nuclear accumulation of
mutant p53 is associated with poor clinical outcome.31


MDA-MB-468 cells show positive nuclear localization
of mutant p53 under certain conditions.32 To study the
involvement of p53 and p21WAF1/CIP1, we performed
immunohistochemical analysis of subcellular localiza-
tion of these proteins. S-30-treated cells displayed a
varying pattern of subcellular localization of p53. Fluo-
rescence microscopy showed that at 3.5 h, prior to cell
cycle arrest and apoptosis, there was a localization of
wild-type p53 species (PAb 1620 reactive) (Fig. 3B)
and an absence of mutant p53 species (PAb 240 reactive)
in the nucleus (Fig. 3D). S-30 also increased the intensity
of nuclear staining of p21WAF1/CIP1 protein (Fig. 3F).
The prior nuclear localization of wild-type p53 species
appears to be part of the lethal signal;31 such localiza-
tion and absence of mutant p53 species in the nucleus
appear early enough to be causative for p53 involvement
in arrest and apoptosis. Thus, S-30 induces the wild-
type properties of p53273His, which in turn induces
p21WAF1/CIP1 localization in MDA-MB-468 cells.
This suggests that S-30 causes G1 arrest and apoptosis
in a p53/p21WAF1/CIP1-consistent manner.

Cisplatin generally forms intrastrand and interstrand
cross-links with DNA at d(GpG) and d(ApG),12 and
such binding modes have been characterized using short
sequences of DNA duplex. The protein data bank33


(PDB) holds about 29 such structures. The primary
mode of binding was first characterized using X-ray
crystallography by Dickerson co-workers.34 In 2006,
Calderone et al.11 have characterized a new target for
cisplatin, a protein (Cu/Zn superoxide dismutase,
SOD) from bovine origin. According to them, cisplatin
selectively binds to His-19 and two other residues
(Thr-17 and Gly-31) are within the 3 Å of cisplatin for
chain A. These residues are located in the surface of
the SOD. Therefore, platinum complexes with bulky
ligands can also accommodate without bumping (too
close together) other atoms and still be able to alter
the function of SOD. Using modeling and docking
tools,35 we have compared by docking S-30 to the three
known targets, d(GpG), d(ApG), and SOD, bound to
cisplatin. In our modeling experiments, we have used
three X-ray structures from PDB, 1LU57 for d(GpG),
1A2E8 for d(ApG), and 2AEO11 for SOD. S-30 produces
more bumping (atoms are too close together) labels
when docked to the binding sites of either d(GpG) or







Figure 4. Modeling for the target d(GpG) Pt-binding site using structure of 1LU5; (A) showing the bumping (yellow label) when cisplatin is bound to


1LU5. (B) yellow labels (bumping) are more intense when S-30 is docked to the Pt-binding site.
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d(ApG). This indicates that atoms are too close together
due to the larger size of S-30. Therefore, S-30 may not
be suitable for these sites.


In Figure 4A and B, and in Figure 5A and B docking
and bumping labels of cisplatin and S-30 are compared
for d(GpG) and d(ApG) targets, respectively. A suitable
target that one could speculate for S-30 could be SOD

for four reasons (i) bumping labels are relatively less
in number so atoms are not too close to each other
(Fig. 6A and B), (ii) Pt-binding site is on the surface
of the SOD, so S-30 can accommodate for binding
and be able to modify protein function upon binding,
(iii) analysis of global gene expression (microarray) data
shows that SOD is differentially expressed in a number
of cancers including breast cancer and in other diseases,







Figure 5. Modeling for the target d(ApG) Pt-binding site using structure of 1A2E; (A) showing the bumping (yellow label) when cisplatin is bound to


1A2E. (B) Yellow labels (bumping, atoms are too close to each other) are much more intense when S-30 is docked to the Pt-binding site.


Figure 6. Modeling for the target SOD Pt-binding site using structure of 2AEO; (A) showing the bumping (yellow label) when cisplatin is bound to


2AEO. (B) Yellow labels (bumping) are less compared to d(GpG) or d(ApG) when S-30 is docked to the Pt-binding site.
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(iv) SOD1 is involved in a number of pathways
including apoptosis. It exerts its apoptotic effect via

Tp53/BAD/BAX/BCL2 in the amyotrophic lateral scle-
rosis (ALS) pathway (Fig. 7).







Figure 7. KEGG’s Pathway for amyotrophic lateral sclerosis (ALS), showing the role of SOD for apoptosis.
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The protein encoded by this gene binds copper and zinc
ions, and is one of two isozymes responsible for
destroying free superoxide radicals in the body. Muta-
tions in this gene have been implicated as causes of
familial amyotrophic lateral sclerosis, Alzheimer’s dis-
ease, and Type II Diabetes. As we have mentioned ear-
lier, S-30-treated cells displayed a positive subcellular
localization of wild-type p53 which may lead to
apoptosis as supported by TUNEL assay and other
experimental results.


The cisplatin-bound SOD is from bovine origin. So,
Blast search of bovine SOD was performed to identify
analogous human protein targets which resulted in
about 22 human proteins; a multi-sequence alignment
of those targets showed >80% sequence identity and
>88% similarity. SOD1 is one of them.


Interestingly, SOD1 is differentially expressed in a num-
ber of cancers including breast cancer (data not shown).
According to Gene Ontology terms, process, function,
and components, SOD1 is involved in a number of
important biological processes such as superoxide
metabolism, response to stress, system development,
physiological process, etc. The molecular function of
SOD1 is also numerous, some examples of which in-
clude catalytic activity, superoxide dismutase activity,
and oxidoreductase activity. The components are cyto-
plasm, intracellular, and cell in which SOD1 is involved.
Therefore, SOD1 is an important target for therapy of
cancer and other diseases.


S-30 is a small molecule that can be prepared easily with
only three high yielding steps, and is highly potent. Re-
sults suggest that S-30 is a potential promising agent for
cancer therapy.
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C-Gaudreault, R.; Bérubé, G. Bioorg. Chem. 2005, 33, 1.


17. Shapiro, G. I.; Koestner, D. A.; Matranga, C. B.; Rollins,
B. J. Clin. Cancer Res. 1999, 5, 2925.


18. Lee, S. I.; Brown, M. K.; Eastman, A. Biochem. Pharma-
col. 1999, 58, 1713.


19. Uray, I. P.; Davies, P. J. A.; Fésüs, L. Mol. Pharmacol.
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Abstract—The discovery and synthesis of 3-(1H-benzo[d]imidazol-2-yl)pyridin-2(1H)-one inhibitors of insulin-like growth factor 1-
receptor (IGF-1R) are presented. Installing amine containing side chains at the 4-position of pyridone ring significantly improved
the enzyme potency. SAR and biological activity of these compounds is presented.
� 2007 Elsevier Ltd. All rights reserved.

Insulin-like growth factor-1 receptor (IGF-1R) is a
member of the insulin receptor family of tyrosine ki-
nases that is widely expressed in human tissues.1 Signal-
ing through the IGF-1R activates several downstream
pathways which include Ras/Raf/MAPK and PI-3K/
Akt pathways.1,2 Growing evidence implicates that
(IGF-1R) mediated signaling plays a crucial role in the
development and progression of cancer.2 For example,
cells lacking IGF-1R kinase activity grow very slowly
in culture and cannot be transformed by either viral or
cellular oncogenes. Transfection of these cells with
wild-type IGF-1R restores the ability of these cells to
be transformed by viral and cellular oncogenes.3 Reduc-
tion of receptor number or enzymatic activity by several
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strategies that include antisense and antibody approach-
es, as well as dominant negative mutants (lacking en-
zyme activity), reverses the transformed phenotype in
tumor cells.4 From a clinical perspective, overexpression
of IGF-1R and IGF-1 has been demonstrated in a vari-
ety of tumors, including glioma, lung, ovary, breast, car-
cinomas, sarcomas, and melanoma.5 These findings
underline the desirability of identifying small-molecule
IGF-1R inhibitors and evaluating their potential value
for the treatment of human cancers.


Several IGF-1R inhibitors have been recently reported.
Of these, CP-751871 is a fully human immunoglobulin
G2 antibody that is in Phase I clinical trials.2d Small-
molecule antagonists such as pyrrolopyrimidines,6


pyrrole-5-carboxaldehyde,7 picropodophyllin,8 and tyr-
phostin9 analogs have also shown to have IGF-1R
inhibitory activity. We recently reported the identifica-
tion of a small molecule inhibitor for IGF-1R from
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the benzimidazole class that has shown robust in vivo
efficacy.10 This report describes early SAR leading to
the identification of this molecule. The X-ray crystal
structure of our initial hit 1 (IC50 = 3.5 lM) bound to
the active site of truncated IGF-1R revealed that benz-
imidazole NH and pyridone carbonyl form hydrogen
bonds with Met 123, whereas NH of pyridone forms
hydrogen bond with Glu 121 in the ATP binding site10a


(Fig. 1). The crystal structure suggests that the potency
could be enhanced via analog design by exploiting the
unfilled pocket that could be accessed via the methyl
group on the benzimidazole or 4-position of the pyri-
done ring. Herein, we report the initial SAR at these
positions that led to improvements in enzyme11 and cel-
lular potencies.12


Analogs off of the methyl group were accessed via the
chemistry illustrated in Scheme 1. Commercially avail-
able 2-nitro-5-chloro benzaldehyde (2) was protected
as ketal 3 and imidazole was then incorporated through
an SNAr reaction. The nitro group was hydrogenated
and the resultant aniline 4 was coupled with 2-chloron-
icotinyl chloride to furnish the amide 5. Nitration under
acidic conditions followed by aqueous work-up cleaved
the ketal. However, non-aqueous work-up13 facilitated
the isolation of nitro ketal 6. Reduction of nitro group
with concomitant cyclization to benzimdazole 7 was
accomplished by treating with iron in acetic acid. Final-
ly, 2-pyridone 8 was obtained by heating chloropyridine
7 in acetic acid. The benzaldehyde 8 was subjected to
reductive amination with several amines to furnish ben-
zylamines (9–16).


Substitutions at the 4-position of pyridone ring of 1 were
explored via chemistry illustrated in Scheme 2. Acyla-
tion of 17 followed by nitration of the resultant acetam-
ide furnished nitro derivative 18. The acetyl group was
cleaved and the resultant nitro aniline 19 was hydroge-
nated to furnish phenylene diamine 20. The diamine
20 was immediately treated with 4-iodo-2-methoxy-3-
pyridine carboxaldehyde14 (21) to afford the benzimid-
azole 22. The methoxy group in 22 was cleaved to the
iodo pyridone 2315 by exposure to 4 N HCl in dioxane.
The iodo pyridone 23 served as a useful intermediate for
the introduction of wide variety of amines. The biolog-
ical data of selected compounds are summarized in Fig-
ures 2, 3 and Tables 1, 2.


As evident from the results in Table 1, analogs that are
derived from reductive amination of aldehyde 8 (Scheme
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Figure 1. The benzimidazole hit from the screening.
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Scheme 2. Reagents and conditions: (a) Ac2O, Py, DMAP, CH2Cl2,


95%; (b) KNO3, concd, H2SO4, 68%; (c) K2CO3, MeOH, 84%; (d) 10%


Pd(C), H2, MeOH; (e) 2-methoxy-4-iodo pyridine-3-carboxaldehyde


(21), MeOH, rt, 61%; (f) 4 N HCl in dioxane, H2O, rt, 72%; (g)


R3R4NH, DMF, Et3N, heat.

1) with various alkyl amines, piperazine, benzylamines,
and N-alkyl anilines did not result in improved potency
over 1. We then explored substitutions at the 4th posi-
tion of the pyridone. Several diverse amines were incor-
porated on the iodopyridone 23 using parallel synthesis.
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determinations. Standard deviations ranged from 0.07 to 0.44.


Table 1. IGF-1R activities11 for substituents at bottom methyl group


N


N


H
N


N


NH
O


R


9-16 R = NR1R2


Compound R IGF-1R IC50 (lM)


1 H 3.5


9 NH2 >25


10 NHMe >25


11 Piperazyl >25


12 2-Imidazolyl ethylamine 13.0


13 1-Furyl amine 19.1


14 Benzylamine >25


15 3-Pyridylmethylamine >25


16 N-Methylaniline >25


Table 2. IGF-1R activities11 of the side chain appended at the 4


position of pyridone


N


N


H
N


N


NH
O


HN
OH


R


Compound Substitution IGF-1R IC50
a (lM)


35 H 0.53


37 4-Chloro 5.4


38 4-Fluoro 1.4


39 4-Methoxy 3.1


40 4-tert-Butoxy 1.7


41 3-Trifluoromethyl 3.5


42 3-Nitro 3.3


43 3-Methoxy 0.66


44 3-Bromo 0.59


45 3-Chloro 0.73


46 3-Fluoro 0.59


47 2-Cyano 2.2


48 2-Trifluoromethoxy 1.3


49 2-Chloro 0.86


50 2-Methoxy 0.57


51 2-Methyl 0.53


52 2-Bromo 0.29


a IC50 values represent the average of two determinations. Standard


deviations ranged from 0.01 to 0.19


U. Velaparthi et al. / Bioorg. Med. Chem. Lett. 17 (2007) 2317–2321 2319

The addition of secondary amines and anilines provided
compounds devoid of IGF-1R inhibitory activity. How-
ever, the addition of primary amines provided com-
pounds with encouraging IGF-1R inhibitory activity
as shown in Figures 2, 3 and Table 2. This effort led
to the identification of pyridyl methylamine analog 24,
which displayed 390 nM IGF-1R inhibitory activity.
We further investigated role of secondary amine nitro-
gen on the side chain by making sulfur linked (25) and

oxygen linked (26) analogs. As delineated in Figure 2,
the compounds 25 and 26 were totally devoid of any
IGF-1R inhibitory activity suggesting that the second-
ary NH at C-4 pyridone as in 24 has an important role
to play in facilitating binding to the ATP site. The X-ray
crystal structure16 of 24 bound to the IGF-1R revealed
that the –NH at the 4-position of pyridone forms an
intramolecular hydrogen bond17 to the benzimidazole
nitrogen thus stabilizing the benzimidazole tautomer
and thereby allowing top –NH on the benzimidazole
ring to form hydrogen bonding with Met 123. The
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intramolecular hydrogen bond between the side chain
NH and nitrogen atom of the benzimidazole further
locks the conformation of benzimidazole and pyridone
across the biaryl bond as depicted in Figure 2.


This result led us to examine other secondary amine side
chain analogs at C-4 pyridone to further enhance the
potency via a focused library approach. The submicro-
molar activity of 2-pyridyl methylamine 24 prompted
us prepare the regio isomeric 3-pyridyl 27 and 4-pyridyl
28 methylamines. Both analogs were inactive, suggesting
that a heteroatom at the 2-position on the side chain is
desirable. In the X-ray crystal structure (Fig. 2), the
nitrogen of pyridyl points to the sulfur Met183. Further
exploration of other heterocycles that contain a hetero-
atom in the 2-position (29–32) displayed weak activity.
The homolog of 24 with two carbon spacer (33) retained
the potency, whereas the corresponding phenethylamine
34 displayed reduced potency. Interestingly, introduc-
tion of hydroxymethyl group as in 35 restored the poten-
cy.18 However, the combination analog 36 of 33 and 35
resulted in reduced potency.


Attempting to optimize the ring substitution of 24 with
both electron withdrawing and donating groups led to
no improvement in potency (data not shown), whereas
ring substitution on phenyl ring 35 yielded modest
improvements in IGF-1R inhibition (Table 2).


Substitution at the para position with both electron
donating (39 and 40) and halogenated (37 and 38)
groups proved to be detrimental to the activity. Accord-
ing to the crystal structure, the receptor appears to be
rather tight in that region. Electron withdrawing groups
on both meta (42) and ortho positions (47) appeared to
have detrimental effect as well. Electron donating groups
and halogens at meta (43–46) and ortho (49–52) posi-
tions appear to maintain IGF-1R inhibitory activity.
Importantly, halogen substituents especially in the
ortho-position improved the enzyme potency as exempli-
fied by 2-bromo analog 52 that displayed 290 nM (IC50)
potency against IGF1-R. The fact that bromine is pre-
ferred at ortho position is consistent with the productive
interaction of aryl bromide with Met197. Further mod-
ifications such as bis-substitution on the phenyl ring did
not improve enzyme potency suggesting mono substitu-
tion was optimal on the phenyl ring. At this stage, select-
ed compounds were evaluated in HT29 whole-cell assay
to demonstrate cell-based activity.12 As shown in Table
3, compound 52 demonstrated sub-micromolar cell-
based potency in a MTT proliferation assay.

Table 3. Cell-based activities12 for selected compounds in HT29 cells


Compound IGF-1R IC50 (lM) HT29 (lM)


24 0.39 7.6 ± 1.3


35 0.53 0.78 ± 0.3


43 0.66 1.6


44 0.59 1.3


45 0.98 1.1


46 0.59 2.1 ± 1.2


50 0.57 1.2


52 0.29 0.83 ± 0.33

The results described herein represent our initial efforts
toward the development of 3-(1H-benzo[d]imidazol-2-
yl)pyridin-2(1H)-one inhibitors of insulin-like growth
factor-1 receptor. This preliminary exploration unrav-
eled some important features such as the importance
of stabilization of the tautomeric form of benzimidazole
for productive binding to Met 123 that is critical for
IGF-1R inhibitor activity. Future efforts will focus on
expanding upon current findings reported herein to
identify analogs with desired ADME properties and
in vivo efficacy.
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Abstract—DNA microarray analysis comparing human tumor tissues with normal tissues including hematopoietic progenitor cells
resulted in identification of membrane dipeptidase as a prodrug activation enzyme. Novel prodrugs of 2 0-deoxy-2 0-methylidenecyti-
dine (DMDC) including compound 23 that are activated by membrane dipeptidase (MDP) preferentially in tumor tissue were
designed and synthesized to generate the active drug, DMDC, after hydrolysis of the dipeptide bond followed by spontaneous cycli-
zation of the promoiety.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. Tumor targeting prodrugs.

In recent years, several molecular targeting agents such
as signal transduction inhibitors have been developed.
These agents have better safety profiles than convention-
al cytotoxic agents, but their efficacy is limited to certain
populations of tumors. The conventional cytotoxic
agents, on the other hand, usually have a wide antitumor
spectrum, but their narrow therapeutic window due to
severe myelosuppression and intestinal toxicity often
limits the clinical efficacy. Development of tumor-acti-
vated prodrugs of cytotoxic agents is an alternative op-
tion to provide safer and more efficacious antitumor
agents. We previously developed an oral fluoropyrimi-
dine, capecitabine (Fig. 1), which is sequentially convert-
ed to 5-fluorouracil selectively in tumors1,2 by the
enzymes overexpressed in the liver and tumor tissues
but not in bone marrow. Capecitabine is now widely used
for treatment of metastatic breast and colorectal cancers.
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We also reported the tumor-activated prodrug of
5-vinyluracil 1, a dihydropyrimidine dehydrogenase
inhibitor, as a potentiator of capecitabine.3


To further expand this strategy, we investigated enzymes
useful for prodrug activation that are preferentially
overexpressed in human tumors. DNA microarray anal-
ysis of human tumor tissues versus normal tissues
including hematopoietic progenitor cells yielded mem-
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brane dipeptidase (MDP) as a prodrug activation
enzyme. 2 0-Deoxy-2 0-methylidenecytidine (DMDC) is a
DNA polymerase inhibitor showing potent antitumor
activity against a wide variety of tumors.4 However,
because of severe hematological toxicity in human, clin-
ical development of DMDC has failed. Here, we report
the design and synthesis of novel prodrugs of DMDC
that are activated by MDP preferentially in tumor
tissues.


Identification of membrane dipeptidase (MDP) as a pro-
drug activation enzyme. DNA microarrays were used to
identify enzymes for designing tumor-activated pro-
drugs of DMDC by comparing the mRNA levels of
genes in normal and tumor tissues (41 human colorec-
tum tumors, 30 gastric tumors, 41 non-small cell lung
carcinomas, 24 breast tumors, 15 ovarian tumors, 53
hepatocellular carcinomas, and 15 non-tumorous liver
tissue and hematopoietic progenitor cells). We found
MDP is overexpressed in human colorectal and stomach
tumor tissues but not in adjacent normal tissues, liver, or
hematopoietic progenitor cells such as colony-forming
units granulocyte-macrophage (CFU-GM) (Fig. 2).4


Design and synthesis of tumor activated DMDC prodrugs.
Membrane dipeptidase is an enzyme that hydrolyzes
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Figure 2. mRNA levels of genes of MDP in normal and tumor tissues.
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Figure 3. Design of tumor-activated DMDC prodrugs.

dipeptides. We designed prodrugs of DMDC 2 that
are activated by MDP, preferentially in tumor tissues
after hydrolysis of the dipeptide bond followed by
spontaneous cyclization of the promoiety as shown in
Figure 3.


In this design, the N4-amino group of DMDC was linked
to serine or threonine derivatives of a dipeptide. We first
confirmed the concept of this spontaneous cyclization
leading to the generation of DMDC by synthesizing
two model compounds (5 and 9) as shown in Figure 4.


When the benzyl protecting groups were removed by cat-
alytic hydrogenolysis, both 5 and 9 generated cytidine
derivative 8 with simultaneous formation of cyclized
compounds (7 and 11). Release of compound 8 was
much faster in the threonine prodrug 5 (T1/2 of
<30 min) than the corresponding serine prodrug 9
(T1/2 of 48 h). The structures of 7 and 11 were confirmed
by LC–MS and 1H/13C NMR.


We then synthesized a series of dipeptide prodrugs and
examined whether or not this large side chain in dipep-
tides including DMDC is recognized by MDP. Figure 5
shows the synthetic route of representative compound
23. Compound 16 was prepared from BOC-(DD)-
Thr(OBn)-OH 12 and Fmoc-cyclohexylalanine 14 in 5
steps. Compound 23 was synthesized by coupling with
activated p-nitrophenylcarbonate derivative 17 and
3 0,5 0-bis-O-TBS-DMDC 18, followed by removal of
the FMOC, TBS, and TMSE groups with TBAF.5


The results of the clarification of the substrate specificity
of MDP are summarized in Figure 6.


Regarding a substituent at R1, both threonine and serine
are recognized by MDP, but isopropyl serine 27 is not a
substrate. As a substituent at R2, a-methyl-(LL)-serine
34 is recognized by MDP. Replacement of the terminal
carboxyl group with hydroxyl methyl 30, an amide 28,
and an ester group 29 abolished the recognition by
MDP. Therefore, we found the terminal carboxyl group
is essential for the recognition by MDP.


Regarding the stereochemistry of the C-terminal amino
acid, both LL- and DD-forms are recognized by MDP (26
and 23).
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Figure 4. Proof of concept study using model compounds.
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Table 1. Results of cytotoxicity and plasma stability of prodrugs


NO
N


O
HO


OH NH


O
O


N
H


O


R1


R2 R3


R4
R5


Cytotoxicitya IC50 (lM) MDP selectivity Plasma stability


residual % after


2 h


Compound R1 R2 R3 R4 R5 HCT116 MDP(�) HCT116 MDP(+) Relative IC50 ratio Mouse Human


DMDC — — — — — 0.3–0.7 0.3–0.7 106.7 102.2


20 (S)Me H (S)COOH (R)NH2 Phenyl 8.7 15.7 0.6 NDb 84.3


21 (S)Me H (S)COOH (S)NH2 Phenyl 4.1 5.1 0.8 ND 90.0


22 H H (R)COOH (S)NH2 Cyclohexyl 17.0 2.8 6.1 52.3 87.4


23 (S)Me H (R)COOH (S)NH2 Cyclohexyl 18.8 3.1 6.1 100.5 97.8


24 (S)Me H (R)COOH (S)NH2 Biphenyl 67.2 15.4 4.4 86.7 86.0


25 (S)Me H (R)COOH (S)NH2 Naphtyl 26.3 8.3 3.2 97.7 85.5


26 (S)Me H (S)COOH (S)NH2 i-Propyl 4.4 0.8 5.5 ND 55.6


27 (S)i-Pr H (R)COOH (S)NH2 Cyclohexyl 20.3 20.3 1.0 88.5 89.3


28 (S)Me H (R)CONH2 (S)NH2 Cyclohexyl 8.1 7.3 1.1 95.1 103.9


29 (S)Me H (R)COO-i-Pr (S)NH2 Cyclohexyl 7.4 8.2 1.0 0 87.2


30 (S)Me H (R)CH2OH (S)NH2 Cyclohexyl 10.8 10.5 1.0 ND 85.4


31 (S)Me H (R)COOH (S)NHMe Cyclohexyl 47.8 48.9 1.0 91.4 85.4


32 (S)Me H (R)COOH (S)NMe2 Cyclohexyl 56.6 44.9 1.3 101.3 86.8


33 (S)Me H (R)COOH (S)NHCHO Cyclohexyl >50.0 >50.0 — ND ND


34 H Me (S)COOH (S)NH2 Cyclohexyl 72.3 5.9 12.3 19.4 95.9


35 H Me (R)COOH (S)NH2 Cyclohexyl 51.9 21.8 2.4 101.5 89.1


a Assay condition; 24 h pulse treatment and 72 h incubation.
b ND, not done
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The terminal amino group is essential for recognition
by MDP. Mono-methylamino 31, di-methylamino 32,
N-formyl 33, and the carbamate derivatives (not listed)
are not recognized by MDP. For the N-terminal substi-
tuent, lipophilic and aliphatic residue is preferable for
enzyme recognition (22, 23, 24, 25, 26, and 34).


We also examined the ability of the prodrugs to inhibit
the growth of human colon cancer HCT116 cells that
does not overexpress MDP (MDP-negative HCT116)
and those transfected with MDP cDNA (MDP-positive
HCT116) for proof-of-concept in vitro and stability
under different pH conditions and in plasma (mice and
human). The results are summarized in Table 1.


Among the (LL)-threonine derivatives, 20 and 21 having
LL- and DD-Phe, respectively, as a trigger moiety showed
no selectivity in cytotoxic activity in MDP-positive
and MDP-negative HCT116 cells, whereas compound
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Figure 7. The in vitro conversion of compound 23 to DMDC in MDP-neg


cells.

23 with (DD)-Thr-(LL)-cyclohexylalanine (LL-Cha) showed
selectively inhibited the growth of the MDP-positive
HCT116 (IC50 = 3.1 lM vs IC50 = 18.8 lM in
MDP(negative) HCT116). In an attempt to improve
the selectivity to other peptidases, we synthesized (LL)-
a-methylserine-(LL)-Cha derivative 34 and found further
improvement of selectivity to MDP-positive HCT116
(IC50 = 5.9 lM vs IC50 = 72.3 lM in MDP-negative
HCT116). Regarding plasma stability, both compound
23 and compound 34 were stable in human plasma,
but the latter was rather unstable in mouse plasma (only
19.4% remained after 2 h incubation).


The highly selective conversion of compound 23 to
DMDC in the cell free enzyme assay with MDP-positive
HCT116 versus MDP-negative HCT 116 and hemato-
poietic progenitor cells was further confirmed by direct
measurement of the prodrug and DMDC levels by
LC–MS (Fig. 7). In the MDP-negative cell line and
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Figure 8. The results of level of DMDC by crude enzyme extracts from mouse and monkey tissues.


Y. Kohchi et al. / Bioorg. Med. Chem. Lett. 17 (2007) 2241–2245 2245

hematopoietic progenitor cells, compound 23 was quite
stable. Thus, in vitro proof-of-concept of the tumor-ac-
tivated prodrugs was achieved.


The tumor selective conversion of compound 23
(50 lM) to DMDC was further examined with extracts
of COLO 205 human colon cancer xenograft that ex-
pressed MDP and was compared with extracts of vari-
ous normal tissues from mice and monkeys (Fig. 8).
Compound 23 was efficiently converted to DMDC in
COLO 205, whereas its conversion was very low in other
normal tissues from mice. On the other hand, among the
monkey tissues examined, the level of DMDC was much
higher in kidney than, and nearly equal in jejunum and
ileum to, that in COLO 205.


Species difference in tissue distribution of MDP is of con-
cern for development of oral compound 23 for human.
Further investigation is required to identify prodrugs
with less species difference in enzymatic activation.


In conclusion, this study demonstrates the gene expres-
sion profiling of tumor and normal tissues including
hematopoietic progenitor cells by DNA microarray is
an effective approach in identifying enzymes for the
design of tumor-activated prodrugs of cytotoxic agents.
We designed compound 23 which was selectively con-
verted to an active drug, DMDC, by MDP-positive
tumor tissues. The desired tumor selective conversion
was clearly demonstrated in vitro from the cytotoxicity
assays (tumor cells with high vs low MDP), cell free
enzyme assays, and tissue conversion assays (tumor

vs normal tissue including hematopoietic progenitor
cells) performed. A general concern with the prodrug
approach is species difference in prodrug activation since
the absolute enzyme levels in all human tissues are
unknown. In the case of compound 23, some species
difference was observed between mice and monkeys.
Further investigation is needed to assure product safety
and efficacy for clinical development of this type of
prodrug.
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Abstract—Exploiting the SAR of the known pyrrole derivatives, a new class of mGluR1 antagonists was designed by replacement of
the pyrrole core with an indole scaffold and consequent cyclization of the C-2 position into a tricyclic b-carboline template. The
appropriate exploration of the position C-6 with a combination of H-bond acceptor groups coupled with bulky/lipophilic moieties
led to the discovery of a new series of mGluR1 antagonists. These compounds exhibited a non-competitive behavior, excellent phar-
macokinetic properties, and good in vivo activity in animal models of acute and chronic pain, after oral administration.
� 2007 Elsevier Ltd. All rights reserved.
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Glutamate is the major excitatory neurotransmitter
present in the mammalian brain and spinal cord. Its
action mediates several key brain functions, including
cognition and memory.1 In addition, glutamate has been
hypothesized to play a critical role in the pathophysiol-
ogy of a variety of neurological and psychiatric diseases
such as: acute stroke, traumatic brain injury, neuropath-
ic pain, Huntington’s disease, schizophrenia, depression,
dependence, and addiction.2 Two different families of
glutamate receptors have been identified, namely iono-
tropic glutamate receptors3,4 (NMDA, AMPA, and
kainate) and metabotropic receptors5,6 (mGluRs).
Ionotropic receptors are ligand-gated cation channels
responsible for fast excitatory neurotransmission and
neuronal plasticity. Metabotropic receptors belong to
the family of 7 TM class C G-protein coupled receptors
(GPCRs) and control both glutamate release and post-
synaptic excitability.


These receptors are characterized by the presence of a
large amino-terminal domain containing a bilobal-struc-
tured Venus fly trap.7 Recent molecular modeling stud-
ies, as well as receptor models based on crystallographic
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data, shed new light on the mechanism of interaction of
these receptors with both agonists and antagonists.8,9


To date, eight different mGluR subtypes have been iden-
tified, named mGluR1–8. They can be subdivided into
three groups based on their similarity sequence, pharma-
cology, and transduction mechanisms, namely group I
(mGluR1 and mGluR5), group II (mGluR2 and
mGluR3), and group III (mGluR4, mGluR6, mGluR7,
and mGluR8). Our interest in this area was mainly
devoted to the discovery of antagonists of the mGluR1
receptor subtype.10 Pyrrole derivatives 1–4 (Fig. 1) have
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Figure 1. Series of pyrrole mGluR1 antagonists previously described.
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Figure 2. Proposed evolution of the pyrrole scaffold.


Table 1. Potency results on mGluR1 receptor


N


N


O


H


H
O


N
R


R
N


N


O


N


H


H
R


R


O


1


2


1


2


6-12 13-14


Entry R1 R2 IC50
a (nM)


1 — — 16


6 (CH3)3CHCH3 H nab


7 (CH3)3CHCH3 CH3 120


8 1-Adamantyl H 71


9 2-Adamantyl H 93


10 Bicycle(2.2.1)hept-2-ylc H 226


11 CH2-1-adamantyl H 312


12 C6H5 H 1040


13 1-Adamantyl H 71


14 NH-1-adamantyl H 4660


a Values are means of three experiments.
b na, activity > 10 lM.
c compound obtained as a mixture of endo/exo isomers.


Table 2. Potency results on mGluR1 receptor


N


N


O


H


HO
R


R'


Entry R R0 IC50
a (nM)


15 H H na


16 CH3 H na


17 (CH3)3CHCH3 H 239


18 C6H5 H 4070


19 CH2C6H5 H 104


20 CH2C6H11 H 5560


21 CH(CH3)C6H5
b H 380


22 CH2C6H5 CH3 167


23 — 2850


24 — 3980


25 — 1670


26 — na


27 — na


28 — na


29 — 683


30 — — 1020


a Values are means of three experiments; na, activity > 10 lM.
b Racemate.
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been discovered11–16 as potent and selective compounds,
active in different in vivo animal models of acute and
chronic pain.17


As part of a broad chemical strategy aimed toward the
discovery of new classes of orally bioavailable mGluR1
receptor antagonists, an attempt to modify the pyrrole
scaffold was performed removing simultaneously the
flexible/lipophilic side chain present in the top region
of the pyrrole molecules. To this end, b-carboline deriv-
atives of type A, shown in Figure 2, were designed as a
potential structural evolution of the pyrrole compounds.
In particular, this scaffold, as depicted in Figure 2,
resulted from the replacement of the pyrrole nucleus
by the corresponding indole, along with the cyclization
of the C-2 amido moiety and the C-3 methyl group.
Then, once identified the core template, we managed
to maximize the in vitro activity varying the nature of
the R group present at the position C-6. From the pre-
vious SAR elements gathered on the pyrrole series, it
was known that the north-western region of these new
molecules could have been highly sensitive to the effect
of the substituents. In particular, in the pyrrole deriva-
tives, the combination of a H-bond acceptor and
bulky/lipophilic groups was essential to maximize their
in vitro potency.


To explore this hypothesis two appropriate series of
amides and a series of ether derivatives shown in Tables
1 and 2, respectively, were studied, targeting specifically
the substitution at the position C-6.


As far as the synthesis of amides 6–12 reported in Table 1
is concerned, they have been obtained in good yield as
depicted in Scheme 1, from the known 6-carboxyethyl
b-carboline intermediate 5a18 by sequential hydrolysis
of the ethyl ester, activation of the carboxyl group as
the pentafluorophenylester, and amidation reaction in
good to excellent yield (41–100%) with either primary
or secondary amines. Compounds 13 and 14 were
prepared from the nitro derivative 5b19,20 in two steps,
by reduction of the nitro group to the corresponding
amine (CuCl, KBH4, CH3OH)21 in 61% yield, followed
by an amidation reaction with 1-adamantyl acyl
chloride or formation of the corresponding urea in the
presence of the 1-adamantyl isocyanate, respectively.


These compounds were characterized in terms of in vitro
affinity on rat mGluR1a CHO cells, measuring intracel-
lular [Ca2+]i mobilization by a fluorescent imaging plate

reader (FLIPR).22 From the results summarized in
Table 1 (entries 6–12), it was evident that the 1,2,2-tri-
methylpropyl derivatives (entries 6 and 7) were signifi-
cantly less active than the corresponding pyrrole
analogues,11 suggesting a different SAR operating in this
new series. In this case, only the tertiary amide 7 gave
encouraging in vitro activity (IC50 = 120 nM), whereas
compound 6 was found to be inactive (IC50 > 1 lM).


The 1-adamantyl 8 and the 2-adamantyl 9 derivatives
were the most potent compounds identified (IC50 =
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71 nM and 93 nM, respectively), confirming the need for
the presence, similar to pyrroles, of a lipophilic/bulky
substituent in the north-eastern region of the molecule
to maximize the in vitro activity.11 Notably, these com-
pounds displayed the same non-competitive antagonism
behavior already observed for the pyrrole derivatives.11


The introduction of a methylene spacer (entry 11) result-
ed in a significant drop in potency (IC50 = 312 nM) with
respect to compound 8. The presence of an aromatic
substituent was less tolerated; the phenylamide deriva-
tive 12 was found in fact to be significantly less active
(IC50 = 1040 nM) than the corresponding adamantyl
analogues. Finally, the inverse adamantyl amide 13
exhibited the same in vitro potency as compound 8
(IC50 = 71 nM), whilst the corresponding urea derivative
14 was less active, probably due to the presence of an
additional H-bond donor, a polar moiety not tolerated
in this region of the molecule.


To enlarge the scope of this exploration, maintaining the
presence of H-bond acceptor group, a series of C-6 substi-
tuted ether derivatives was prepared. To this end, com-
pounds 15–22, reported in Table 2, were synthesized.


In particular, 16, 17, 18, 19, 21, and 22 were obtained in
good yield following the classical synthetic approach for
the preparation of substituted b-carboline compounds,19


whereas analogue 20 was prepared, as shown in Scheme 2,
by direct alkylation of the phenol derivative 15, easily
obtained by debenzylation reaction of compound 19.


As expected, this alkylation reaction occurred in low
yield, due to the intrinsic difficulty in controlling the par-
allel alkylation of the indole moiety.

N
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HPhCH2O
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   20


19 15


Scheme 2. Reagents and conditions: (a) HCO2NH4, Pd/C 5%, MeOH,


reflux, 1 h; (b) RX, K2CO3, CH3CN, 80 �C, 24 h.

Compounds 15–22 were then evaluated in the in vitro
assays. As shown in Table 2, both the unsubstituted
phenol derivative 15 and the methoxy derivative 16
were found inactive, further reinforcing the hypothesis
regarding the need for the presence of a lipophilic/
bulky group in this region of the molecule. Conversely,
the corresponding 1,2,2-trimethylpropyl ether 17 gave
a positive sign of activity (IC50 = 239 nM), whereas
the introduction of an aromatic ring directly linked
to the oxygen atom led to a poorly active molecule
(entry 18, IC50 = 4070 nM). Notably, the benzyl deriv-
ative 19 exhibited the best in vitro potency
(IC50 = 104 nM) as far as this subclass of ether com-
pounds is concerned.


The replacement of the phenyl ring by the correspond-
ing cyclohexyl group caused a significant reduction of
the in vitro affinity (entries 20 and 19: IC50 = 5560 nM
and 104 nM, respectively). Moreover, the introduction
of a methyl group at the benzylic position (entry 21)
gave an activity 3–4 times lower than the compound
19 (IC50 = 380 nM and 104 nM, respectively). Finally,
the introduction of a methyl at the position C-7 can be
considered almost neutral as far as the in vitro activity
is concerned. (entries 22 and 19: IC50 = 167 nM and
104 nM, respectively).


Following these interesting findings, a wider synthetic
program was undertaken to explore in more detail the
SAR associated to the b-carboline scaffold. To this
end, the series of modified analogues 23–30, shown in
Figure 3, were synthesized. As depicted in Scheme 3,
compound 25 was smoothly prepared from derivative
19 by reduction with Mg in methanol at reflux for
1 h.23 The amino analogues 26 and 27 were obtained
as a 1:1 mixture by simple reduction of compound 19
with BH3ÆTHF, followed by smooth separation by flash
chromatography (AcOEt/CH3OH/NH4OH 80:19:1).
The five-membered ring derivative 29 was synthesized
in three steps, in good total yield, from the known alde-
hyde derivative 31,24 by sequential reductive amination,
hydrolysis of the ethyl ester, and final cyclization reac-
tion. Compound 30 was synthesized as previously
reported.24


As shown in Table 2, a significant reduction in
potency was observed for both the C-5 and C-7
benzyloxy derivatives 23 and 24 with respect to C-6
analogue 19. In addition, both the amino derivative
25 and 26 were inactive. The five-membered ring 29
and compound 30 exhibited reduced in vitro potency
compared to compound 19 (IC50 = 683 nM and
1020 nM, respectively vs 104 nM). Finally, com-
pounds 26, 27 and 28 were found to be inactive
(IC50 > 10 lM).


In summary, from the exploration performed, it seems
that the following pharmacophoric features should be
present to maximize the in vitro potency of this class
of mGluR1 antagonists:25


(a) a N-unsubstituted d-lactam moiety acting as
H-bond acceptor and/or donor;
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Figure 3. Structural modifications of the b-carboline core.
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(b) a H-bond acceptor group (ether or amide moiety)
at the position C-6;


(c) an appropriate bulky/lipophilic group in the north-
eastern region of the molecule.


Based on these results, the most potent compounds26


identified 8, 13, and 19 were characterized in terms of
in vivo pharmacokinetic in rats. As shown in Table 3,
compound 8 showed encouraging signals of oral bio-
availability (F = 12%). Conversely, 13 exhibited a poor
in vivo pharmacokinetics profile despite the comparable
Clp (52 ml/min/kg and 54 ml/min/kg for compounds 13
and 8, respectively), accounting for a solubility-limited
absorption process. As far as compound 19 is con-
cerned, the oral bioavailability was variable and highly
dependent on the oral dose used.27 Conversely, the

Table 3. Comparison of the PK profiles


Compound 8 13 19 22


F% 12 — 9 36


Cmax
a 37 — 145 264


a Maximum concentration in plasma after oral administration (ng/ml).

substituted analogue 22, a compound specifically
synthesized to shield the metabolically labile benzyl
position,28 exhibited a considerable improvement of
the pharmacokinetic profile both in terms of oral bio-
availability (F = 36%) and maximum exposure in plasma
(Cmax = 264 ng/ml).


Compound 22 also showed an excellent level of brain
penetration (B/P = 6.1), assessed 1 h after dosing at
3 mg/kg iv.


According to these results, compound 22 was charac-
terized in vivo in the formalin test in mice, a model of
sustained inflammatory pain.29 As shown in Figure 4,
when 22 was given po at 10 mg/kg and 30 mg/kg,
30 min before the injection of formalin into the left
hind paw, a significant reduction30 of the nociceptive
behavior was observed only in the LP of the study.
Conversely, at a dose 30 mg/kg of 22, a significant
suppression30 of the nociception in both the EP and
LP was observed,31,32 further confirming the broad
spectrum analgesic potential associated with the
mGluR1 antagonists.33
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Therefore, despite the limited in vitro potency, compound
22 showed good in vivo activity, due to the combination of
the good oral bioavailability, excellent brain penetration,
and relatively high fraction unbound in plasma.34


In conclusion, C-6 substituted b-carboline derivatives
were identified as new mGluR1 antagonists. These com-
pounds were rationally designed based on the known
pharmacophore model available for the pyrrole deriva-
tives previously explored in house. In particular, the
appropriate exploration of the C-6 position of this class
of b-carboline derivatives enabled the design of com-
pounds exhibiting good in vitro potency and similar
non-competitive antagonism behavior as the pyrrole
derivatives. Among the different compounds prepared,
the benzyloxy derivative 22 was identified as the most
balanced compound in terms of in vitro activity and
pharmacokinetic properties. According to these positive
characteristics the compound was tested in vivo and a
good analgesic activity both in the EP and LP of the for-
malin test in mice was observed, further confirming the
therapeutic potential of the mGluR1 antagonists in
acute and chronic pain.
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maximizing the in vitro potency of this subclass of
b-carboline derivatives. To prove this hypothesis, a limited
series of C-6 carbon linked derivatives (aryl heterocycle,
hetero–aryl, alkyl–aryl, alkenyl–aryl, and alkynil–aryl
derivatives) was prepared by cross-coupling reaction
starting from the 6-Br and/or 6-OTf b-carboline deriva-
tives (R. Di Fabio and R. Giovannini, unpublished
results). These compounds showed a significant drop of
the in vitro potency versus compound 19. The only one
exhibiting residual sign of activity was the (E)-2-(4-
fluorophenyl)ethenyl derivative (IC50 = 549 nM), in which
the double bound is able to mimic somehow the electron
content of the ether moiety. Final results of this explora-
tion will be reported in due course.


26. Compound 8: 1H NMR (300 MHz): DMSO d 11.77 (s,
1H); 8.10 (s, 1H); 7.66–7.46 (m, 3H); 7.34 (d, 1H); 3.51 (m,
2H); 2.94 (t, 2H); 2.08–2.05 (m, 9H); 1.65 (m, 6H).Com-
pound 13: 1H NMR (300 MHz): DMSO d 11.47 (s, 1H);
8.99 (s, 1H); 7.86 (d, 1H); 7.50 (s, 1H); 7.36 (dd, 1H); 7.26
(d, 1H); 3.48 (td, 2H); 2.85 (t, 2H); 2.0 (s, 3H); 1.90 (s, 6H);
1.69 (s, 6H).Compound 19: 1H NMR (300 MHz): DMSO
d 11.41 (s, 1H); 7.49 (s, 1H); 7.46 (d, 1H); 7.38 (t, 2H); 7.31
(t, 1H); 7.27 (d, 1H); 7.16 (d, 1H); 6.93 (dd, 1H); 5.09 (s,
2H); 3.48 (m, 2H); 2.86 (t, 2H).Compound 22: 1H-NMR
(300 MHz): DMSO d 11.29 (s, 1H); 7.48 (d, 2H); 7.39 (m,
3H); 7.31 (t, 1H); 7.16–7.11 (ds, 2H); 5.10 (s, 2H); 3.46 (m,
2H); 2.85 (t, 2H); 2.28 (s, 3H).


27. The oral bioavilability was 0% to 9% at 1 mg/kg po and
5 mg/kg po, respectively. At the latter dose an encouraging
concentration of compound in plasma was observed
(Cmax = 145 ng/ml). This result was explained in terms of
progressive saturation of the first-pass metabolism at the
higher dose.


28. As expected, the oxidation of the benzyl position was
the main route of metabolism of this subclass of
compounds. Compound 33 was in fact the most
abundant metabolite excreted in urine in the 0–4 h
interval after oral dosing, roughly accounting for the
40% of the amount of parent compound 22
administered.
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administration of the compound at 10 mg/kg dose. The
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confirming that the animals were successfully exposed to
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Abstract—Novel tertiary amine N-oxides of naphthalimides were designed and synthesized as potential anticancer agents against
hypoxic solid tumors. Although their ctDNA-binding affinities and cytotoxic activities against usual tumor cell lines were lower than
those of corresponding amines, the N-oxides A1 and A4 showed hypoxia preference activities against A375 cells in vitro and might
be used as interesting candidates of prodrug leads in hypoxic tumor cells.
� 2007 Elsevier Ltd. All rights reserved.

The majority of clinically used anticancer drugs general-
ly killed large numbers of tumor cells with constant pro-
portion kinetics primarily by attacking their DNA at
some level (synthesis, replication or processing).1 How-
ever, these drugs were not truly selective for cancer cells.
On one hand, normal cells such as those in the bone
marrow and gut epithelia which divided rapidly were
damaged;2 on the other hand, in the treatment of solid
tumors, where the majority of cells did not divide rapid-
ly, their therapeutic efficacy was limited. It was, there-
fore, imperative that innovative approaches were
employed to reduce the toxicity and improve the thera-
peutic index of the anticancer agents.


To fulfill this need, one strategy was the development of
tumor-activated prodrugs (TAP), which were relatively
non-toxic and can be selectively activated in tumor tis-
sue.3 We knew that, hypoxia was the common and un-
ique property of cells in solid tumors,4 which was an
important potential mechanism for the tumor-specific
activation of prodrugs, consequently hypoxia-dependent
cytotoxicity arose such as Tirapazamine (TPZ), AQ4N,
NLCQ-1, SN 23862,5 and so on (see Fig. 1). Among
them, TPZ discovered by Brown and Lee almost 20
years ago had been carried onto phase II clinical trials,
and AQ4N also exhibited high selectivity against solid
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tumors, which encouraged us to develop novel prodrug
leads for hypoxic tumor.


Naphthalimides with side chains as antitumor agents had
been first discovered by Brana and co-workers.6 Two fa-
mous compounds known as Amonafide and Mitonafide
had been selected for phase II clinical trials, which inhib-
ited the activity of topoisomerase through binding with
DNA. Unfortunately, Mitonafide had inappropriate cen-
tral nervous system (CNS) toxicity and Amonafide had
myelosuppression, vomiting, and erythra side effects,7


which hampered further studies. Therefore, in an attempt
to find new agents with therapeutically advantageous pro-
files, we initiated a program to prepare novel tumor-acti-
vated prodrugs derived from naphthalimides such as
Amonafide and Mitonafide (see Fig. 2).


The cationic tertiary amine side chains on these agents
played an important role on electrostatic binding affinity
with DNA, which also ensured good uptake into cells,
then interfered with the topoisomerase function to
inhibit the tumors.8 In order to lower the toxicity and
improve extravascular drug transport properties, the
oxidized tertiary amine was introduced into the naph-
thalimide backbone to form a prodrug lead9 instead of
original amino side chain. When the compounds were
induced into hypoxic cells, the tertiary amine N-oxides
could be bioreduced to the corresponding tertiary amine
and showed the high bioactivity of the amine. Of course,
this process could be inhibited by oxygen.10 Herein we
designed, synthesized, and evaluated a series of novel
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Figure 2. Novel compounds designed as potential hypoxia-selective antitumor agents (A1–A5) and some reported antitumor agents (B1–B5).
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potential anticancer agents as prodrug leads against
hypoxic solid tumor shown in Figure 2.


The compounds (A1–A5) were synthesized from
4-bromonaphthalic anhydride shown in Figure 3 (with
compound A5 as an example). 4-Bromonaphthalic
anhydride and o-nitrophenol were dissolved in DMF
and stirred for 1 h under reflux with NaOH and Cu as
catalysts to give a yellow solid 1. The solid 1 was treated
with Fe powder in glacial acetic acid and refluxed for 1 h
to afford khaki solid 2. Then 2 was added into the
hydrochloric acid and sodium nitrite at 0–5 �C for 1 h,
followed by the addition of CuSO4 solution, and re-
fluxed for 0.5 h to give a yellow solid Benzo (k, l) xan-
thene-3,4-dicarboxylic anhydride 3, which was mixed
with N,N-dimethyl ethylenediamine in ethanol and re-
fluxed for 3 h to give the intermediate product 4. The
important intermediates B1–B4 were synthesized
according to the reported methods.11 Finally, the NO
group was introduced by oxidation with H2O2 (30%)
in CH2Cl2 or methanol under reflux for 1–3 h, and
removal of the solvent gave the desired compounds
A1–A5 in high yields (Fig. 4). All of the structures were
confirmed by IR, 1H NMR, and HR-ESI.12 A strong N–
O stretching vibration appeared in the range of 2349–
2338 cm�1 in their infrared spectra, which was charac-
teristic of the N-oxides.


The UV–vis and fluorescence data of A1–A5, B1–B5
were listed in Table 1. It was found that the quantum
yields of the N-oxides were 0.13 and 0.123–0.99 (U),

and the corresponding amines were 0.0046, 0.03–0.52
(U), which indicated that the fluorescence intensities
have big changes between the N-oxides and their corre-
sponding amines.


The binding properties between the compounds and
ctDNA were evaluated (Fig. 5). The fluorescence data
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Figure 4. Synthesis of target compounds. Reagents and conditions: (a) H2O2 (30%), CH2Cl2, reflux 1 h; (b) H2O2 (30%), methanol, reflux 1–3 h.


Table 1. Spectral data of compounds A1–A5, B1–B5a,b,c,d


Compound UV kmax (log e) FL kmax (U)


A1 331 (4.04) 368 (<0.001)


A2 427 (3.47) 549 (0.13)


A3 379 (4.14) 461 (0.123)


A4 461 (4.40) 522 (0.99)


A5 449 (4.32) 473 (0.92)


B1 316 (3.93) 368 (<0.001)


B2 431 (3.71) 547 (0.0046)


B3 378 (4.00) 456 (0.03)


B4 460 (4.34) 510 (0.52)


B5 447 (4.53) 472 (0.19)


a In absolute ethanol.
b With quinine sulfate in sulfuric acid as quantum yield standard


(/ = 0.55).
c The fluorescence of the compounds with strong intensity was mea-


sured at low voltage.
d As the spectra change for A2 and B2 was sharp, the medium voltage


data of quinine sulfate were used for A2 and B2 to value their relative


quantum yield, and the low voltage data for the other compounds.
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were analyzed to give the binding constants of A4 and its
corresponding amine B4 at approximately 6.62 and
2.9 · 105 M�1, respectively.13 It was about 15-fold lower
for the N-oxide than that of the corresponding amine,
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20 mM tris–HCl (pH7.5) at room temperature with excitation at 460 nm.

which might be caused by the disappearance of proton-
ated amine for electrostatic binding with DNA. It im-
plied that weaker ctDNA binding probably endowed
the N-oxides with lower toxicity and extravascular drug
transport properties.9


The N-oxides and their corresponding amines were ini-
tially screened for their cytotoxicities in vitro against usu-
al A549 and P388 cell lines, respectively, as shown in
Table 2. It was found that for oxic cell lines, the bioactiv-
ities of A2, A3, A4, and A5 were decreased by about 5-,
36-, 44-, 675-fold against A549, respectively, compared
to the corresponding amines B2, B3, B4, B5, and A3,
A4, A5 decreased by about 11-, 8-, 165-fold against
P388, respectively. Especially, the cytotoxicity of A2
against P388 could not be evaluated. The results proved
that the N-oxides might be used as potential prodrugs.


The antiproliferative activities for the compounds
A1–A5, B1–B5 were then measured in vitro against
A375 and V79 solid tumors which were maintained as
exponentially growing suspension cultures in Eagle’s
minimal essential medium with Earle’s salts, modified
for suspension cultures with 7.5% fetal calf serum. The
compounds were added to cell suspensions at indicated
concentrations. Then the suspensions were incubated
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Table 3. Cytotoxicity of A1–A5 and B1–B5 against cell lines A375 and


V79a,b in hypoxic–oxic cell cultures


Compound A375 V79


IC50 (lM) HCR IC50 (lM) HCR


O2 N2 O2/N2 O2 N2 O2/N2


A1 168 90 1.9 313 184 1.7


A2 310 253 1.2 184 286 0.64


A3 30.1 19.3 1.6 15 76.8 0.19


A4 29 11.9 2.4 21 85 0.25


A5 13.3 12.3 1.1 17.8 12.1 1.47


B1 5.3 NR NR 41.6 NR NR


B2 14.7 NR NR 70.3 NR NR


B3 18.4 NR NR 62.7 NR NR


B4 2 NR NR 14 NR NR


B5 >200 NR NR 4.1 NR NR


a The most effective compounds, in terms of both hypoxic potency and


hypoxia selectivity in vitro as established by hypoxic:oxic cytotoxicity


ratio commonly referred to as hypoxic cytotoxicity ratio (HCR).15


b IC50 value was determined using an exposure time of 24 h.


Table 4. The changes of the fluorescent intensitya ,b


A1 A2 A3 A4 A5


(Fhy-Fox)/Fox in cell cultures (%) 17.7 9.0 3.4 5.0 8.0


(FB–FA)/FA in water (%) 53.0 33.0 40.0 14.4 24.0


a Fox and Fhy indicate the fluorescent intensity of the N-oxides


(10�4 M) in oxic and hypoxic A375 cell cultures.
b FA and FB indicate the fluorescent intensity of the N-oxides and their


corresponding pure amines (10�4 M) in water (1% DMSO, V/V).


Table 2. Cytotoxicity of A1–A5, B1–B5 against cell lines A549 and


p388


Compound Cytotoxicity (IC50, lM)


A549a P388b


A1 3.31 31.6


A2 5.62 >1000


A3 0.251 2.88


A4 6.3 12.6


A5 26.9 34.7


B1 NR NR


B2 1.1 0.2


B3 0.007 0.263


B4 0.144 1.583


B5 0.0398 0.21


NR, not reported.
a Cytotoxicity (CTX) against human lung cancer cell (A549) was


measured by sulforhodamine B dye-staining method.6.
b CTX against murine leukemia cells (P388) was measured by micro-


culture tetrazolium–formazan method.7
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in special gases (air + 5% CO2, nitrogen + 5% CO2) at
37 �C, following 24 h continuous drugs, exposure.14


The concentration required for 50% cell growth inhibi-
tion (IC50) was determined by the MTT colorimetric
assay and the hypoxia selectivity for the prodrugs as
antitumor agents was evaluated as shown in Table 3.


Compared with the corresponding naphthalimides, the
N-oxides showed less cytotoxicity in oxic A375 cell cul-
tures and more cytotoxicity in hypoxic cultures (Table
3). The results implied that the N–O group in hypoxic
cell cultures could be bioreduced to the corresponding
amine and led to the localization of bioreductive metab-
olites (active cytotoxins) in hypoxic cells and should fur-
ther interfere with topoisomerase function.8 The
hypoxic cytotoxicity ratios (HCR) for A1–A5 were 1.9,
1.2, 1.6, 2.4, and 1.1-fold, respectively. However, the
HCR was very low, which might be caused by their
insufficient bioreduction revealed by the fluorescence
changes. On the other hand, the prodrugs did not show
hypoxia selectivity against V79 cells except for A1 and
A5 with HCR of 1.7 and 1.47, respectively, which indi-
cated that this series of N-oxides showed hypoxia-selec-
tive antitumor activity for A375 solid tumor cells, but
not for V79.


In order to illustrate the bioreduction efficiency, the
fluorescent intensities of N-oxides in hypoxic and oxic
A375 cell cultures in indicated concentrations were mea-
sured using fluorescence scan ascent. The fluorescent
intensities of the N-oxides and their corresponding
amines in water were measured as well. The relative
changes of the fluorescent intensity to the N-oxides are
listed in Table 4.


Table 4 shows that the intensities of the N-oxides in hyp-
oxic cell cultures increased by 17.7%, 9.0%, 3.4%, 5.0%,
and 8.0%, respectively, compared with those in oxic cell,
in which the N-oxides could not be bioreduced; however,
the fluorescent intensities of the pure amines increased by
53.0%, 33.0%, 40.0%, 14.4%, and 24.0% in water, respec-

tively, which indicated that bioreductive efficiency of the
N-oxides to naphthalimides was low in cell, and probably
resulted in lower activity against hypoxia antitumor.
Meanwhile, although the aqueous solubility of the com-
pounds was improved by introducing the NO group, the
activity of the N-oxide naphthalimides in the hypoxia cell
cultures was still limited by the solubility, in comparison
with the case of the corresponding amine. Considering
the complexity of the interaction between the drugs and
the solid tumor cells, the reasons for low bioreductive effi-
ciency were being further studied. But, this approach at
least showed the N-oxide strategy was useful for hypoxic
tumor cells, which could have more bioactivities than that
for oxic tumor cells.


In summary, we described the synthesis, DNA-binding
affinities, and hypoxic evaluation of the novel aliphatic
N-oxide of naphthalimides. All of the N-oxides
showed more potential against hypoxic A375 cells,
which revealed that they could be used as potential
candidate of prodrug leads with hypoxic tumor
preference.
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Abstract—A new low-molecular weight dendrimer-like MRI contrast agent (Gd–D1) has been synthesized and characterized in vitro
by proton and oxygen-17 relaxometry. Its pharmacokinetic parameters and biodistribution patterns were evaluated on rats. Its in
vitro and in vivo properties, that is, the longitudinal relaxivity (defined as the increase of the water proton longitudinal relaxation
rate induced by one millimole per liter of Gd–D1) equal to 5.6 s�1 mM�1 at 20 MHz and 310 K, the elimination half-time equal to
85 min, and its low accumulation in liver and spleen, underline its potential as a blood-pool MRI contrast agent. �2000 Elsevier
Science Ltd. All rights reserved.
� 2007 Published by Elsevier Ltd.

Figure 1. Structure of Gd–D1.

Dendrimer-based MRI contrast agents are designed pri-
marily to enhance the blood-pool signal and the sites of
abnormal endothelial permeability.1 They are highly
branched polymers with molecular masses larger than
20,000 Da, which allow longer imaging windows with-
out multiple injections. An alternative approach has
been explored in the present work by grafting acetylglu-
cose units on Gd–DTPA (Gd–D1 complex, Fig. 1) as
described by Takahashi.2


The fact that there is no increase of the relaxivity mea-
sured at 20 MHz when temperature decreases from
45–4 �C clearly shows that the relaxivity is limited by
the water exchange over the whole range of tempera-
tures investigated (Fig. 2).


The water residence time in the first coordination sphere
of the complex was obtained from the analysis of the
temperature dependence of the transverse paramagnetic
relaxation rate of oxygen-17 in a solution containing

0960-894X/$ - see front matter � 2007 Published by Elsevier Ltd.


doi:10.1016/j.bmcl.2007.01.067


Keywords: Gd-complexes; MRI; Contrast agent.
* Corresponding author. Tel.: +32 65 37 35 20; fax: +32 65 37 35 20;


e-mail: Sophie.Laurent@umh.ac.be

18.55 mM of Gd–D1. The data are presented as the re-
duced transverse relaxation (fT R


2 g
�1 ¼ fT P


2g
�1�


55:55=½Gd–D1� where the transverse paramagnetic
relaxation rate —ðT P


2 Þ
�1


— is equal to the observed
transverse relaxation rate minus the diamagnetic contri-
bution) versus the reciprocal of the temperature and
were analyzed as previously described (Fig. 3).3,4 During
the theoretical adjustment, the following parameters
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Table 1. Parameters obtained from the theoretical adjustment of the


proton NMRD profile


Complexes sM (ns) sR(ps) sSO (ps) sV (ps) B (1020 s�2)


Gd–D1 889 ± 36b 161 ± 2 66 ± 1 20 ± 1 1.52


Gd–DTPA 143 ± 25a 54 ± 1.4a 87 ± 3a 25 ± 3a 0.92a


130c 44c 24c 1.1c


Gd–DTPA


–BMA


967 ± 36a 65 ± 2a 95 ± 3a 18 ± 3a 1.17a


1014c 47c 24c 0.98c


a From Ref. 5.
b Fixed to the value obtained by O-17 relaxometry.
c Calculated from data of Ref. 6.


Figure 4. NMRD profile of Gd–D1 complex (at 310 K). The curves of


Gd–DTPA and Gd–DTPA–BMA have been added for comparison.


Figure 3. Temperature dependence of the reduced transverse para-


magnetic relaxation rate of oxygen-17 of Gd–D1 solution (Bo = 7.5 T).


The fitted data of Gd–D1 (plain line) were obtained with the following


parameters: DH# = 30.8 ± 0.05 kJ/mol, DS# = �29.9 ± 0.17 J/mol K,


B = 2.39 ± 0.08·1020 s�2, s298
V ¼ 22:9� 0:8 ps, Ev = 17.5 ± 0.6 kJ/mol,


A/�h = �3.5·106 rad s�1, and q = 1. The curves of Gd–DTPA and Gd–


DTPA–BMA have been added for comparison.
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Figure 2. Temperature dependence of the proton relaxivity of the Gd–


D1 complex at 20 MHz. The curves of Gd–DTPA and Gd–DTPA–


BMA have been added for comparison.
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were determined: sV, the correlation time modulating
the electronic relaxation of Gd3+; Ev, the activation
energy related to sV; B, related to the mean-square of
the zero field splitting energy D (B = 2.4D2); and DH#


and DS#, respectively, the enthalpy and entropy of acti-
vation of the water exchange process. The number of
coordinated water molecules was set to one and A/�h,
the hyperfine coupling constant between the oxygen
nucleus of the bound water molecule and the Gd3+


ion, was set to �3.5·106 rad s�1. Water residence times
in the first coordination sphere of the complex equal
to 889 ± 36 ns at 310 K and 1497 ± 62 ns at 298 K were
obtained; for comparison, values of 143 ± 25 ns5 at
310 K and 331 ± 60 ns5 and 303 ns6 at 298 K were found
for Gd–DTPA. The larger water residence time of Gd–
D1 agrees with the limitation of the proton relaxivity

and with the data reported for bisamide derivatives like
the bis methyl amide Gd–DTPA–BMA for which sM


values of 967 ± 36 ns5 at 310 K and 2130 ± 80 ns5 and
2220 ns6 at 298 K were reported.


The proton NMRD profile of Gd–D1 (Fig. 4) was ac-
quired at 310 K. As compared to Gd–DTPA, the relax-
ivity at high field (10–60 MHz) is significantly higher,
that is, 5.6 s�1 mM�1 at 20 MHz and 5.7 s�1 mM�1 at
60 MHz. The fitting of the NMRD curve was performed
according to the classical innersphere and outersphere
theories.5,7–11 Some parameters were fixed during the fit-
ting procedure: q, the number of coordinated water mol-
ecules (q = 1); d, the distance of closest approach
(d = 0.36 nm); D, the relative diffusion constant (D =
2.93·10�9 m2/s);12 r, the distance between the Gd(III)
ion and the proton nuclei of water (r = 0.31 nm); and
s310


M , the water residence time, was set to the value deter-
mined by 17O NMR. Parameters obtained by the theo-
retical adjustment of the NMRD profile (Table 1)
show that the enhanced relaxivity of Gd–D1 results
mainly from an increase of sR related to the larger
molecular weight of the complex.


Plasma pharmacokinetics were assessed on male Wistar
rats anesthetized with 60 mg Nembutal/kg bw, ip. The
rats were tracheotomized, and the left carotid artery was
catheterized for blood collection. The Gd–D1 concentra-
tion in blood samples ([Gd–D1]blood) collected before and
at different times after injection was determined by relax-
ometry (½Gd–D1�blood ¼ RP


1=rGd–D1–blood
1 , where RP


1 is the
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longitudinal paramagnetic relaxation rate equal to the ob-
served longitudinal relaxation rate minus the diamagnetic
contribution of blood and rGd–D1–blood


1 is the relaxivity of
1 mmol/L of Gd–D1 measured in blood) at 37 �C and
60 MHz, and was converted to plasma concentration by
assuming a hematocrit value of 0.53 (blood volume:
58 mL/kg, plasma volume: 31 mL/kg).13 The Gd–D1 sta-
bility in blood and in blood plasma over time was con-
firmed by measuring r1 at various time points during
48 h (Dr1 in blood or blood plasma/r1 in water =
1.2 ± 0.02). The absence of any interaction with blood
plasma proteins was confirmed by measuring the r1 of
Gd–D1 (60 MHz, 37 �C) in 4% human serum albumin,
HSA ðrGd–D1–HSA


1 =rGd–D1–H2O
1 ¼ 1:05 � 0:01Þ and in rat


serum albumin, RSA ðrGd–D1–RSA
1 =rGd–D1–H2O


1 ¼ 1:06 �
0:002Þ. A two-compartment distribution model was used
to calculate the pharmacokinetic parameters such as the
distribution and elimination half-lives (Td1/2,Te1/2), the
steady state volume of distribution (VDss), and the total
clearance (Cltot). The pharmacokinetic parameters calcu-
lated from the percentages of the initial blood concentra-
tion C0 after a single bolus injection through the femoral
vein at a dose of 0.1 mmol/Kg bw (Fig. 5) reveal a pro-
longed blood residence of Gd–D1 as compared to Gd–
DTPA (Table 2). The VDss value (0.186 L/kg) reflects a
distribution in the interstitial space comparable to that
of Gd–DTPA (0.165 L/kg) (Table 2), although its Td1/2


is much longer (2.27 min for Gd–D1 and 0.7 min for
Gd–DTPA). The prolonged blood residence could possi-
bly be explained by the relatively large molecular weight
(2270.64 g); for comparison the dendrimers based on
1,4-diaminobutane core polypropyleneimine (PPI) gener-
ation 2 have a molecular weight of 7000 g and an excretion
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Figure 5. Plasma pharmacokinetic profile of Gd–D1 versus Gd–DTPA


in rats. The data are represented as percentages of C0. The solid line


represents the fit of data to a biexponential profile.


Table 2. The pharmacokinetic parameters of Gd–DTPA and of Gd–


D1 determined in Wistar rats


Pharmacokinetic parameters Gd–DTPA Gd–D1


Td1/2 (min) 0.70 ± 0.039 2.27 ± 0.65**


Te1/2 (min) 14.94 ± 1.25 85.04 ± 12.6*


Cltot (mL/kg/min) 8.66 ± 1.18 7.13 ± 0.74


VDss (L/kg) 0.165 ± 0.019 0.186 ± 0.007


*p < 0.01, **p < 0.05 versus Gd–DTPA.

half-life of 3 h.1 The transmetallation with biological li-
gands could contribute to the longer elimination half-life
as known for other bisamide compounds,14 but the eval-
uation of its transmetallation by zinc (II) ions indicated
a higher stability than those of Gd–DTPA and Gd–
DTPA–BMA.15,16 According to our previous observa-
tions on bisamide compounds,15 less extensive transmet-
allation occurs when the substituting groups are bulkier.
As shown above, the interaction with blood plasma pro-
teins is excluded as a possible mechanism of Te1/2


prolongation.17


The biodistribution was determined in rats, 2 h after a
single iv injection of 0.1 mmol Gd/kg bw. The organs
were weighted, dried overnight at 60 �C, and subse-
quently digested in acidic conditions by microwaves.
The gadolinium content was determined by inductively
coupled plasma-atomic emission spectroscopy. The bio-
distribution data (Fig. 6) show significantly higher con-
centrations of Gd–D1 chelate as compared to Gd–
DTPA in different organs, particularly in kidneys (24%
of ID/g), liver (0.36% of ID/g), heart (0.64% of ID/g),
and lungs (1.7% of ID/g). The in vivo transmetallation
or hydrolysis of Gd–D1 could contribute to the release
of Gd ions and their concentration in tissues known to
sequester free Gd (e.g., liver and bones), but this process
is expected to occur only at extreme pH values. The
interaction with glucose transporters13 or with asialogly-
coprotein receptors18 is not possible because the acety-
lated glucose units in Gd–D1 cannot be recognized
anymore by such cell membrane receptors. We presume
that the relatively high Gd concentration found in vari-
ous tissues may be related to blood contamination as a
result of the prolonged Te1/2. The high Gd concentration
found in kidneys 2 h after administration seems to be
related to the delayed blood clearance as compared to
Gd–DTPA. On the other hand, this result could suggest
that the Gd–D1 chelate has a renal elimination. Of
course, such a route of excretion can only be confirmed
by urine measurement of the Gd–D1 concentration, but
molecules with this molecular size and no functional
groups that allow their retention in kidney are known
to be freely excreted through the fenestrated capillaries
of the kidney.19


Large macromolecular contrast agents are useful for
magnetic resonance angiography (MRA), but their de-
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Figure 6. The biodistribution of Gd–D1 in Wistar rats 2 h after single


iv administration of 0.1 mmol Gd/kg. The results are represented as


averages ± SEM; the Student t test was calculated for Gd–D1 versus


Gd–DTPA: *p < 0.01, **p < 0.05.
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layed excretion and increased retention in liver, spleen,
and kidneys represent the major limitation for their clin-
ical use. The present small-molecular dendrimer-like
compound has advantages as a blood-pool contrast
agent not only from the relaxometric point of view (its
relaxivity is 68% larger than that of Gd–DTPA at
60 MHz and 310 K), but also from the biological one,
that is, convenient Te1/2 = 85 min and significantly lower
accumulation in liver and spleen as compared to other
dendrimer compounds.
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Abstract—ROCK has been implicated in many diseases ranging from glaucoma to spinal cord injury and is therefore an important
target for therapeutic intervention. In this study, we have designed a series of 1-(4-(1H-indazol-5-yl)piperazin-1-yl)-2-hydroxy(or 2-
amino) analogs and a series of 1-(4-(1H-indazol-5-yl amino)piperidin-1-yl)-2-hydroxy(or 2-amino) inhibitors of ROCK-II. SR-1459
has IC50 = 13 nM versus ROCK-II while the IC50s for SR-715 and SR-899 are 80 nM and 100 nM, respectively. Many of these
inhibitors, especially the 2-amino substituted analogs for both series, are modest/potent CYP3A4 inhibitors as well. However, a
few of these inhibitors (SR-715 and SR-899) show strong selectivity for ROCK-II over CYP3A4, but the overall potency of the
2-amino analogs (SR-1459) on CYP3A4 and the high clearance and volume of distribution of these compounds makes the in vivo
utility of these analogs undesirable.
� 2007 Elsevier Ltd. All rights reserved.

Rho kinase (ROCK) is a serine/threonine kinase from
the AGC kinase family and is activated by the GTP-
bound form of the small GTPase RhoA.1,2 Two iso-
forms of Rho-kinase have been described. Human
ROCK-I (also referred to as p160 ROCK or ROKb)3


and human ROCK-II (ROKa)4 are approximately
160-kDa proteins containing an N-terminal Ser/Thr
kinase domain, followed by a coiled-coil structure, a
pleckstrin homology domain, and a cysteine-rich region
at the C-terminus.3,4 The two isoforms share approxi-
mately 60% overall amino acid identity and approxi-
mately 90% identity within the N-terminal kinase
domain.4 Other closely related family members include
myotonic dystrophy kinase (DMPK) and myotonic dys-
trophy kinase-related CDC42-binding kinase (MRCK).5


Interestingly, human ROCK-I and ROCK-II are both
ubiquitously expressed in most tissues, with the excep-
tion of brain, in which ROCK-I has negligible expres-
sion.3 ROCK-II, on the other hand, is abundantly
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expressed in brain,4 suggesting the intriguing notion of
a brain-specific functional role for ROCK-II.


Fasudil, a ROCK inhibitor, has been shown to be clin-
ically safe and efficacious in a number of vascular disor-
ders such as stable angina,6,7 and acute ischemic stroke,8


and has been marketed as a treatment for cerebral vaso-
spasm9 in Japan since 1995. In addition to the clinical
applications, ROCK inhibition has been shown to be
efficacious in a number of preclinical models for a vari-
ety of diseases ranging from erectile dysfunction,10–12 to
glaucoma (intraocular pressure),13,14 to multiple sclero-
sis15 and spinal cord injury.16,17 Collectively, these data
suggest inhibition of ROCK may have many therapeutic
benefits.


Three primary structural classes have emerged as the
most well-studied ROCK inhibitor series. The isoquino-
line series is represented by fasudil (IC50 = 150–550 nM),
the clinically utilized compound,6–9 and H-1152P
(IC50 = 6–12 nM), also known as dimethyl-fasudil, the
most widely published upon potent inhibitor of this
class.18–20 The 4-aminopyridine series represented by
Y-27632 has a biochemical IC50 = 140–260 nM.19,21,22
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This compound is one of the most widely characterized
ROCK inhibitors and has shown efficacy in both erectile
dysfunction11 and spinal cord injury16 preclinical mod-
els. The indazole series5,23–25 contains perhaps the most
potent ROCK inhibitors, but is the least well character-
ized both in vitro and in vivo.


Given the paucity of biochemical and pharmacokinetic
data for indazole-based ROCK inhibitors, we tested
a series of 13 1-(4-(1H-indazol-5-yl)piperazin-1-yl)-2-
hydroxy(or 2-amino) analogs and a series of 10 1-(4-
(1H-indazol-5-yl amino)piperidin-1-yl)-2-hydroxy(or2-
amino) inhibitors of ROCK-II, and measured the IC50


for both ROCK-II and CYP3A4 inhibition. Moreover,
we tested the in vivo pharmacokinetic parameters in
rat for four of the most potent ROCK inhibitors. The
data showed that SR-715 and SR-899 had good oral
bioavailability, but the high clearance and high volume
of distribution made them poor leads for further
development.


Because there was only limited SAR information avail-
able for the 1-H-indazole series,23–25 we made two
libraries consisting of 37 analogs in the 1-(4-(1H-ind-
azol-5-yl)piperazin-1-yl)-2-hydroxy(or 2-amino) series
and 43 analogs in the 1-(4-(1H-indazol-5-yl amino)pip-
eridin-1-yl)-2-hydroxy(or 2-amino) series. Table 1
presents the IC50 values for inhibition of ROCK-II
and CYP3A4 for six 1-(4-(1H-indazol-5-yl)piperazin-1-
yl)-2-hydroxy analogs. All of the compounds had

Table 1. IC50 values for ROCK II and CYP3A4 inhibition for1-(4-(1H-inda


N
N
H


N


SR # R ROCK II inhibition IC50
a (lM)


SR-887


ClHO


1.2 ± 0.29


SR-889


HO
Cl 1.0 ± 0.36


SR-890


HO


Cl


0.19 ± 0.01


SR-895


OH
3.9 ± 1.9


SR-897


HO


0.80 ± 0.28


SR-899


HO


Br


0.10 ± 0.07


a Values are means of two or more experiments ± SD. ROCK-II was assaye

IC50 P 3.0 lM for CYP3A4. Two compounds in the
2-hydroxy series, SR-899 and SR-890, had IC50s for
ROCK-II of 100 nM, and 190 nM, respectively. Both
of these compounds had para-substituted halogens on
the phenyl group suggesting the importance of para sub-
stitution for increasing potency of ROCK inhibition but
not CYP3A4 inhibition. The importance of the para
substitution on the phenyl group for ROCK-II was
further highlighted by the decrease in potency for the
ortho-(SR-887) and meta-(SR-889) substituted analogs
(Table 1).


In contrast to the modest CYP3A4 inhibition observed
with the 2-hydroxy analogs, the 2-amino analogs were
much more potent CYP3A4 inhibitors (Table 2). Table
2 presents the IC50 values for inhibition of ROCK-II
and CYP3A4 for seven 1-(4-(1H-indazol-5-yl)pipera-
zin-1-yl)-2-amino analogs. SR-1362, the 2-amino analog
of SR-899, maintained its ROCK potency
(IC50 = 90 nM), but also showed a 10-fold increase in
potency versus CYP3A4 (IC50 = 410 nM). These data
suggest that the 2-amino substitution, especially when
directly linked to halo-phenyl (see SR-1351, SR-1353,
and SR-1362), confers much of the CYP3A4 specificity
in this series indicating the preference of 2-hydroxy sub-
stitution for ROCK inhibitors. Finally, the phenyl
substitution in both the 2-hydroxy and 2-amino analogs
increased potency of ROCK inhibition compared to
mere alkyl substitution (compare SR-897 vs SR-895; Ta-
ble 1, and SR-1349 vs SR-1360; Table 2).

zol-5-yl)piperazin-1-yl)-2-hydroxy analogs


N R


O


3A4 inhibition IC50
a (lM) Ratio (3A4/ ROCKII)


8.0 6.7


3.5 3.5


3.0 15.8


10.0 2.6


10.0 12.5


4.0 40


d with 10 lM S6-peptide, 10 lM ATP, and 4 nM ROCK-II.







Table 2. IC50 values for ROCK II and CYP3A4 inhibition for 1-(4-(1H-indazol-5-yl)piperazin-1-yl)-2-amino analogs


N
N
H


N


N R


O


SR # R ROCK II inhibition IC50
a (lM) 3A4 inhibition IC50


a (lM) Ratio (3A4/ROCKII)


SR-902
HN


5.3 ± 0.76 10.0 1.9


SR-1349


H2N


1.3 ± 0.3 0.47 0.36


SR-1351


H2N


Cl


0.19 ± 0.01 0.53 2.8


SR-1353


H2N


Cl 0.76 ± 0.06 0.25 0.33


SR-1357
H2N


0.38 ± 0.08 7.0 18.4


SR-1360
NH2


>10.0 10.0 <1.0


SR-1362


H2N


Br


0.09 ± 0.006 0.41 4.6


a Values are means of two or more experiments ± SD.
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A similar SAR was seen for the 1-(4-(1H-indazol-5-yl
amino)piperidin-1-yl)-2-hydroxy(or 2-amino) series.
Table 3 presents the IC50 values for inhibition of
ROCK-II and CYP3A4 for five 1-(4-(1H-indazol-5-yl
amino)piperidin-1-yl)-2-hydroxy analogs. All of the
compounds had IC50 P 1.0 lM for CYP3A4. Again,
the para-substituted bromo-phenyl analog (SR-715)
was the most potent ROCK-II inhibitor (IC50 = 80 nM)
and had the best selectivity over CYP3A4 (44-fold) (Ta-
ble 3). When the 2-amino para-bromo-phenyl analog
was synthesized (SR-1459), the potency of ROCK inhi-
bition was increased to 13 nM, but this came at a 7-fold
increase in the potency of CYP3A4 inhibition (Table 4).
While the overall selectivity of ROCK versus CYP3A4
was maintained in SR-1459 (38-fold) (Table 4), the
absolute potency vs CYP3A4 (490 nM) (Table 4) makes
this compound less than desirable for further develop-
ment unless further SAR can be developed that maintains
the ROCK potency while eliminating the CYP3A4 activity.


Table 5 shows the human microsomal stability and the
in vivo pharmacokinetic parameters measured in rats
after intravenous (iv) and oral (po) dosing for the four
most potent ROCK-II inhibitors tested. The human

microsomal stability for the four compounds ranged
from 9.8 min to 36.3 min, with SR-715 having the lon-
gest t1/2 at 36.3 min (Table 5). Two of the four com-
pounds (SR-715 and SR-899) showed good oral
bioavailability (F% between 20 and 30), while the two
amino analogs (SR-1459 and SR-1362) showed poorer
oral bioavailability (Table 5). The major in vivo liability
of these series is the fact that both the 1-(4-(1H-indazol-
5-yl)piperazin-1-yl)-2-hydroxy(or 2-amino) analogs and
the 1-(4-(1H-indazol-5-yl amino)piperidin-1-yl)-2-hy-
droxy(or 2-amino) inhibitors of ROCK-II have very
large volume of distribution (Vd) and extremely high
clearance (Table 5). Moreover, the t1/2 for all four com-
pounds is fairly low (although higher than expected
based on the high clearance) and can most likely be
attributed to the high Vd. Indeed, the t1/2 is likely attrib-
uted to the equilibria of exchange from the tissues of
distribution.


Table 6 presents the selectivity data versus other AGC-
kinase family members and the cell-based activity in
neurite retraction assays for the most potent com-
pounds from each structural class. All four compounds
(SR-715, SR-1459, SR-899, and SR-1362) show greater







Table 3. IC50 values for ROCK II and CYP3A4 inhibition for 1-(4-(1H-indazol-5-yl amino)piperidin-1-yl)-2-hydroxy analogs


N
N
H


H
N


N R


O


SR # R ROCK II inhibition IC50
a (lM) 3A4 inhibition IC50


a (lM) Ratio (3A4/ROCKII)


SR-705
OH


10.0 1.0 0.1


SR-706


OH


0.77 ± 0.006 1.0 1.3


SR-709


OH


Cl


1.7 ± 0.2 4.0 2.4


SR-710


OH


Cl 0.35 ± 0.002 2.0 5.7


R-715


OH


Br


0.08 ± 0.01 3.5 43.8


a Values are means of two or more experiments ± SD. Inhibition of 1 0-hydroxy midazolam formation from incubation of 5 lM midazolam was


measured by LC–MS/MS.


Table 4. IC50 values for ROCK II and CYP3A4 inhibition for 1-(4-(1H-indazol-5-yl amino)piperidin-1-yl)-2-amino analogs


N
N
H


H
N


N R


O


SR # R ROCK II inhibition IC50
a (lM) 3A4 inhibition IC50


a (lM) Ratio (3A4/ROCKII)


SR-1448
NH2


6.0 ± 2.2 >10.0 >1.7


SR-1450


NH2


0.83 ± 0.1 0.45 0.54


SR-1452
NH2


0.47 ± 0.07 1.0 2.1


SR-1457


NH2


Cl 0.15 ± 0.04 0.17 1.1


SR-1459


NH2


Br


0.013 ± 0.001 0.49 37.7


a Values are means of two or more experiments ± SD.
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Table 6. IC50 values for MRCK, PKA inhibition, and N2A neurite retraction


Compound MRCK inhibition


IC50
a (lM)


Ratio (MRCK/


ROCK II)


PKA inhibition


IC50
a (lM)


Ratio (PKA/


ROCK II)


N2A neurite


retraction inhibition


IC50
a (lM)


N
N
H


H
N


N


O Br


HO


SR-715


>20 >250 4.2 ± 0.6 53 3.5 ± 0.9


N
N
H


H
N


N


O Br


H2N


SR-1459


7.2 ± 3.9 554 0.94 ± 0.04 72 5.7 ± 2.9


N
HN


N N


O


HO


Br


SR-899


>20 >200 2.7 ± 0.6 27 2.4 ± 0.2


N
HN


N N


O


H2N


Br


SR-1362


>20 >222 0.45 ± 0.05 5 >15


For the PKA biochemical assay, kemptide was used at a final concentration of 30 lM together with 10 lM ATP and 0.25 nM PKA. MRCK biochemical


assay utilized 20 lM S6 peptide, 5 lM ATP, and 6 nM MRCK. All biochemical assays were run in 384-well format using a 10-point dose–response curve.


Residual ATP levels after kinase reaction were determined using an enzyme-coupled chemiluminescence readout technique. IC50 values were calculated


using a 4-parameter logistic. N2A neuroblastoma cells were serum-starved for 3 days to induce differentiation. Following compound addition (7 different


doses), neurite retraction was induced with 5 lM lysophosphatidic acid (LPA). Cells were fixed and stained with an antibody against a-tubulin. Images


were acquired on the InCell 1000 workstation and neurite length was quantitated using the developer toolbox software.
a Values are means of two or more experiments ± SD.


Table 5. Drug metabolism and pharmacokinetic parameters (Rat)


Compound Microsomal


stability,


t1/2 (min)


IV (1 mg/kg) PO (2 mg/kg)


t1/2 (h) Cl (ml/min/


kg)


Vd (L) AUC 1
(lM h)


AUC 1
(lM h)


Cmax


(lM)


Tmax


(h)


F%


N
N
H


H
N


N


O Br


HO


SR-715 


36.3 1.1 30.3 1.9 1.35 0.71 0.2 0.4 26


N
N
H


H
N


N


O Br


H2N


SR-1459


10.8 0.6 41.4 1.7 0.95 0.15 0.1 0.7 8


N
HN


N N


O


HO


Br


SR-899 


19.8 0.7 108.8 3.7 0.38 0.21 0.1 0.4 28


N
HN


N N


O


H2N


Br


SR-1362


9.8 0.6 75.5 2.7 0.54 0.09 0.4 0.4 8


2 mg/mL human liver microsomes were used in stability studies.


Y. Feng et al. / Bioorg. Med. Chem. Lett. 17 (2007) 2355–2360 2359







2360 Y. Feng et al. / Bioorg. Med. Chem. Lett. 17 (2007) 2355–2360

than 200-fold selectivity versus MRCK, the most
closely related kinase to ROCK-II (Table 6). Only
SR-1362 had minimal selectivity over protein kinase
A (PKA) (Table 6). The data suggest that the selectiv-
ity for ROCK-II displayed by SR-1459 over CYP3A4
(38-fold; Table 4) and PKA (72-fold; Table 6) com-
pared to the poor selectivity for ROCK-II displayed
by SR-1362 over CYP3A4 (4.6-fold; Table 2) and
PKA (fivefold; Table 6) can be attributed to the 5-in-
dazole amino group in SR-1459. When the 5-indazole
amino group is incorporated into the piperizinyl ring
as in SR-1362, the ROCK-II selectivity over CYP3A4
and PKA becomes less, especially when the a-amino
group is also present. Without having the crystal struc-
ture for CYP3A4 with bound SR-1362 it is difficult to
suggest why selectivity would decrease. It is interesting
to speculate however that if SR-1362 bound to PKA in
a similar fashion as does H-1152P, a ROCK inhibitor
whose structure has been determined for both PKA
and human ROCK-I,18,20 then the decrease in selectiv-
ity of SR-1362 may be attributed to potential hydrogen
bond or van der Waals interactions between the a-ami-
no group of SR-1362 with glutamate 127 in PKA given
the shortened distance necessitated by incorporating
the 5-indazole amino group into the piperizinyl ring
in SR-1362. Further SAR extending the distance be-
tween the indazole ring and the piperizinyl ring as well
as substitutions of the a-amino acid portion of SR-
1362 could be used to test this hypothesis. Synthesis
of more analogs and X-ray crystallography studies
should help elucidate the exact structural features in
both the enzyme and inhibitors that give rise to the
selectivity. In addition to suffering from poor selectiv-
ity over PKA and CYP3A4, SR-1362 does not appear
to have any activity in the N2A neurite retraction as-
say (Table 6) suggesting that the cell permeability of
the compound is poor. Coupled with the high clear-
ance and poor oral bioavailability, the poor cell per-
meability makes further advancement of this
compound challenging.


The 1H-indazole series of ROCK inhibitors is of great
interest because the biochemical potency on ROCK
for this series is 10–30-fold more potent than that
reported for fasudil and for Y-27632.19,21–25 Despite
the low nanomolar potency of this series, there have
been no SAR studies that have been expanded beyond
ROCK activity. To fill this void, and explore the poten-
tial in vivo utility of this series, we expanded the SAR
around both the 1-(4-(1H-indazol-5-yl)piperazin-1-yl)-
2-hydroxy(or 2-amino) analogs and the 1-(4-(1H-ind-
azol-5-yl amino)piperidin-1-yl)-2-hydroxy(or 2-amino)
inhibitors, and found that the 2-amino analogs were
modest/potent inhibitors of CYP3A4 and had large vol-
ume of distribution and high clearance (exceeding that
of hepatic blood flow in rat which is generally accepted
to be �60 ml/min/kg).26 Given the CYP3A4 inhibition
activity and the poor in vivo pharmacokinetic parame-
ters of this series it is unlikely that these compounds,
without extensive further modifications to improve upon
these properties, will be useful for pharmacological stud-
ies detailing the potential efficacy of ROCK in the many
indications cited above.
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Abstract—Inhibitors of PDE5 are useful therapeutic agents for treatment of erectile dysfunction. A series of novel xanthine deriv-
atives has been identified as potent inhibitors of PDE5, with good levels of selectivity against other PDE isoforms, including PDE6.
Studies in the dog indicate excellent oral bioavailability for compound 21.
� 2006 Elsevier Ltd. All rights reserved.
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2a, R = H (IBMX)

The cGMP metabolising enzyme phosphodiesterase 5
(PDE5) plays a pivotal role in regulating male erectile
function.1 Sexual stimulation results in release of NO
from the cavernosal nerve, activating guanylate cyclase,
which leads to an increase in intracellular cGMP levels.
Relaxation of smooth muscle is thus facilitated, leading
to increased blood influx into the corpus cavernosum
and hence penile erection. Inhibition of PDE5 is a clin-
ically proven concept for treatment of male erectile dys-
function (MED), with sildenafil 1 the first to market of
three currently approved PDE5 inhibitors.1,2


Notwithstanding the utility of 1, adverse effects such as
headaches, flushing and visual disturbance have been
noted in a small number of MED patients taking silde-
nafil,3 some of which could be associated with cross
reactivity on other PDE isoforms. Competitive inhibi-
tion of PDE6, which controls function of rod and cone
cells within the eye, may be responsible for some of the
ocular side effects observed.4 In this communication, we
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disclose the discovery of novel, xanthine-based PDE5
inhibitors which exhibit good levels of in vitro potency
and selectivity over other PDE isoforms, including
PDE6, as well as an acceptable in vivo pharmacokinetic
profile in the dog. 3-Isobutyl-1-methylxanthine (IBMX)
2a has been long known as a general, non-selective PDE

N NO


Cl


2b,  R =


2c, R = 
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Scheme 1. Parallel synthesis approach to xanthines. Reagents and


conditions: (i) acid, HATU or EDC; DIPEA, DMF, RT; (ii) NaOH,


MeOH, H2O, 60 �C.


able 1. PDE5 activity of 4 and derivatives 5-7


N


N N


N


O


O


R
1


N


O


O


R
2


R
3


Compound R1 R2 R3 hPDE5


4 Me H H 0.009


5 Me Me H 0.553


6 Me H Me 0.094


7 i-Bu H H 0.462


C50 values are reported in lM.
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inhibitor.5 Corbin6 described a series of 8-substituted
derivatives of IBMX such as 2b and 2c, which exhibited
low nM potency against PDE5 and modest selectivity
against PDE1. As no selectivity data against PDE6
had been reported, we were interested in re-evaluating
this class of compounds as a potential source of selective
PDE5 inhibitors.


We have communicated a parallel synthetic method to
construct a library of C-8-substituted xanthines, react-
ing the diaminouracil 3 with a range of aryl- and hetero-
arylacetic acids (Scheme 1),7 which were either
commercially available or privileged structures obtained
from the Novartis Compound Archive. We were grati-
fied to identify the 4-isoquinolylmethyl derivative 48


with an IC50 of 9 nM for inhibition of human platelet
PDE5. We then set about a systematic investigation of
the structure–activity and selectivity relationships
around the xanthine–isoquinoline moiety in 4.


Diaminouracils analogous to 3 were either known com-
pounds or prepared using similar methodology.9 Iso-
quinoline-4-acetic acids were prepared by the three
methods outlined in Scheme 2. Method A utilised the
procedure of Bobbitt,10 for compounds with an activat-
ing 7-alkoxy group, method B was used for direct func-

   


Scheme 2. Synthesis of isoquinoline-4-acetic acids. Method A. Reagents an


(R3 = H) or pyruvic (R3 = Me) acid, 6 N HCl, 100 �C. Method B reagents a


HCl, 100 �C; (iii) NaEt3BH, THF–toluene, RT; (iv) ethyl glyoxalate, RT; (v


tetramethylguanidine, 70 �C; (ii) SnCl2ÆH2O, EtOH, reflux; (iii) AcCl, Et3N


(v) LiOH, THF–H2O, RT.

tionalisation of isoquinolines lacking the 7-alkoxy
substituent, via formation of the 1,2-dihydroisoquino-
line, which was either isolated or reacted in situ.11 Meth-
od C employed a variant of the Bischler–Napieralski
procedure to assemble the 1-substituted isoquinoline
ring with the 4-acetate ester motif already installed.12


We established the initial structural requirements for
PDE5 activity13 (Table 1), with a small alkyl group at
N-1 of the xanthine being optimal (4 vs 7). Substitution
at N-7 in 5 resulted in a dramatic loss of activity, while
substitution of the methylene linker in 6 was also
detrimental.


We now probed the effect of variation of the xanthine
N-3 substituent on PDE5 activity, with selectivity profiling
on selected compounds against bovine retinal PDE6, hu-
man platelet PDE3 and bovine heart PDE1, as indicated
in Table 2. For comparison purposes, we also screened
the xanthine 2c reported by Corbin6 and were encour-
aged by the increased level of PDE6 selectivity exhibited
by 4. Within the series of N-3 alkyl substituents 8–10,

T


I


d conditions: (i) toluene, reflux; (ii) NaBH4, EtOH, RT; (iii) glyoxylic


nd conditions: (i) NaBH4, Ac2O–AcOH, 60 �C; (ii) glyoxylic acid, 6 N


) NaOH–H2O2, RT. Method C reagents and conditions: (i) CH3NO2,


, CH2Cl2, 0 �C; (iv) POCl3, MeCN, reflux; (v) Pd/C, decalin, reflux;







Table 2. PDE5 activity and isoform selectivity: effect of xanthine N-3


variation


N


N N


N
H


O


O


R N


O


O
4, 8-15


Compound R hPDE5 bPDE6 bPDE1 hPDE3


2c 0.025 0.065 — —


4 0.009 0.389 0.417 0.299


8 0.030 0.333 — —


9 0.020 0.823 1.32 1.64


10 0.028 1.13 — —


11 0.008 0.294 2.79 1.06


12 (racemic)


OH


0.006 0.363 0.670 2.71


13
OMe


OMe


0.033 1.82 3.91 —


14


NHAc


0.042 0.471 — —


15


N
H


SO2


0.005 0.399 3.44 3.13


IC50 values are reported in lM.


Table 3. PDE5 activity and isoform selectivity: effect of isoquinoline


substitution


N


N N


N
H


O


O R
16-21


Compound R hPDE5 bPDE6 bPDE1 hPDE3


16
N


O


O


0.002 0.226 0.072 0.042


17


N
O


O 0.026 0.525 — —


18


N O


O 10 — — —


19


N


0.034 0.857 7.29 1.85


20


N
O


0.051 0.247 — —


21


N


O 0.002 0.180 2.85 2.22


IC50 values are reported in lM
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there was a slight loss of PDE5 potency, although the
level of selectivity against PDE6 was similar to 4. An
increase in steric bulk in 11 furnished superior selectivity
over PDEs 1 and 3, while carbinol derivative 12 (pre-
pared from 8 by treatment with 9-BBN–H2O2) gave
slightly superior PDE5 potency, as well as significantly
enhanced selectivity against PDE3. The effect of larger
polar functionality was explored in 13–15 with the latter
compound being prepared by NaOH hydrolysis of the
amide in 14 followed by treatment with isopropylsulfo-
nyl chloride. Although the sulfonamide functionality
in 15 provided the highest levels of potency and selectiv-
ity hitherto observed, this substituent did confer rather
low solubility on the molecule compared with the sim-
pler N-3 alkyl derivatives.


The isoquinoline moiety in 4 offered a plethora of substi-
tution possibilities, some of which we next examined in
Table 3.


At this stage, for reasons of synthetic convenience and
greater solubility (vide supra), we chose to retain the

N-3 isobutyl group. 1-Substitution (16) gave excellent
PDE5 potency and selectivity over PDE6, however,
there was a significant loss of selectivity over PDEs
1 and 3. Conversely, there was a 10-fold loss in poten-
cy with the 3-methyl derivative 17. Conformationally
restricted dioxole 18 delivered a dramatic loss of
potency, suggesting the importance of spatial orienta-
tion of at least one of the substituents, although
unsubstituted isoquinoline 19 did retain reasonable
potency. We ultimately established the 6-substituent
(20 vs 21) as being critical to providing optimal
potency and selectivity.


Caco-2 permeabilities14, together with calculated PSA15,
were then assessed for a selection of compounds (Table
4). Good permeability was observed with the mono-
and dimethoxy isoquinoline derivatives 4, 11 and 21,
although further substitution on the isoquinoline in 16
appeared deleterious. The absence of permeability for
12 and 15 appeared to correlate with their higher PSA
values.16


The hydrochloride salt of compound 2117 was selected
for further profiling. Against a panel of additional
PDE isoforms, human recombinant PDE4B, PDE4D
and PDE7A all gave IC50 values >10 lM, while human







Table 4. Caco-2 permeability and calculated PSA


Compound Caco-2 Papp/10�5cm s�1


Net flux A–B


Calculated PSA/Å2


4 3.18 88.37


11 2.34 85.61


12 0 109.37


15 0 130.49


16 0.09 87.73


21 1.38 79.35


Table 5. Microsomal clearance of 21


Rat clint


(lL/min/mg)


Human clint


(lL/min/mg)


Dog clint


(lL/min/mg)


162 4 6


Table 6. In vivo pharmacokinetics of 21


iv T1/2 (min) iv Cl (ml/min/kg) Vss (L/kg) % F


Rata 21.0 ± 0.9 118.4 ± 16.9 2.9 ± 0.4 �1c


Dogb 63.4 ± 12.0 28.7 ± 9.2 2.1 ± 0.3 103 ± 20d


Data are means ± SEM.
a n = 5.
b n = 3.
c Dosed intraduodenally.
d Dosed orally.
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platelet PDE2 gave an IC50 of 4.6 lM. In addition, 21
was profiled in the MDS Pharma Services Spectrum
ScreenTM consisting of 111 receptors, where the only
activity observed was at the adenosine A1 receptor (Ki


2.3 lM) and the adenosine transporter (Ki 2.8 lM).


In vitro microsomal clearance experiments showed a
much higher lability in rat compared with dog and hu-
man microsomes (Table 5).


In vivo, (Table 6) a short half-life and high clearance
were observed in the rat after 0.8 mg/kg iv dosing. When
dosed intraduodenally at 3.3 mg/kg, very low plasma
levels of 21 were observed, suggesting a high first-pass
metabolism. Contrastingly, excellent oral bioavailability
was exhibited in the dog after dosing at 2.5 mg/kg, along
with an improved half-life after 0.2 mg/mg iv dosing.
These properties were considered appropriate for fur-
ther evaluation in the MED indication, where a relative-
ly short duration of action in man was desirable.


In conclusion, we have shown that xanthines containing
an 8-(4-isoquinolylmethyl) substituent can function as
potent inhibitors of PDE5. Optimal activity is achieved
with a methyl group at N-1 of the xanthine. At the N-3
position, a variety of simple alkyl and polar substituents
are tolerated, although Caco-2 permeability is favoured
only in alkyl derivatives. It is also essential for N-7 to be
unsubstituted. On the isoquinoline ring, the 6-position
has been identified as critical to delivering maximal
potency and selectivity against other PDE isoforms.
Furthermore, compound 21 with optimal potency and

selectivity shows a favourable in vivo pharmacokinetic
profile in the dog.
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Structural requirements of HDAC inhibitors: SAHA analogs
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Abstract—Inhibitors of histone deacetylase (HDAC) proteins such as suberoylanilide hydroxamic acid (SAHA) have emerged as
effective therapeutic anti-cancer agents. To better understand the structural requirements of HDAC inhibitors, a small molecule
library with a variety of substituents attached adjacent to the metal binding hydroxamic acid of SAHA was synthesized. The pres-
ence of a substituent adjacent to the hydroxamic acid led to an 800- to 5000-fold decrease in inhibition compared to SAHA. The
observed results have implications for drug design, suggesting that HDAC inhibitors with substituents near the metal binding
moiety will have inhibitory activities in the micromolar rather than nanomolar range.
� 2007 Elsevier Ltd. All rights reserved.

Figure 1. Structures of select HDAC inhibitors.

Suberoylanilide hydroxamic acid (SAHA, Vorinostat,
ZolinzaTM) recently gained FDA approval for the treat-
ment of advanced cutaneous T-cell lymphoma (CTCL).1


SAHA is an inhibitor of histone deacetylase (HDAC) pro-
teins, which are linked to a variety of cancers.2 While
SAHA is the first HDAC inhibitor (HDACi) to meet
FDA approval, several other small molecules that inhibit
HDAC proteins are currently in clinical trials for cancer
treatment.3 Distinguishing characteristics of HDAC
inhibitors include a metal binding moiety, a carbon linker,
and a capping group (Fig. 1). Based on crystallographic
analyses, the capping group is solvent-exposed and
interacts with amino acids near the entrance of the active
site, while the metal binding moiety resides in the protein
interior and complexes the metal ion involved in cataly-
sis.4–6 The linker serves to position the capping and
metal binding groups appropriately for high-affinity
interactions with proteins. With a modular framework
and application toward cancer treatment, HDAC inhibi-
tors are viable targets for future drug design.


Previous HDACi design has emphasized modification of
the capping group and the metal binding moiety. In the
case of the metal binding moiety, SAHA contains a
hydroxamic acid while other inhibitors contain thiols,
epoxides, carboxylates, or benzamides.7,8 For example,
two HDAC inhibitors in clinical trials, MS-275 and val-
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proic acid (Fig. 1), contain benzamide and carboxylate
metal binding moieties, respectively,9,10 and display
IC50 values of 2 and 400 lM.11,12 The reduced inhibitory
activities compared to SAHA (110–370 nM IC50)13,14


are partially explained by the presence of the benzamide
or carboxylic acid group.7,15,16 Interestingly, MS-275
displays modest preference toward select proteins within
the 11-membered HDAC family.17 Selective HDAC
inhibitors would aid in elucidating the role of each indi-
vidual HDAC protein in cancer and have the potential
to be better drugs.18 However, strictly selective HDAC
inhibitors have yet to be discovered.


In addition to altering the metal binding moiety toward
HDACi design, the hydrocarbon linker has been diversi-
fied, focusing on altering chain length, creating points of
unsaturation along the chain, and including an aryl or
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Scheme 1. Reagents and conditions for the racemic synthesis of


compounds 1a–g: (i) PhNH2, AlMe3, THF, 98%; (ii) MsCl, TEA,


CH2Cl2, 99%; (iii) a—NaH, dimethylmalonate, THF; b—mesylate


from (ii), THF, reflux, 90%; (iv) NaH, RX, THF, reflux, 33–98%; (v)


a—LiCl, H2O, DMSO, reflux; b—NaOH, MeOH, reflux, 67–83%; (vi)


Ethyl chloroformate, N-methylmorpholine, NH2OH, MeOH, 10–24%;


(vii) CDI, TEA, NH2OBn, THF, reflux, 75–91%; (viii) H2, Pd–C,


MeOH, 48%; (ix) BCl3, CH2Cl2, 84–85%.


Figure 2. Dose–response curves of SAHA analogues 1a–g from three


independent trials with error bars indicating standard error.
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cyclohexyl ring within the chain.19–22 However, few
studies have examined the impact of substituents on the
linker chain. Recently, small molecules bearing substitu-
ents on the linker adjacent to the capping group were
shown to not only display nanomolar inhibition, but also
modest isoform selectivity.15 In contrast, the incorpora-
tion of substituents on the linker adjacent to the metal
binding moiety has a variable influence on inhibitory
activity. Two reports noted that a methyl substituent near
the hydroxamic acid of hydroxamate based libraries led to
120- to 170-fold decreased HDAC inhibition compared to
the unsubstituted analog, although the potency was in the
micromolar range.23,24 In addition, the short chain fatty
acid valproic acid contains an propyl group adjacent to
the carboxylate and inhibits in the micromolar range. In
contrast, small molecules bearing an intra-chain aryl
group near the hydroxamic acids display nanomolar
HDAC inhibition.20,21 For example, MS-275 bears an
aryl group adjacent to the benzamide group and displays
potent HDAC inhibition.11 Therefore, the influence of
substituents on the linker adjacent to the hydroxamic acid
remains unclear. The structural requirements of HDAC
inhibitors, particularly on the linker chain, are an
interesting and relatively unexplored area of study.
Modification of known HDAC inhibitors is necessary to
identify the structural factors influencing inhibitor
potency and provide insight for designing new inhibitors.


To probe the structural requirements of HDAC inhibi-
tors, analogs of SAHA with substituents adjacent to
the hydroxamic acid were tested. Specifically, we synthe-
sized a small library of SAHA analogues (1) bearing a
variety of hydrophobic substituents at the C2 position.25


Hydrophobic substituents were selected because crystal-
lographic analysis of HDAC proteins indicates that the
active site residues surrounding the linker chain are
hydrophobic.4–6 The synthetic route for the small mole-
cule library is outlined in Scheme 1. e-Caprolactone (2)
was opened with aniline to give anilide alcohol 3. The
alcohol was activated prior to incubation with the anion
of dimethyl malonate to give diester 4. The diester was
deprotonated and treated with a variety of alkyl halides
to afford compounds 5a–g. Krapcho type decarboxyl-
ation26 and subsequent saponification gave compounds
6a–g. Carboxylic acids 6a–d were converted directly to
the hydroxamic acids 1a–d with ethyl chloroformate
and a hydroxylamine solution. However, the low yields
encouraged utilization of a second strategy where
hydroxamic acids 1e–g were synthesized via the benzyl
protected hydroxamic acids 7e–g followed by deprotec-
tion by either H2/Pd–C for compound 1g, or BCl3


27


for unsaturated compounds 1e and 1f. Yields after the
two-step hydroxamic acid installation/benzyl deprotec-
tion were superior to direct conversion (38% and 64%
compared to 10–24%). Although reported for benzyl
ethers, we note that use of BCl3 to remove a benzyl
group on a hydroxamic acid is unestablished to the best
of our knowledge.28 A more thorough exploration of the
scope and limitations of the BCl3 deprotection reaction
is currently under investigation.


HDAC inhibitory activities of the SAHA analogs were
measured using the Fluor de LyseTM in vitro fluorescence

activity assay kit.29 IC50 values were obtained by fitting
the data to a sigmoidal dose–response curve (Fig. 2).
The structure–activity relationship of compounds 1a–g
is summarized in Table 1. All of the SAHA analogs
inhibited HDAC activity in the micromolar range. The
butyl variant 1d was the most potent analog displaying
an IC50 of 72 lM, while the ethyl variant 1b displayed
the weakest inhibitory activity of 449 lM. Interestingly,
the analogs containing the smallest (1a-methyl) or the
largest (1g-benzyl) substituents displayed HDAC inhib-
itory activities between those of 1d and 1b. In addition,
the propargyl analog 1f inhibited to almost the same
level as the butyl analog 1d (87 and 72 lM, respectively).
The results indicate steric considerations alone cannot
predict the inhibitory activities of the C2-substituted
analogs.







Table 1. HDAC inhibition by compounds 1a–g, SAHA, and MS-275


Compounds R IC50
a (lM)


SAHA 0.090 (±0.004)


MS-275 3.2 (±0.1)


1a Methyl 134 (±6)


1b Ethyl 449 (±17)


1c n-Propyl 154 (±7)


1d n-Butyl 72 (±6)


1e Allyl 144 (±9)


1f Propargyl 87 (±5)


1g Benzyl 226 (±11)


a Values are means of three experiments with standard error given in


parentheses.
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While the SAHA analogs displayed inhibitory activities
in the micromolar range, all had significantly decreased
inhibitory activities when compared to those of SAHA
(90 nM) or MS-275 (3.2 lM). The most potent butyl
variant 1d demonstrated 800- and 20-fold decreased
activity compared to SAHA and MS-275, respectively.
The weakest ethyl variant 1b displayed 5000- and 128-
fold decreased inhibition compared to SAHA and
MS-275. The results suggest that any group, regardless
of size, incorporated adjacent to the hydroxamic acid
will result in decreased inhibitory activity compared to
the unsubstituted analog.


Several HDAC inhibitors maintain similar nanomolar
potency compared to SAHA yet contain a ring within
the carbon linker adjacent to the metal binding moie-
ty.20,21 The fact that SAHA analogs with substituents
at the C2 position display micromolar IC50 values indi-
cates that only modest steric bulk near the hydroxamic
acid is tolerated for nanomolar inhibitory activity.
Therefore, the results suggest that the steric environment
near the hydroxamic acid in the HDAC active site is sig-
nificantly confined. The results have implications for
anti-cancer drug design, predicting that HDAC inhibi-
tors with substituents near the hydroxamic acid will
have inhibitory activities in the micromolar range.


SAHA analogs with substituents adjacent to the cap-
ping group were potent nanomolar inhibitors.15 In con-
trast, SAHA analogs with substituents adjacent to the
hydroxamic acid demonstrated micromolar IC50 values.
The combined data suggest that substituents are
tolerated along the linker chain but potency diminishes
when positioned near the metal binding moiety.
Because modest isoform selectivity has been reported
with HDAC inhibitors bearing substituents along the
linker,15,17 a systematic assessment of substituent
tolerance along the linker chain will guide future
HDACi design. The effect of incorporating substituents
at additional positions along the linker chain is currently
under investigation.
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Abstract—Several novel series of nitrile-containing fluoroquinolones with weakly basic amines are reported which have reduced
potential for hERG (human ether-a-go-go gene) channel inhibition as measured by the dofetilide assay. The new fluoroquinolones
are potent against both Gram-positive and fastidious Gram-negative strains, including Methicillin resistant Staphylococcus aureus
and fluoroquinolone-resistant Streptococcus pneumoniae. Several analogs also showed low potential for human genotoxicity as mea-
sured by the clonogenicity test. Compounds 22 and 37 (designated PF-00951966 and PF-02298732, respectively), which had good
in vitro activity and in vitro safety profiles, also showed good pharmacokinetic properties in rats.
� 2007 Elsevier Ltd. All rights reserved.

Antibacterial resistance is a growing problem1,2 which
necessitates the discovery of new antibiotics with activity
against resistant strains. The fluoroquinolone class of
antibiotics is an important weapon against bacterial
infections, in particular Ciprofloxacin and Levofloxacin
(see Fig. 1), but resistance is increasing in this class as
well.3 Some more recently approved fluoroquinolones
have had concerns with cardiovascular safety, in partic-
ular the possibility of QTc prolongation which can lead
to potentially fatal torsades de pointes.4,5 These concerns
led to Sparfloxacin and Grepafloxacin being removed
from the market and bolded warnings being added to
the package inserts for Moxifloxacin and Gatifloxacin.

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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Due to the serious consequences of inducing QTc pro-
longation, much work has been done to understand
the effect and to develop various methods to predict
it.6 Typical in vitro assays include a hERG (human
ether-a-go-go related gene) functional assay and a dof-
etilide binding assay which measures the ability of a
compound to displace dofetilide—a potent inhibitor in
the functional assay—from the hERG channel. The dof-
etilide assay has a higher throughput than the hERG
functional assay and is thus more useful at the discovery
stage.6 Several pharmacophore models have been devel-
oped for hERG activity, and the general findings indi-
cate that a basic nitrogen and two or three aromatic
components at appropriate distances from the amine
confer increased hERG activity.6 We set out to decrease
the hERG activity by decreasing the basicity of the
amine with the electron-withdrawing nitrile group, while
at the same time maintaining activity against resistant
organisms.
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Figure 1. Chemical structures of some approved fluoroquinolones.
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Our initial series was derived from the C7-pyrrolidine
side chains (see Table 1 for fluoroquinolone numbering)
developed by Domagala et al.7 The previous series had
excellent activity against resistant strains but showed
significant displacement of dofetilide in the dofetilide
binding assay. The pyrrolidine side chain series also
showed various levels of mammalian genotoxicity, so
we also monitored the compounds in a clonogenicity as-
say which has been shown to be predictive in the fluor-
oquinolone class.8


We have found that incorporating a nitrile group either
onto the carbon framework of the pyrrolidine side chain
(C-substituted series, R = CH2CN in Table 1, e.g., 20) or
as a substituent on the nitrogen (N-substituted series,
R 0 = CH2CH2CN, e.g., 17) significantly increased the
Ki in the dofetilide assay. Further exploration of ni-
trile-containing fluoroquinolones led to the discovery
of compounds with either pyrrolidine or azetidine side
chains which have activity against key Gram-positive
and Gram-negative bacteria along with improved in vi-
tro safety measures.


The fluoroquinolones with pyrrolidine side chains were
prepared as described previously for the non-nitrile-con-
taining analogs,7,9 an example of which is shown in
Scheme 1. The 8-Me fluoroquinolone analog (Table 1,
28) could be prepared in higher yield by using DMSO
instead of acetonitrile and Hunig’s base rather than tri-
ethylamine. In the case of the analogs containing azeti-
dine side chains (34 and 36), the final deprotection
(removal of trifluoro-acetate, see Scheme 4) was accom-
plished with sodium carbonate in methanol/water at
70 �C. To prepare the analogs where the nitrogen was
substituted with the ethylcyano group (Table 1,
R 0 = CH2CH2CN, e.g., 17), the unsubstituted fluoroqu-
inolone (e.g., 16) was heated with excess acrylonitrile
(ca. 5 equiv) and triethylamine in methanol at 50 �C.


The synthesis of the nitrile-containing pyrrolidine side
chains 6a and 6b is shown in Scheme 2. The ester 2, pre-
pared by the method of Yoshiyasu et al.10 was converted
by standard procedures into the Cbz-protected aldehyde
3, which was then transformed into the nitrile olefin 4 as
a mixture of isomers by a Horner–Emmons–Wadsworth
olefination. After our initial attempts to introduce an

amine surrogate (azide, phthalimide, carbamic acid
tert-butyl ester) to 4 by a Michael addition were unsuc-
cessful, we found that either ammonia or methyl amine
could be added directly to 4 with excess amine (5–10
equiv) in ethanol at 80 �C in a sealed tube. After Boc
protection of the amine, the diastereomers were separat-
ed by silica gel chromatography, and then the enantio-
mers of the slower eluting diastereomer were separated
by preparative chiral HPLC to give the desired stereo-
isomer (vide infra).11 After Cbz-deprotection of the pyr-
rolidine, the side chain was coupled to various
fluoroquinolone cores to give 20, 22, 27, 32, and 33 (Ta-
ble 1).


The absolute stereochemistry of the desired stereoisomer
of 5 ((S)-3-amino-3-(R)-pyrrolidin-3-yl-propionitrile)
was confirmed to be the same as in the des-nitrile case7


by an independent, stereoselective synthesis (Scheme 3).
The aldehyde 7, synthesized by the method of Baldwin
et al.12 was converted to amine 8 by reductive amina-
tion. Removal of the TBS protecting group from 8 fol-
lowed by heating at reflux in THF induced a
translactamization from the b-lactam to the c-lactam,
which formed the pyrrolidine ring with the desired ste-
reochemistry. After global reduction and Boc protection
of the amine, the N-benzyl group was replaced with a
Cbz protecting group, the swap being necessary for later
removal in the presence of a nitrile. The nitrile was then
introduced via the mesylate to give side chain 5a, the ste-
reochemistry of which was confirmed to be that of the
desired stereoisomer by chiral HPLC. Methylation of
5a led to 5b which was also confirmed by chiral HPLC
to be the desired stereoisomer in the N-methyl analogs.


The azetidine side chains were synthesized as shown in
Scheme 4 following the route developed by Frigola
et al.13 starting from the known tertiary alcohols 12a13


(R = Me) and 12b14 (R = Et). After reaction with meth-
anesulfonyl chloride, the resulting mesylate of the alco-
hol 12 could be efficiently transformed into the nitrile
with sodium cyanide, provided the solvent was a mix-
ture of DMF and water—running the displacement in
anhydrous DMF gave inconsistent and generally poor
yields. The nitrile 13 was then reduced to the amine,
which was protected as the trifluoroacetate. Finally,
hydrogenolysis of the benzhydryl group freed the azeti-







Table 1. Structure–activity relationships in nitrile-containing fluoroquinolones
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Ciprofloxacin 0.125 1 0.5 16 0.008 0.03 >100 500


Levofloxacin 0.125 0.5 0.5 16 0.015 0.06 >150 (10) >500


16 H H F OMe cp 0.015 0.06 0.06 1 0.015 0.125 24 56


17 H CH2CH2CN F OMe cp 0.03 0.06 0.125 2 0.125 0.5 106 252


18 Me H F OMe cp 0.002 0.008 0.004 0.03 0.004 0.015 85 30


19 Me CH2CH2CN F OMe cp 0.004 0.008 0.015 0.125 0.06 0.06 >150 (2) 48


20 CH2CN H F OMe cp 0.001 0.002 0.008 0.125 0.008 0.03 >150 (29) 24


21 Me Me F OMe cp 0.015 0.06 0.008 0.125 0.015 0.06 >150 (40) >125


22 CH2CN Me F OMe cp 0.008 0.06 0.06 0.5 0.03 0.06 >150 (9) 139


23 H H H OMe cp 0.03 0.25 0.125 4 0.06 0.5 64 331


24 H CH2CH2CN H OMe cp 0.03 0.25 0.125 2 0.25 1 >100 326


25 Me H H OMe cp 0.008 0.03 0.015 0.125 0.125 0.06 62 314


26 Me CH2CH2CN H OMe cp 0.03 0.125 0.25 2 0.5 1 >100 38


27 CH2CN H H OMe cp 0.008 0.06 0.03 0.5 0.06 0.125 >150 (30) 465


28 Me H F Me cp 0.002 0.03 0.002 0.03 0.004 0.015 51 22


29 Me CH2CH2CN F Me cp 0.002 0.008 0.008 0.06 0.03 0.015 72 27


30 Me H F OCH2CHMe 0.015 0.125 0.03 0.25 0.008 0.06 >100 (35) 143


31 Me CH2CH2CN F OCH2CHMe 0.015 0.03 0.06 0.25 0.06 0.125 >150 (10) 210


32 CH2CN H F OCH2CHMe 0.008 0.06 0.015 0.125 0.008 0.125 >150 (22) 159


33 CH2CN Me F OCH2CHMe 0.06 0.125 0.125 2 0.03 0.25 >150 (19) 279
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34 Me H F Me cp 0.06 0.06 0.06 2 0.015 0.06 112 112


35 Me CH2CH2CN F Me cp 0.03 0.03 0.125 2 0.06 0.125 >150 (18) 268


36 Et H F Me cp 0.015 0.03 0.06 1 0.015 0.125 45 50


37 Et CH2CH2CN F Me cp 0.03 0.03 0.125 2 0.06 0.25 >150 (25) 253


a cp = cyclopropyl, OCH2CHMe between R1 and R8 is the (S)-stereoisomer as in Levofloxacin.
b Staphylococcus aureus UC-76.
c Methicillin resistant Staphylococcus aureus SA-2552.
d Streptococcus pneumoniae SV-1.
e Fluoroquinolone resistant Streptococcus pneumoniae SP-3765.
f Haemophilus influenzae HI-3542.
g Moraxella catarrhalis BC-3531.
h See Ref. 17 for assay conditions, number in parentheses is % inhibition at 300 lM.
i Clonogenicity, see Ref. 8 for assay conditions.
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NaBH3CN; (b) NaF, MeOH; then reflux in THF/MeOH, (40%, 2
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(50%, 2 steps); (g) MsCl; (h) NaCN (95%, 2 steps); (i) NaH, DMF;


then MeI (72%).


N Ph
Ph


OH
R


N Ph
Ph


R
NC


N Ph
Ph


RN
H


CF3CO


NH


RN
H


CF3CO


a, b


c, d12a: R=Me
12b: R=Et


13a: R=Me
13b: R=Et


14a: R=Me
14b: R=Et


e


15a: R=Me
15b: R=Et


Scheme 4. Reagents and conditions: (a) MsCl, triethylamine (R = Me:


96%, R = Et: 98%); (b) NaCN, 4:1 DMF/H2O, 60 �C (R = Me: 75%,


R = Et: 86%); (c) LiAlH4, THF, reflux (R = Me: 95%, R = Et: 92%);


(d) (CF3CO)2O (R = Me: 98%, R = Et: 53%); (e) Pd/C, H2, MeOH,


HCl.


EtO


O


N
Bn


N
Cbz


O


H
N
Cbz


NC


N
Cbz


NR Boc
N


N
H


NR Boc
N


a, b, c d


e, f
2 3 4


6a: R = H
6b: R = Me


g


5a: R = H
5b: R = Me


Scheme 2. Reagents and conditions: (a) CbzCl, CHCl3 (85%); (b)


NaBH4 (56%); (c) TEMPO, NaOCl (78%); (d) (EtO)2POCH2CN,


Cs2CO3 (74%); (e) RNH2, EtOH, sealed tube, 80 �C; (f) Boc2O (83–


85%, 2 steps); (g) Pd/C, H2, THF (quant).


NH
NH


Boc


H
NC


N
O


F


F


O


OBF2


O


N
NH2


H
N


O


F
O


OH


O


NC
+


6a 1 20


a-c


Scheme 1. Example coupling of side chain 6a with fluoroquinolone


core 1; Reagents and conditions: (a) triethylamine, acetonitrile, 80 �C;


(b) triethylamine, ethanol, 80 �C (79%, 2 steps); (c) HCl, dioxane,


CH2Cl2 (84%).


S. T. Murphy et al. / Bioorg. Med. Chem. Lett. 17 (2007) 2150–2155 2153

dine nitrogen for subsequent coupling to the 8-Me fluor-
oquinolone core to give 34 and 36 (Table 1).


The new fluoroquinolones were tested for activity against
key pathogens for both community and hospital
infections (Table 1), including Methicillin-resistant
Staphylococcus aureus, Ciprofloxacin-resistant Strepto-
coccus pneumoniae, and the fastidious Gram-negative
species Haemophilus influenzae and Moraxella catarrhalis.15


In the SAR portion of this paper, we will focus on the
resistant S. pneumoniae species since the MIC values for
the other species were generally less than or equal to our
target value of 0.5 lg/mL.


The SAR of various pyrrolidine side chains has been
previously discussed by Domagala et al.7 The addition
of a nitrile in the C-substituted series decreased the
activity in S. pneumoniaeR by 4-fold (20 vs 18, 22 vs
21, and 27 vs 25) except in the case of the levofloxacin
core where it showed no decrease in activity (32 vs 30).
The N-substituted pyrrolidine series generally showed
a 2-fold decrease in activity for the R6 = F cores (e.g.,
16 vs 17, 28 vs 29), whereas the R6 des-fluoro core
showed a 16-fold decrease in activity with R = Me (25
vs 26) but no significant change with R = H (23 vs 24).


The SAR of the azetidine side chains has been examined
by Frigola et al.13 in which the side chain of 34 was test-
ed on the R8 = H and R8 = F cores. In that study, the
addition of the R = Me group versus R = H led to
equivalent activity with R8 = H and about a 4-fold de-
crease in activity with R8 = F. In our series, we were able
to increase the activity by switching to the R8 = Me core
and using R = Et on the side chain to give sufficient
activity against the S. pneumoniaeR strain (1 lg/mL).16


As with the N-substituted pyrrolidine series, the
N-substituted azetidine compounds also showed only a
small decrease in activity compared to the unsubstituted
analogs (34 vs 35, 36 vs 37).


In every case where a nitrile was added to the side chain,
the new compound showed less displacement of dofeti-
lide in the dofetilide binding assay17 compared to the
des-nitrile case (e.g., 16 vs 17, 18 vs 20). For the
R8 = Me core, the increase in Ki is only modest (28 vs
29). Since the R8 = Me core is the most lipophilic core
(analog 29 clogD @7.0 is 0.7 higher than for the
R8 = OMe core analog 19), the greater affinity for the
hERG channel18 may be influenced more by lipophilic-
ity than amine basicity.19 In some cases, the des-nitrile
and nitrile-containing analogs both showed
Ki > 150 lM, and therefore the %inhibition at 300 lM
was used for comparison (21 vs 22, 30 vs 31–33). Three
of the new fluoroquinolones (19, 22, and 31) showed
inhibition in the dofetilide assay at 300 lM as low as
Levofloxacin (10%), a marketed fluoroquinolone with
low risk for QTc prolongation.4 Two of these (22 and
31, designated PF-00951966 and PF-02789402) also
met the criteria for clonogenicity—vida infra.


The increase of the Ki in the dofetilide assay was predicted
from the reduced basicity of the amines in the nitrile-con-
taining compounds. The reduced basicity was measured 20







Table 2. Rat PK on selected nitrile-containing fluoroquinolonesa


Compound AUC, iv (lg h/mL) CL, iv (mL/min/kg) Vd, iv (L/kg) t1/2, iv (h) Cmax, po (lg/mL) %F, po


19 3.5 24 2.5 2.7 1.2 70


22 4.4 19 1.8 2.4 1.4 53


27 5.2 16 0.5 1.8 1.4 22


34 2.5 33 2.5 1.3 0.3 18


37 6.5 13 1.0 1.4 2.6 92


a Rats were dosed at 5 mg/kg orally (po) or 1 mg/kg intravenously (iv). All values are an average of at least n = 3.
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in the C-substituted series (pKa = 9.5 vs 6.7 for 21 vs 22),
in the N-substituted pyrrolidine series (pKa = 9.9 vs 6.9
for 18 vs 19), and in the N-substituted azetidine series
(pKa = 8.6 vs 6.5 for 34 vs 35).


Clonogenicity has been shown to be a useful predictor of
human genotoxicity in the fluoroquinolone class.21 Suto
et al.8 have shown that the clonogenicity in the fluoroqu-
inolone class is affected by the nature of the core as well
as the substituent R 0 on the amine (see Table 1). We
sought to control the clonogenicity using similar chang-
es to obtain a compound with an IC50 of >100 lg/mL.


Compared to the R8 = OMe core, the R8 = Me core ana-
logs were more genotoxic in the clonogenicity assay (19
vs 29), as was observed in the previous study.8 In
contrast, changing to the R6 = H (des-F) core or the
R8–R1 = (S)-OCH2CHMe (Levofloxacin) core generally
improved the clonogenicity (e.g., 20 vs 27 and 32), and
in many cases the target criterion of >100 lg/mL was
satisfied.


Substitution on the nitrogen of the side chain also brought
about improvements in the clonogenicity. N-Methylation
showed a dramatic increase in clonogenicity IC50 from
24 lg/mL up to 139 lg/ml in 20 vs 22, respectively,
although the antibacterial activity did show a modest de-
crease. In the azetidine series, the N-substitution of the
ethylcyano group showed a pronounced increase in clo-
nogenicity IC50 (e.g., 34 vs 35 and 36 vs 37), although little
or no effect was seen by the same substitution in the pyr-
rolidine series (e.g., 23 vs 24 and 28 vs 29).


Selected compounds which met the criteria for antibac-
terial activity, dofetilide, and/or clonogenicity were test-
ed in vivo in rats to assess their pharmacokinetic
performance, and the results are shown in Table 2.
The nitrile-containing fluoroquinolones showed good
overall pharmacokinetics. In the C-substituted series,
the pyrrolidine analog 22 (designated PF-00951966)
showed both good bioavailability and AUC. The azeti-
dine analog 37 (designated PF-02298732) showed excel-
lent bioavailability and a good AUC. On the other
hand, the R6 des-fluoro analog (27) showed a sub-opti-
mal volume of distribution and low bioavailability. The
non-nitrile-containing fluoroquinolone, 34, shown for
comparison, showed higher clearance and lower bio-
availability compared to the other compounds tested.


In summary, we have synthesized a set of nitrile-con-
taining fluoroquinolones with activity against resistant
strains of S. aureus and S. pneuomoniae and low dis-
placement of dofetilide in the dofetilide binding assay.

By modifying the fluoroquinolone core and the side
chain nitrogen substituents, we were able to attenuate
the genotoxicity and discover several compounds which
had both potency and good safety profiles in our in vitro
assays. Further work on the activity of these compounds
in an expanded panel of organisms and in vivo efficacy
models will be reported in due course.
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Abstract—In this paper, we describe the synthesis of a selected library of heterochiral DD-Pro-containing RGD-peptidomimetics
(RpD) and we investigate the biological activity as inhibitors of fibronectin adhesion to SK-MEL-24 tumor cells. In particular, pep-
tides 4 and 8 showed an IC50 in the 10�8 M range. Despite the linear structure, the peptides tend to adopt a folded conformation in a
polar environment.
� 2007 Elsevier Ltd. All rights reserved.

Most of the physiological functions are regulated by
interactions between peptides or proteins and receptors
or other proteins. Very often, such ligands exert their
biological activity1 by means of relatively small regions
of their folded surfaces, therefore their actions can be
reproduced by much smaller drugs that retain these
localized bioactive surfaces. A prototypic example is
constituted by integrins2 and their native ECM ligands,
fibronectin, vitronectin, fibrinogen, laminin, von Wille-
brand factor, etc. For instance, avb3 integrins, expressed
in various cell types (endothelial cells, melanoma, osteo-
clast, smooth muscle cells, etc.), recognize their ligands
by interacting with a very short tripeptidic-binding motif,
RGD. Therefore, a number of integrin antagonists
based on the RGD sequence have been designed as ther-
apeutics for the treatment of angiogenesis,3 tumors,4


osteoporosis,5 etc. However, for the structural similari-
ties within the integrin family and between their respec-
tive ligands, av integrins, as well as integrins a5b1, a8b1,
and aIIbb3, recognize the same RGD sequence. As a
consequence, the selectivity issue constitutes a major
concern in the design of potential therapeutic agents.
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For this reason, RGD mimetics6–8 have been quite often
equipped with some kind of conformational biases, such
as rigid cores, cyclic structures, turn-inducers, etc.


Since low molecular weight and high bioavailability are
necessary features to pursue for the development of a
drug,6,8 the search for effective integrin antagonists
moved from large, cyclic peptides to smaller, structural-
ly simpler, and possibly achiral peptidomimetics6 or
non-peptide analogues,8 leading to the identification of
numerous small-sized selective antagonists that entered
clinical stages.1,6,8 Accordingly, we decided to investi-
gate the possibility to design small, simple di- or tri-pep-
tidic RGD-analogues having an intrinsic tendency to
adopt well-defined secondary conformations compatible
with the requisites for ligand–receptor interaction.
Extensive SAR, molecular modeling, and docking stud-
ies6,9–11 have shown that a comparatively short distance
between guanidino and carboxylic groups allowed selec-
tive binding to avb3 over other RGD-binding integrins
and, in several cases, a c-turn conformation centered
on Gly6,12,13 has been found to favor the bioactive
conformation.


Herein we describe the solid-phase synthesis and the
pharmacological characterization of a minilibrary of
short RGD mimetics containing the heterochiral
sequence Xaa-DD-Pro-Yaa, where Xaa is Arg or Arg-mi-
metic and Yaa is an Asp derivative. Heterochiral
Pro-containing sequences are considered privileged
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inductors of folded conformations characterized by
b- or c-turn like structures.14–17 Besides, it has been
shown that 10- and 7-membered H-bonded rings form
competitively with each other, depending on the sol-
vent,18 on the prevalence of a trans over cis conforma-
tion of the amide bond preceding Pro,19 and/or on the
nature and steric hindrance of the amino acids preceding
and following Pro.20,21


We synthesized by standard SPPS22 a preliminary RpD
library (Fig. 1) with different additional lipophilic flank-
ing groups23 at the N- and C-termini, which very often
proved to be crucial for high affinity and selectivity.6,8


To introduce such groups, Asp was N-capped with dif-
ferent acyl or tosyl derivatives, and cleavage of the pep-
tides from the resin was performed by aminolysis with
different amines (see also Scheme 1).24


To evaluate the potential activity as avb3 integrin inhib-
itors, we tested their ability to inhibit the adhesion of an
avb3 integrin-expressing cell line, SK-MEL-24, (human
malignant melanoma, metastasis to node) to fibronec-
tin.25 Fibronectin was immobilized on each well of 96-
assay plates. SK-MEL-24 cells were pre-incubated with
various concentrations of peptides (30 min, rt), and ali-
quots of this suspension were added to fibronectin-coat-
ed wells (in quadruplicate). The number of adherent
cells was quantified by fluorometry. The activity of
potential antagonists was determined by the number of
cells adhered as compared to the control.
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Figure 1. Structure of the RpD peptides.
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Scheme 1. Synthesis of 4 by SPPS followed by aminolysis.

Among the peptides, the only active compound was 1,
which showed an IC50 of 1.5 · 10�7 M (Table 1). The
diastereomeric peptide 2, containing LL-Pro, showed a
66-fold lower activity (Table 1).26 The comparatively
higher activity induced by the presence of a benzyl
group close to Asp with respect to alkyl substituents is
not unexpected. Benzyl carbamates, phenyl-sulfona-
mides or other isosteric groups adjacent to the acid have
been beneficially introduced in integrin antagonists.6,8,13


On the other hand, the presence of aromatic substituents
in proximity of Arg gave contrasting results, leading to
the generally accepted opinion that these groups are
not strictly necessary for good receptor affinity.6,8,13


Based on these assumptions, to improve biological activity
we decided to diminish molecular size and weight by
removing the N-tosyl moiety. Besides, we modified the
distance between the C-terminal carboxylic acid and
the N-terminal guanidino group. Therefore, we synthe-
sized a second minilibrary of peptides based on the
structure of 1, according to the methodology reported
in Scheme 1 for the peptidomimetic 4.


The peptide has been easily obtained by SPPS, using a
Wang resin, Fmoc-protected amino acids, and DCC/
HOBt as coupling agents in 9/1 DCM/DMF.22 The
cleavage of Fmoc group was performed by means of
20% piperidine/DMF. Introduction of the guanidino
group on GABA-DD-Pro-Asp was performed by treat-
ment with N,N 0-di-Boc-1H-pyrazole-1-carboxamidine,27


and the fully protected peptide was cleaved from the res-
in by aminolysis with benzylamine (Scheme 1).24


After purification of resulting 3 (75%) by flash chroma-
tography over silica-gel (eluant EtOAc/MeOH 98:2),
side chains were deprotected using a mixture of TFA
and scavengers. Purification of 4 by semi-preparative
RP-HPLC gave the peptide (80%), 96% pure by RP-
HPLC/ES-MS analysis.


In this manner, we prepared the RpD analogues report-
ed in Table 1. Their efficacy as avb3 integrin antagonists
has been evaluated as above reported, by measuring
their ability to inhibit fibronectin adhesion to SK-
MEL-24 intact cells.


The synthesis of an analogue of 1 deprived of N-Ts
group gave peptidomimetic 5, but this modification
was accompanied by a very strong activity decrease.
Interestingly, much better results have been obtained
for peptides 4 and 8, which showed IC50 values of
2.6·10�8 and 3.5·10�8 M, comparable to that of the po-
tent avb3 integrin antagonist AcDRGDS (Table 1, 11).28


The comparison of 4 and 8 with the other peptides of
Table 1 encouraged some considerations. First, while
4 and 8 have 11 bonds between the C-terminal carboxylic
acid and the N-terminal guanidino group, peptides 5 and
7, which possess 12 bonds, and 6, which has 10 bonds
between the same functionalities, show rather poor activ-
ities (Table 1). According to the literature, as a general
rule for an avb3 antagonist optimal distance between the
C-terminal carboxylic acid and the N-terminal guanidino







Table 1. Structures, analytical data, and inhibition of SK-MEL-24 cell adhesion to fibronectin, of compounds 1–11
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314.3/314.1 95 1.2


AcDRGDS 11 — — 0.020 ± 0.002


a Determined by ES-MS on a HP 1100 MSD.
b Determined by RP-HPLC on a HP Series 1100, with a HP Hypersil ODS column (4.6-lm particle size, 100 Å pore diameter, 250 mm), DAD


215.8 nm, under two distinct H2O/CH3CN gradient conditions, after purification by semi-preparative RP-HPLC.
c Values and SD are means of four experiments.
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group seems to be roughly 12 C–C bonds, as in RGD.
A few exceptions were described with 1329or 11
bonds.30–33


Second, the comparison of the activities of 4, 8 with 9
and 10 confirms the beneficial role of the benzyl at the
C-terminus.


Finally, it can be conjectured that the higher activity dis-
played by 4, 8 in comparison to 1 could be also linked to
the existence of a population of structures with a better
defined secondary structure.16 To provide evidence of
the occurrence of a significant amount of folded confor-
mations, we performed a preliminary 1H-NMR and
VT-NMR analysis of 12, Ts-Arg(Mtr)-DD-Pro-Asp(Ot-
Bu)NH-Bzl, and 3 (Scheme 1), the fully protected34


precursors of 1 and 4, respectively, in a polar solvent
(DMSO-d6). It can be postulated that short peptides
adopt in a polar environment different conformations;
besides, Pro-containing peptides generally exist in the
trans and cis configuration with respect to the Pro-ome-
ga bond.14 Interestingly, while the 1H-NMR of 12 re-
vealed the presence of the two conformers in around
6:4 ratio, the 1H-NMR of 3 showed a single set of reso-
nances.35 Furthermore, VT-NMR analysis of 3 is indic-
ative of some folded population stabilized by a H-bond
involving the NH-Bzl amide proton; for 12 only the
NH-Bzl signal of the major trans conformer tends to
be H-bonded. For 3 (ppb/�K), Dd/DtNH-Bzl = �3.1, ver-
sus Dd/DtNH-Asp = �5.1, in agreement with the literature
for similar compounds characterized by the tendency to
give a b-turn;16 for 12, Dd/DtNH-Bzl-trans = �3.4, Dd/
DtNH-Bzl-cis = �5.2.


Albeit these observations are not conclusive, they
support the speculation that 4 could be conformation-
ally more homogeneous and well defined with respect
to 1. Apparently, the NH-Bzl proton of 4 seems to
be involved in some type of b-turn. Several studies
proposed that a b-turn on RGD leads to improved
affinity toward aIIbb3 integrins with respect to avb3,
since the carboxylic acid and the N-terminal guanidino
group adopt opposite orientations.6,36,37 Nevertheless,
heterochiral peptides with the sequence Xaa-Pro-DD-
Yaa behave differently and tend to fold in an inverse
b-turn type II structure with the side chains of Xaa
and DD-Yaa oriented on the same side.16 Accordingly,
since GABA can behave as a DD-amino acid, the
enantiomeric sequence GABA-DD-Pro-Asp can adopt a
b-turn type II structure centered on DD-Pro-LL-Yaa with
the guanidino group and Asp carboxylate side-chain
oriented on the same side,16 an overall conformation
capable to satisfy the requisites for binding avb3 inte-
grins. Further experiments are in progress to investi-
gate in detail the conformational features of peptides
4 and 8.
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Application of the Suzuki–Miyaura cross-coupling to increase
antimicrobial potency generates promising novel antibacterials
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Abstract—Antimicrobial peptides have been recognized as a novel class of antibiotics, and several candidates are currently in clinical
trials. In this work, a tripeptide derivative containing 4-iodo phenylalanine has been derivatized through the Suzuki–Miyaura cross-
coupling. This has enabled the rapid and efficient synthesis of an array of tripeptide derivatives encompassing novel biaryl moieties.
The peptide derivatives show high activity against Gram-positive bacteria.
� 2007 Elsevier Ltd. All rights reserved.

HN2 cationic


2 units
of bulk

A prolonged and uncritical use of antibiotics throughout
the western world has led to widespread bacterial resis-
tance to most commercially available antibiotics. This dis-
turbing development, combined with the fact that only a
few new classes of antibacterial agents have been intro-
duced into the clinic during the last decades, has created
an urgent need for the development of novel antibiotics.
In this respect, cationic antimicrobial peptides are a
promising class of future antibacterial agents.1–4


Cationic antimicrobial peptides (CAPs) are less likely to
induce resistance in bacteria, as has been shown by sev-
eral research groups.5–8 This reduced incidence of resis-
tance development most probably stems from the
unique mechanism of action of antimicrobial peptides.
Although no exact mode of action has been established,
and considerable debate is still going on, most anti-
microbial peptides are thought to act on or at least to in-
volve an action on bacterial membranes.3,9,10 Several
models have been put forward to explain the interac-
tions between CAPs and bacterial membranes11 but no
consensus has been reached to date. A common mecha-
nism of action of all CAPs discovered is also highly
unlikely as a wide range of biological activities have
been found for different classes of CAPs.
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There are several challenges regarding the development
of CAPs into future drugs. Our group has for a number
of years focused on developing extremely small CAPs in
order to overcome these obstacles. In our research, we
have identified a pharmacophore of short CAPs,12


exemplified by the dipeptide ester derivative H2N-Arg-
Trp-OBn shown in Figure 1 and we are currently under-
taking further studies to produce clinical candidates.


Toward this end, we have found, as earlier demonstrat-
ed for longer CAPs,13–15 that introduction of bulky
non-natural amino acids can dramatically increase the
antimicrobial activity of dipeptide derivatives and lead
to highly active derivatives of the general formula
Xxx-Arg-Y (see Fig. 2).16


In addition, some Arg-Tbt-Arg-Y tripeptide (see Fig. 2
for Tbt structure) derivatives were found to be highly ac-
tive. Arg-Tbt-Arg-NHBn in particular displayed a
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Figure 1. Pharmacophore for short CAPs containing natural residues.
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Figure 2. Antibacterial dipeptides with the general formula X-Arg-Y.
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broad range of antimicrobial activity against
Pseudomonas aeruginosa, Escherichia coli, and Staphylo-
coccus aureus as well as Methicillin-resistant S. aureus
(MRSA) and Methicillin-resistant S. epidermidis
(MRSE) and Glycopeptide intermediate-resistant
S. aureus (GISA).17


In the current study, we have prepared a tripeptide
derivative containing the unnatural amino acid 4-iodo
phenylalanine with the intention of preparing a library
of novel tripeptides through Suzuki–Miyaura18 cross-
coupling reactions between the 4-iodo phenylalanine tri-
peptide scaffold and a variety of boronic acids.


The Suzuki–Miyaura cross-coupling reactions are one of
the most important methods for C–C bond formation in
organic synthesis (for recent reviews, see 19,20), the reac-
tion tolerates a wide variety of functional groups, and a
number of different solvents and catalysts can be used to
effectuate the coupling reaction. We decided to adopt a
strategy in which a library of antimicrobial compounds
could be made from a common resin-bound tripeptide
scaffold. For this purpose Boc-Arg(Pbf)-Phe(4-I)-
Arg(Pbf)-Rink Amide21 (see Scheme 1) was prepared
on a NovaGel resin. We chose to use Arg as the cationic
moiety as this residue has previously been demonstrated
to improve antibacterial activity compared to peptides
containing Lys.22 However, it should be noted that
Arg may confer higher toxicity toward human cells than
Lys.23 The use of a Rink Amide linker ensured C-termi-
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Scheme 1. Suzuki–Miyaura coupling on tripeptide scaffold.

nal amides, thereby giving the peptides a total charge of
+3. In contrast to earlier studies, no further modifica-
tions to the C-terminal were made. This was done in
order to exclude any additional contribution to the
antimicrobial effect from the C-terminal group. Hence,
the data set is designed to show only the effect of the
different aryl moieties (Scheme 1 and Fig. 3) on the bio-
logical activity of the different Arg-X-Arg-NH2 cross-
coupling products.


The scaffold peptide was prepared using Fmoc-based
peptide chemistry on a Rink Amide NovaGel resin using
a manual peptide synthesis vessel (Scheme 1) under inert
atmosphere. HBTU, HOBt, and DIPEA mediated cou-
plings were performed in DMF and removal of the
N-terminal Fmoc-protecting group was performed using
20% piperidine in DMF.24 The peptide synthesis pro-
ceeded uneventfully producing the fully protected res-
in-bound tripeptide in 98% yield (by weight) after
extensive drying.


Treatment of a small aliquot of the peptide-resin with
cleavage cocktail afforded after purification H-Arg-
Phe(4-I)-Arg-NH2, peptide 1. Several catalysts were
tested for the Suzuki–Miyaura cross-coupling reaction
on the resin bound aryl iodide.25 A combination of 0.2
equiv Pd(OAc)2 and 0.4 equiv P(o-tolyl)3 with an ex-
cess of Na2CO3 in a water/DME mixture ensured
complete conversion of the starting material at
80 �C.26
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Figure 3. Structure of the aryl side chain of X in Arg-X-Arg-NH2.
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The catalyst, excess of base, and boronic acid were
removed from the resin in several consecutive washing
steps, after which the resin was treated with a cleavage
cocktail (Scheme 1) to afford the crude cross-coupling
product as an oil after evaporation. The crude product
was dissolved in a water–acetonitrile mixture and any
insoluble material was removed by filtration. RP-HPLC
purification afforded pure tripeptide derivatives 3–11 in
40–50% overall yield after lyophilization. H-Arg-Bip-
Arg-NH2, peptide 2, was also prepared as a control
using standard solid-phase methods.24


All peptides were tested for their ability to inhibit
growth of Streptococcus pyogenes, S. aureus, MRSA,
and MRSE. The results are expressed as the minimal
inhibitory concentration (MIC) and are summarized in
Table 1.


The scaffold tripeptide, peptide 1, did not show any anti-
bacterial activity up to 160 lM (100 lg/mL) against
Strept. pyogenes, S. aureus or MRSA and a minimal
inhibitory concentration (MIC) of 116 lM against
MRSE. H-Arg-Bip-Arg-NH2, peptide 2, was also found
to be inactive up to 180 lM (100 lg/mL), except for
MRSE where a MIC of 59 lM was found. The lack of
antimicrobial activity of peptides 1 and 2 is not surpris-

Table 1. Antibacterial activity (MIC in lM)


Compound Streptococcus


pyogenes


Stapyhlococcus


aureus


MRSA MRSE


1 naa na na na


2 na na na na


3 nab na na 9.0


4 na na na 14


5 25 11 9.7 4.1


6 16 9.0 7.0 4.1


7 na 25 25 5.0


8 na na 29 8.3


9 20 9.1 8.3 4.8


10 na 16 11 4.8


11 na 28 24 6.4


a Peptides 1 and 2 were tested at concentrations up to 100 lg/ml (na, no


activity within concentration range tested).
b Peptides 3–11 were tested at concentrations of 20 lg/ml or lower.

ing, as they do not fulfill the criteria for the pharmaco-
phore of short CAPs.12


All the derivatives 3–11 which were prepared by the Suzu-
ki–Miyaura cross-coupling reaction showed a significant
increase in antimicrobial activity compared to the control
peptides 1 and 2. Peptides 3 through 11 were only tested
at peptide concentrations below 20 lg/mL. In general,
Strept. pyogenes was found to be the least susceptible bac-
terium in the test panel, while all peptides were most
active against MRSE. In previous studies MRSE has also
been found to be particularly susceptible to short antimi-
crobial peptides.12 MRSA was also found to be more
susceptible to the tripeptide derivatives than the non-re-
sistant S. aureus.


Interestingly, for peptides with isomeric side chains
higher antimicrobial activity was always observed for
those peptides with a biaryl moiety with a more
elongated shape. This is evident for t-butyl and n-butyl
derivatives 5 and 6 where the presence of the more elon-
gated n-alkyl chain leads to higher activity. A similar
structure–activity relationship was observed for the
1-naphthyl and 2-naphthyl derivatives 7 and 8 and also
for the terphenyl derivatives 9–11. A corresponding
shape dependence of the antimicrobial activity has pre-
viously been found for 15-residue bovine lactoferricin
derivatives. Peptides containing 2-naphthylalanine were
more active than those containing 1-naphthylalanine.15


The antibacterial effect of peptides 3–11 is governed by
the presence of a certain combination of cationic and
bulky structural motifs, which is in agreement with the
pharmacophore.12 In the present study, only the side
chain of the bulky and lipophilic amino acid differs
among 3–11, and thus hydrophobicity of the peptides
becomes the most significant property responsible
for the observed variation in antibacterial activity.
Hence, the overall hydrophobicity was evaluated by
measuring the retention time (tR) of each individual
peptide using RP-HPLC.24,27 A clear correlation
between retention on the C18 column (i.e., affinity for
the hydrophobic column surface) and antibacterial
activity was found (Fig. 4) for MRSA. No antibacterial
activity within the concentration range tested was found
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Figure 4. Correlation between corrected tR and antibacterial activity.
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for peptides eluting faster than about 7 min (corrected
for column void volume).24 Peptide 6, the most hydro-
phobic in the series, was also found to be the most active
derivative overall, however only marginally more active
than peptides 5 and 9. Peptides 6, 7 and 9 were all found
to elute at higher acetonitrile concentrations, that is,
display an overall higher hydrophobicity, than their iso-
meric counterparts (5, 8 and 10 and 11, respectively).
Thus, peptides containing a more elongated side chain
were found to be more hydrophobic which in turn cor-
related with a higher antibacterial activity. Recently,
the introduction of fluorine atoms or trifluoromethyl
groups into antimicrobial peptides has resulted in in-
creased hydrophobicity and thus higher antibiotic
potency of short CAPs.28


The peptides were also tested for hemolysis of human
erythrocytes.24 Most of the peptides were found to be
non-hemolytic within the concentration range tested (up
to 500 lg/mL). Peptide 6 showed a 40% hemolysis at
500 lg/mL, while peptide 9 was the most hemolytic in
the series with an EC50 value of 420 lg/mL against human
erythrocytes. The low hemolytic property in combination
with the high antimicrobial activity of the peptides adds
to the probability of developing such peptide derivatives
into clinical candidates for the future development of a
drug effective against multidrug resistant pathogens.
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Abstract—A series of 11 bis-indolylthiophenes of type 8–10 were obtained by cyclization of diketones 4 and 7 using Lawesson’s
reagent. Derivatives 8c, 9c, 9d, and 10c were selected to be evaluated in the full panel of about 60 human tumor cell lines derived
from nine human cancer cell types and showed antiproliferative activity generally in the micromolar range. The most sensitive cell
lines were: CCRF-CEM, MOLT-4, HL60 (TB), and RPMI-8226 of the leukemia subpanel, HT29 and HCC-2998 cell lines of the
colon sub-panel, NCI-H522 of the non-small cell lung cancer sub-panel, LOX IMVI of the melanoma sub-panel, and UO-31 of the
renal cancer sub-panel.
� 2007 Elsevier Ltd. All rights reserved.

Bis(indolyl)alkaloids are recognized as one of the rapidly
growing groups of sponge metabolites because of their
broad spectrum of biological properties including antimi-
crobial, antiviral, and antitumor activities. Nortopsentins
A–C, having a characteristic 2,4-bis(3 0-indolyl)imidazole
skeleton, exhibited in vitro cytotoxicity against P388 cells
(IC50 1.7, 7.6, and 7.8 lg/mL, respectively). Their N-in-
dolyl methylated derivatives showed significant improve-
ment in P388 activity compared with that of the parent
compounds (IC50 0.34–0.90 lg/mL).1–3

Nortopsentin A   R = R1 = Br
Nortopsentin B   R = Br, R1 = H
Nortopsentin C   R = H, R1 = Br


N


H


R N


H


R1


N


N


H
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A great limitation in the use of the reservoir of marine
organisms for therapy is that only very small amounts
of the biologically active substances are isolated from
the natural material. Due to the interesting biological
activities, different analogues of the marine nortopsen-
tins have been synthesized.


Thus, many bis(indolyl)alkaloids in which the imidazole
moiety of nortopsentins was replaced by thiazole,
pyrimidine, pyrazine, and pyrazinone rings were report-
ed.4–8


2,4-Bis(3 0-indolyl)thiazole analogues exhibited cytotoxic
activities against a wide range of human tumor cell lines
at micromolar concentration.4,5 Also 2,5-bis(3 0-indo-
lyl)pyrazines and 3,6-(3 0-indolyl)2-(1H)pyrazinone
showed inhibitory activity against a variety of human
tumor cell lines with GI50 values that reached submicro-
molar level. In these series the pyrazinone derivative was
less active than the pyrazine one, whereas the N-indolyl
methylated compound was the most active showing
GI50 values between 0.058 and 7.19 lM.5,6


In our effort to search for novel antitumor compounds,
we designed new analogues with further modification of
indole alkaloids to get more potent and selective agents.
Thus we thought to synthesize several different series of
bis-indolyl-5-membered heterocycles in order to verify
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the influence of the central heterocyclic ring on the anti-
neoplastic activity.


In this paper, we report the synthesis of bisindolylthi-
ophene derivatives of type 8–10, in which the imidazole
moiety of the nortopsentin was replaced by a thiophene
ring, and the NCI’s in vitro disease-oriented antitumor
screen of the most potent in this series.


1,4-Bis-indolyl-diketones appeared valuable and versa-
tile intermediates for the synthesis of bis(indolyl)thioph-
enes. Indole derivatives of type 1 were converted into
indole-3-carboxaldehydes 2 by a Vilsmeier–Haack reac-

N


H


R


1a-c 2a-c


N


H


R


R


a R = H, 
b R = Me,  
c R = OMe


i


Scheme 1. Synthesis of intermediates 4a–c. Reagents and condition: (i) POC


NaOAc/Divinyl sulfone, reflux.

tion with phosphorus oxychloride and dimethylformam-
ide (85–99%). These latter compounds were protected
with the benzensulfonyl group at the NH to give N-ben-
zensulfonyl-indole-3-carboxaldehydes 3 (95–99%). The
next step involves a Stetter reaction between the elec-
tron-deficient indole aldehyde and divinyl sulfone using
sodium acetate and thiazolium chloride as catalyst in
refluxing ethanol to afford 1,4-diketones 4 (55–66%)9


(Scheme 1).


Alternatively, the treatment of the indole derivatives 1
with potassium tert-butoxide, TDA-1 as catalyst, and
methyl iodide in benzene yielded the corresponding
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l3/DMF, NaOH; (ii) NaH/THF, ClSO2Ph; (iii) thiazolium salt/EtOH,
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N-methyl derivatives 5 (96–98%). These latter com-
pounds were converted into 1,4-diketones of type 7 by
Vilsmeier–Haack reaction using phosphorus oxychlo-
ride and tetramethylsuccinamide 6 (56–70%) (Scheme 2).


The resulting diketones 4a–c and 7a–e were converted
into the corresponding bis(indolyl)thiophenes 8a–c and
9a–e in excellent yields with Lawesson’s reagent in reflux-
ing toluene (88–99%). Hydrolysis of compounds 8a–c,
with KOH in refluxing ethanol, gave the corresponding
thiophenes of type 10a–c (65–86%) (Scheme 3).
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1a-e
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a R = H, 
b R = Me,  
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d R = Cl, 
e R = Br
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Scheme 2. Synthesis of intermediates 7a–e. Reagents: (i) t-BuOK/TDA-1, be
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Scheme 3. Synthesis of 2,5-bis-indolylthiophenes. Reagents and conditions:

All the bis(indolyl)thiophene compounds 8–1010 were
submitted to the National Cancer Institute (Bethesda,
MD); four of them were selected (8c, 9c, 9d, and 10c),
for evaluation the full panel of about 60 human cancer
cell lines derived from nine human cancer cell types, that
have grouped in disease sub-panels including leukemia,
non-small-cell lung, colon, central nervous system, mel-
anoma, ovarian, renal, prostate, and breast tumor cell
lines. The compounds were tested at five concentrations
at 10-fold dilution the highest being 10�4 M and the oth-
ers 10�5, 10�6, 10�7, and 10�8 M.11
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Table 2. Inhibition of in vitro cancer cell lines by compound 10ca


Cell lines GI50 (lM)b


Leukemia


CCRF-CEM 0.34


HL-60 (TB) 2.27


K-562 3.54


RPMI-8226 2.83


MOLT-4 1.91


Non-small cell lung cancer


A549/ATCC 3.66


EKVX 13.8


HOP-62 9.88


HOP-92 4.64


NCI-H226 16.2


NCI-H23 11.1


NCI-H322M 21.8


NCI-H460 3.24


NCI-H522 1.31


Colon cancer


COLO-205 10.6


HCC-2998 2.83


HCT-15 3.17


HT29 2.79


KM12 3.39


SW-620 3.66


CNS cancer


SF-268 13.0


SF-295 3.03


SF-539 5.81


SNB-19 19.0


SNB-75 Ndc


U251 3.91


Melanoma


LOX IMVI 2.55


MALME-3M 17.3


M14 13.5


SK-MEL-2 16.4


SK-MEL-28 14.5


SK-MEL-5 5.69


UACC-257 18.0


UACC-62 15.8


Ovarian cancer
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The most active compound is derivative 10c. The antitu-
mor activity is given by three parameters for each cell
line; pGI50 value, pTGI value, and pLC50 value. More-
over, a mean graph midpoint (MG_MID) is calculated
for each of the mentioned parameters, giving an average
activity parameter over all cell lines.


An evaluation of the data reported in Tables 1 and 2
revealed that compound 10c was cytotoxic showing
GI50 values against the total number of cell lines investi-
gated at micromolar concentration. Moreover positive
TGI and LC50 values were observed with respect to a con-
gruous number of cell lines (88% and 46%, respectively).


Derivative 10c was particularly efficacious against the
leukemia sub-panel having GI50 in the range 0.34–
3.54 lM. The most sensitive leukemia cell lines are
CCRF-CEM (GI50 0.34 lM), MOLT-4 (GI50
1.91 lM), HL60 (TB) (GI50 2.27 lM), and RPMI-
8226 (GI50 2.83 lM).


Compound 10c showed good selectivity with respect to
the HT29 (GI50 2.79 lM) and HCC-2998 (GI50
2.83 lM) cell lines of the colon sub-panel. It also showed
selectivity with respect to NCI-H522 (GI50 1.31 lM) of
the non-small cell lung cancer sub-panel, LOX IMVI
(GI50 2.55 lM) of the melanoma sub-panel, and UO-
31 (GI50 2.66 lM) of the renal cancer sub-panel.


At TGI and LC50 level, the best responses were
observed in the case of the HCC-2998 (TGI 6.50 lM
and LC50 27.2 lM,) colon cancer cell line and LOX
IMVI (TGI 7.08 lM and LC50 38.3 lM), melanoma cell
lines.


In order to discern the mechanism of action of deriva-
tive 10c we performed COMPARE computations
against the NCI ‘Standard Agents’ database.12 Com-
pound 10c had a Pearson correlation coefficient (PCC)
<0.6 suggesting that the antiproliferative activity would
be mechanistically unrelated to that of any known drug.

Table 1. Overview of the results of the in vitro antitumor screening for


compound 10ca


No.e No.f Range MG_MIDg


pGI50b 56 56 6.46–4.66 5.2


pTGIc 56 49 5.40–4.18 4.55


pLC50d 57 26 4.57–4.01 4.1


a Data obtained from the NCI’s in vitro disease-oriented human tumor


cell screen.
b pGI50 is the �log of the molar concentration that inhibits 50% net


cell growth.
c pTGI is the �log of the molar concentration giving total growth


inhibition.
d pLC50 is the �log of the molar concentration leading to 50% net cell


death.
e No. is the number of cell lines investigated.
f No. is the number of cell lines giving positive pGI50, pTGI, and


pLC50.
g MG_MID = mean graph midpoint = arithmetical mean value for all


tested cancer cell lines. If the indicated effect was not attainable


within the used concentration interval, the highest tested concen-


tration was used for the calculation.


IGROV1 10.8


OVCAR-3 10.8


OVCAR-4 9.04


OVCAR-5 12.9


OVCAR-8 6.35


SK-OV-3 19.2


Renal cancer


786-0 3.29


A498 3.29


ACHN 4.21


CAKI-1 12.0


RXF 393 3.98


SN12C 14.0


TK-10 11.4


UO-31 2.66


Prostate cancer


PC-3 4.51


DU-145 6.05


Breast cancer


MCF7 6.71


NCI/ADR-RES 3.76


(continued on next page)







Table 2 (continued)


Cell lines GI50 (lM)b


MDA-MB-231/ATCC 4.20


HS 578T 11.7


MDA-MB-435 13.7


BT-549 11.0


T-47D 11.1


a Data obtained from NCI’s in vitro disease-oriented tumor cell screen.
b The cytotoxicity GI50 values are the concentrations corresponding to


50% growth inhibition of tumor cells.
c Not determined.


a b c     d     e      f        g


Supercoiled DNA•


Relaxed DNA•


Figure 1. Effect of derivative 10c on the relaxation of supercoiled


plasmid DNA by human recombinant Topoisomerase II.14
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Moreover, we performed experiments on the ability of
derivative 10c to interfere with the catalytic activity of
DNA Topoisomerase II.


Indeed, it was widely demonstrated that a number of
anticancer drugs exert their antiproliferative effect by
inhibiting this nuclear enzyme.13


Figure 1 shows the relaxation of supercoiled plasmid
DNA mediated by Topoisomerase II in the absence
(lane b) and in the presence of increasing concentra-
tions of 10c (lanes c–f). The results obtained indicate
a somewhat weaker inhibitory capacity at the lower
concentrations taken into consideration (1 and
10 lM, lanes c and d, respectively). The inhibitory ef-
fect increases in a dose-dependent manner and at
200 lM concentration is comparable with that induced
by the well-known Topoisomerase II inhibitor m-am-
sacrine, used at 8 lM concentration (compare lanes f
and g). Considering that the antiproliferative effect
exerted by 10c for a number of cell lines is in the
0.34–21.8 lM range (Tables 1 and 2), the inhibition
of Topoisomerase II does not seem the main cause
of cell death, even though an undoubtable effect on
the enzyme occurs. Topoisomerase II modifies the
topological states of DNA and a number of antiprolif-
erative drugs, which affect its catalytic activity, are
known to be DNA binders.13 Therefore, it appeared
of interest to investigate on the ability of 10c to form
a molecular intercalative complex by means of flow
linear dichroism experiments, performed with salmon
testes DNA. The spectra of DNA alone and in pres-
ence of 10c do not evidence any detectable difference
suggesting the incapacity of the test derivative to
intercalate inside the macromolecule (data not shown).
In conclusion, it is conceivable that more than one

cellular molecular target contributes to the antiprolif-
erative ability of 10c.
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Abstract—A novel series of quinolinyl-methylene-thiazolinones has been identified as potent and selective cyclin-dependent kinase 1
(CDK1) inhibitors. Their synthesis and structure activity relationships (SAR) are described. Representative compounds from this
class reversibly inhibit CDK1 activity in vitro, and block cell cycle progression in human tumor cell lines, suggesting a potential
use as antitumor agents.
� 2007 Elsevier Ltd. All rights reserved.

Cyclin-dependent kinases (CDKs) are a family of serine/
threonine kinases that play critical roles in controlling
cell cycle progression.1,2 After binding to a family of reg-
ulatory proteins cyclins that expressed at different times
during the cell cycle, CDKs are activated. Additional
control over CDK activity is exerted by phosphoryla-
tion on specific threonine residues. Abnormal CDK con-
trol of the cell cycle has been linked to the molecular
pathology of cancer, and thus inhibitors of cyclin-de-
pendent kinases are anticipated to have antiproliferative
activity and potential therapeutic utility. Therefore,
CDKs have become attractive therapeutic targets for
cancer therapy.3–5


It has been established that three CDKs (CDK1, CDK2,
and CDK4) and their activating cyclin partners (A, B,
D, and E) play key roles in mammalian cell cycle regu-
lation.1 CDK2/cyclin E and CDK4/cyclin D control pas-
sage through the G1-phase and G1- to S-phase
transition by phosphorylation of the retinoblastoma
phosphoprotein, pRB. CDK2/cyclin A regulates passage
through the S-phase. CDK1/cyclin B controls the G2
checkpoint and regulates entry into mitosis. However,
it was found that CDK2 and CDK4 may not be essen-
tial for cell cycle progression in recent genetic and

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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RNA interference studies.6–10 Similar experiments with
CDK1 have shown that its kinase activity is critical
for cell cycle progression through mitosis. Therefore,
CDK1 inhibitors are expected to effectively arrest tumor
cell growth.


Many small-molecule CDK inhibitors have been identi-
fied11–13 and some of them have entered clinical evalua-
tion for the treatment of cancer.14–19 Although specific
CDK2 and CDK4 inhibitors have been reported, the
identification of CDK1-selective small-molecule inhibi-
tors has been challenging. Recently, we discovered a
quinolinyl-methylene-thiazolinone as potent and selec-
tive CDK1 inhibitor.20 Here, we report the synthesis,
structure activity relationships (SAR), and anti-prolifer-
ative activities of the quinolinyl-methylene-thiazolinone
class of CDK1 inhibitors.


Most of the quinolinyl-methylene-thiazolinone analogs
described in this paper (see Table 1) were prepared by
the two general synthetic methods outlined in Scheme 1.
In method A, rhodanine was reacted with the appropriate
amine 1 in the presence of HgCl2 and DIEA to give the
intermediate 3. Knoevenagel condensation of 3 with the
appropriate aldehydes catalyzed by benzoic acid and
piperidine in toluene gave the desired products 4a. In
method B, condensation of rhodanine with the appropri-
ate ketone or aldehyde such as 6-quinoline-carboxalde-
hyde yielded intermediate 6. Although different
Knoevenagel condensation conditions can be used,
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Table 1. Structure–activity relationship of quinolinyl-methylene-thiaz-


olin-ones against CDK1/cyclinBa


S


N
N
H


O


R1


N


Compound Rl Ki (lM)


12 H 0.080


20 MeO >2.0


21 Me 0.27


22 n-Bu 0.31


23 cyc-Propyl 0.27


24 Ph >2.0


25 PhCH2 0.15


26 PhCH2CH2 0.060


27 PhCH2CH2CH2 0.24


28 2-Thienyl-CH2 0.035


29 2-Thienyl-CH2CH2 0.045


30 2-Pyridyl-CH2CH2 0.28


31 2-Pyridyl-CH2 0.31


32 o-F-Ph-CH2CH2 0.12


33 m-F-Ph-CH2CH2 0.060


34 p-F-Ph-CH2CH2 0.062


35 p-Cl-Ph-CH2CH2 0.41


36 p-Br-Ph-CH2CH2 0.64


37 p-MeOPh-CH2CH2 0.39


38 m-Cl-Ph-CH2CH2 0.13


39 o-MeOPh-CH2CH2 0.063


40 o-EtO-Ph-CH2CH2 0.087


41 o-Cl-Ph-CH2CH2 0.046


42 o-Cl-Ph-CH2 0.052


43 o-Br-Ph-CH2 0.038


44 o-MeO-Ph-CH2 0.086


45 2,6-Di-Cl-Ph-CH2 1.04


46 *


OH


0.23


47 *


OH


2.0


48


*


OH
0.35


49


*


OH
0.58


50


*


OMe
>2.0


51


*


OH
0.39


52
*


0.023


Table 1 (continued)


Compound Rl Ki (lM)


53


S *


0.089


54 S N *
>2.0


a See Ref. 20 for a description of the CDK1 assay.
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NaOAc/HOAc gave the best result with an excellent yield
for 6a in the case of aldehydes (Z = H). In the case of
ketones (Z = Me), a variety of Knoevenagel condensation
conditions such as NaOAc/HOAc, NH4OAc/DMF, and
PhCOOH/Piperidine/PhMe were investigated but
produced low yields of the product 6b. However,
NH4OAc in toluene gave an almost quantitative yield of
6b. Methylation of 6 with MeI provided the thioether
intermediate 7. Subsequent introduction of the R1 group
was achieved by treatment of 7 with a variety of amines
(R1-NH2) to give thiazolinone product 4. In this step,
MeCN was the solvent of choice although other solvents
such as EtOH and DMF could also be used. Most of the
products precipitated at the end of the reaction
when MeCN was used as solvent and were isolated by
filtration.


Oxazolinone analogs were prepared as shown in Scheme 2
using a procedure similar to method B described above
starting from thioxo-oxazolidinone 8 prepared from
sodium cyanide, potassium thiocyanate, and formalde-
hyde. Knoevenagel condensation and methylation of 8
provided the intermediate 10, which was finally treated
with amine to give the product 11.


Compounds 12, 13, 14, and 15 were simply prepared as
shown in Scheme 3 by Knoevenagel condensation con-
ducted using sodium acetate in acetic acid.


To obtain the analog 19 with a single bond linker between
thiazolinone and quinoline rings for activity comparison,
direct reduction of 28 under reduction conditions such as
hydrogenation, reduction with LiBH4 or Hantzsch ester
was tried and proved to be unsuccessful. It was finally pre-
pared using the route shown in Scheme 4 starting from
aminoquinoline 17. Diazotization of 17 yielded diazoni-
um salt intermediate, which was reacted with acrylate in
the presence of catalytic CuBr to produce beta-bromo es-
ter 18. Compound 18 was reacted with a thiourea 16, pre-
pared from the corresponding amine, to form the
thiazolinone ring in the desired product 19.


The quinolinyl-methylene-thiazolinones were initially
identified by their anti-proliferative activity in a cell-
based screen. A distinct block in G2 phase of the cell
cycle suggested that CDK1 inhibition might be involved.
Their CDK1 inhibitory activity was confirmed by testing
for direct inhibition of CDK1/cyclin B activity in vitro.20


The good correlation between CDK1 inhibitory activity
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Scheme 1. General synthetic scheme for quinolinyl-methylene-thiazolin-ones. Reagents and conditions: (a) HgCl2, DIEA, MeCN, rt, 12 h;


(b) 6-quinolinecarboxaldehyde, PhCOOH/piperidine, toluene, 150 �C, micro-wave, 20 min (Z = H only); (c) NaOAc, HOAc, 130 �C, 24 h (Z = H); or


NH4OAc, PhMe, 130 �C, 24 h, (Z = Me); (d) MeI, DIEA, EtOH, rt, 12 h; (e) R1-NH2, DIEA, MeCN, microwave, 145 �C, 20 min.


N


O


N
MeS


O


N


O


N
N
H


O


R1


N


O


N
S


O


O


N
S


ONaCN
KSCN
HCHO


+
a b dc


8


9 10 11


+


Scheme 2. Synthesis of oxazolinone 11. Reagents and conditions: (a) concd HCl, H2O, 0 �C, 30 min, then rt, 12 h; (b) 6-quinolinecarbox-aldehyde,


NaOAc, HOAc, reflux, 12 h; (c) MeI, DIEA, EtOH, rt, 12 h; (d) R1-NH2, microwave, 100 �C, 10 min.


N


OH


X


N
R


Y


N


X


N
R


Y


+
a


12 (X = S, Y = O, R = NH2)
13 (X = S, Y = O, R = OH)
14 (X = N(Me), Y =O, R = NH2)
15 (X = S, Y = NH, R = NH2)


Scheme 3. Synthesis of compounds 12–15. Reagents and conditions:


(a) NaOAc, HOAc, 130 �C, 12 h.


N


NH2


N


O
Br


O


S NH2
S N


H
NH2


S


S


N


S


N
N
H


O


18


c, d


a, b


e


16


19
17


Scheme 4. Synthesis of compound 19. Reagents and conditions:


(a) PhCO-NCS, CHCl3, reflux, 2 h; (b) aq. Na2CO3, 70 �C, 1 h; (c)


HBr, NaNO2, Me2CO, H2O, 0 �C, 30 min; (d) Me acrylate, cat CuBr,


60 �C, 1 h; (e) 16, NaOAc, 2-methoxyethanol, 100 �C, 5 h.


2136 S. Chen et al. / Bioorg. Med. Chem. Lett. 17 (2007) 2134–2138

and anti-proliferative activity against tumor cells further
strengthens the notion that growth arrest is derived from
CDK1 inhibition (data not shown).


We next generated a series of analogs of structure 4a and
explored the SAR in their CDK1 activity. The data
(Table 1) indicated that R1 can tolerate a variety of
changes. The unsubstituted compound (12) has a Ki of
80 nM, while alkoxy substitution (20) resulted in the loss
of activity. Alkyl, cycloalkyl, aryl, and heteroaryl substi-
tution in this position is tolerated. Methylation of the

amine resulted in the complete loss of the CDK1 activity
(54 vs. 28). Synthetic intermediate 7 was also inactive.
These results indicated that a free NH group, a hydro-
gen bond donor, is essential for CDK1 inhibitory activ-
ity in this position. The length of the spacer between the
aryl and amine groups also affected the activity dramat-
ically. Except for compound 24 which lacks a spacer,
several carbon spacers are tolerated, and 1–2 carbon
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length gave the best result (24 vs. 25, 26, 27 or 28 vs. 29,
30 vs. 31). With right spacer, most aryl is tolerated, but
does not contribute significantly to potency.


We then focused on the 1–2 carbon linker analogs. Most
substitutions including halogen and alkoxy groups at
the o- or m-positions of the phenyl ring improved or re-
tained the potency (32, 33, 38–44). p-Substitution (35–
37) decreased the activity except in the case of very small
groups such as fluorine (34). Di-substitution (45) result-
ed in reduced activity. The thiophenyl analog (28) with
heteroaryl substitution was most potent against CDK1
(Ki = 35 nM).
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Figure 1. Structure and their CDK1 activities.


Table 2. Selectivity profile against a panel of diverse kinases (Ki, lM)a


Compound CDK1 CDK2 CDK4 PKAP1 AKT


12 0.15 2 >2 >2 >2


28 0.035 0.34 >2 >2 >2


52 0.02 >2 >2 >2 >2


a See Ref. 20 for a description of the kinase assays.


Table 3. Inhibitory activity on various tumor cells for representative compo


Compound T


HCT116 H460a SW4


12 2.53 1.82 3.10


28 1.14 1.04 2.20


46 1.58 ND 3.07


52 2.41 2.49 6.58


a See Ref. 20 for a description of the cellular anti-proliferation assays.

In the case of phenyl (or heteroaromatic) alkyl (1–2 car-
bons) as an R1 substituent, we further investigated
changes at the C-a or C-b positions. Appropriate substi-
tution at these positions was tolerated. The hydroxyl-
methyl group was introduced to improve solubility but
resulted in a decrease in activity compared with the
unsubstituted analogs (46–51). Stereochemistry also af-
fects the potency. The S-isomer was more potent than
the R-isomer (46 vs. 47 and 48 vs. 49). The most potent
compound in this series with Ki of 23 nM was the more
rigid analog (52). Since R1 can tolerate many changes,
this is a good position to modify the molecule to im-
prove the physicochemical properties.
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The possibility of replacement of the thiazolinone moie-
ty (Fig. 1, 11, 13–15) was also investigated. However,
any attempt to replace it with other heterocyclics was
unsuccessful. Only oxazolinone retained some potency.


Next, we examined the linker between the thiazolinone
and quinoline rings and found that the double bond is
required for activity. Replacement of the double bond
with a single bond resulted in a total loss of activity
(19). A similar result was obtained with the methyl sub-
stitution of the hydrogen at the olefin position (4b).
These results suggested that the unsubstituted olefin
linker is important for maintaining the configuration
of the thiazolinone and quinoline rings, needed for
CDK1 binding.


The selectivity of the most potent CDK1 inhibitors
was examined against a panel of kinases including
CDK2 and CDK4 (Table 2). CDK1 and CDK2 pro-
teins share a 66% identity and 84% similarity.21 Mod-
eling studies have shown that the ATP-binding sites of
these two kinases are very similar.22 There are only
two differences in their amino acid composition, at
positions 84 and 85, and the side chains at these
positions project outside of the ATP binding pocket.
Nevertheless, compounds 12, 28, and 52 show at least
10-fold selectivity for CDK1. The lack of CDK1 crys-
tal structure makes it difficult to explain the structural
basis for this selectivity. These compounds also
showed at least 10-fold selectivity against all other
tested human kinases (Table 2).


Four of the most potent compounds 12, 28, 46, and 52
were selected for evaluation of their in vitro cellular
activity against a panel of human cancer cell lines: colon
cancer (HCT116, SW480, RKO), lung (H460a), breast
(MDA435), and osteosarcoma (SJSA1). They showed
antiproliferative activity in all cell lines in the range of
1–7 lM IC50 (Table 3). We reported previously that
the antiproliferative activity of 28 is due to a reversible
block of cell cycle progression at the G2/M phase bor-
der.20 However, prolonged exposure to the compound
leads to induction of apoptosis and suggests that selec-
tive CDK1 inhibitors may have utility as anticancer
agents.20


In conclusion, we have identified the quinolinyl-meth-
ylene-thiazolinone class as potent and selective CDK1
inhibitors. SAR studies indicated that the quinoline
and thiazoline moieties are important for binding,
while the amine position can tolerate more modifica-
tions. The antiproliferative and pro-apoptotic activity
of these compounds suggests that members of this
class could be developed as agents for cancer
therapy.
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Abstract—The high-affinity choline transporter (CHT1) system is an attractive target for the development of positron emission
tomography (PET) biomarkers to probe brain, cardiac, and cancer diseases. An efficient and convenient synthesis of new radiola-
beled CHT1 inhibitors [11C]hemicholinium-3 and [18F]hemicholinium-3 by solid-phase extraction (SPE) technique using a cation-
exchange CM Sep-Pak cartridge has been well developed. The preliminary evaluation of both tracers through biodistribution studies
in 9L-glioma rats has been performed, and the uptakes in the heart and tumor were observed, while very low brain uptake was seen.
� 2007 Elsevier Ltd. All rights reserved.

The high-affinity choline uptake (CHT1) system located
in peripheral and central cholinergic nerve terminals
plays a regulating and rate-limiting role in the intraneu-
ronal synthesis of acetylcholine (ACh).1,2 Three ACh-re-
lated proteins are considered specific markers for
cholinergic neurons, including choline acetyltransferase
(ChAT), the vesicular ACh transporter (VAChT), and
the high-affinity choline transporter (CHT1).3 Synthesis
of ACh is catalyzed by ChAT, and ChAT antibodies
have been used to map central cholinergic pathways
and to identify cholinergic nerves in peripheral tis-
sues.4–6 VAChT transfers ACh to storage vesicles in
nerve terminals or varicosities, and VAChT antibodies
have been used to identify cholinergic neurons and nerve
fibers in brain and heart.6–9 The CHT1 protein is highly
expressed at cholinergic varicosities and transports cho-
line into neurons for synthesis of ACh, and CHT1 anti-
bodies have been used for immunohistochemical
detection in multiple species and tissues.10–17 Biomedical
imaging technique positron emission tomography (PET)

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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studies with carbon-11 and fluorine-18 labeled choline
analogues have shown moderate to high choline tracer
accumulations in several types of primary and metastatic
tumors, which imply choline transporter activity to sup-
port accumulation of tracer in the tumors.18–21 In our
previous work,21 we performed mechanistic studies on
the transport of choline in the PC-3 human prostate can-
cer cell line for clarification of the properties of the cho-
line transporter. Although the uptake of choline
analogues in cultured prostate cancer cells was found
to be mediated by an intermediate affinity transporter
distinct from CHT1, it was found sensitive to inhibition
with the CHT1 inhibitor, hemicholinium-3 (HC-3). Re-
sults of cellular binding of [3H]HC-3 in PC-3 cells dem-
onstrated the importance of the transporter for choline
processing in PC-3 human prostate cancer cells. Favor-
able tumor cell binding and in vivo biodistribution prop-
erties of [3H]HC-3 in a 9L-glioma-bearing rat model
encouraged further characterization and development
of molecular imaging agents that target the choline
transporter in cancer cells.


CHT1 is a marker of the functional status of the cholin-
ergic presynaptic terminals and associated with a variety
of diseases, such as brain Parkinson’s disease, and Alz-
heimer’s disease, coronary heart disease and
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cancers.22,23,21 Thus, choline transporter systems provide
attractive targets for the development of PET
biomarkers to probe brain, heart, and cancer
diseases. HC-3 [2,2-(4,4-biphenylene)bis(2-hydroxy-4,
4-dimethylmorpholinium bromide)] and its derivatives
represent the most potent known competitive synthetic
CHT1 inhibitors.1 HC-3 is a gold standard for studying
the high-affinity choline transport in vitro.2 Carbon-11
and fluorine-18 labeled HC-3 analogues, [11C]hemicho-
linium-3 ([11C]HC-3) and [18F]hemicholinium-3
([18F]HC-3), may serve as in vivo PET agents for the
choline transporter. We present here, for the first time,
our initial investigation on synthesis and biodistribution
of [11C]HC-3 and [18F]HC-3.


Synthesis of HC-3 precursor and reference standard was
performed using a modification of the literature meth-
od.24 The synthetic approach is outlined in Scheme 1.
The bis-tertiary amine precursor 4,4 0-bis-(1-methyl-3-
hydroxy-morpholinyl-(3))-biphenyl (3) was synthesized
from 4,4 0-bis-bromoacetyl-biphenyl and 2-(methylami-
no)ethanol in 80% yield. The reference standard HC-3
(1) was synthesized from 4,4 0-bis-bromoacetyl-biphenyl
and 2-(dimethylamino)ethanol in 92% yield.


Synthesis of [11C]HC-3 ([11C]1) is shown in Scheme 2.
The precursor 3 was labeled by a reactive [11C]methylat-
ing agent, [11C]methyl triflate ([11C]CH3OTf)25 prepared
from 11CO2, in acetonitrile through the primary N-
[11C]methylation and trapped on a cation-exchange
CM Sep-Pak cartridge to release the non-reacted bis-ter-
tiary amine precursor with ethanol and to retain the
pure 11C-methylated single-side quaternary amine inter-
mediate on the same CM Sep-Pak. The labeled interme-
diate underwent the secondary N-[12C]methylation by
addition of methyl iodide in ethanol to the same
cartridge. After 2 min, non-reacted methyl iodide was
removed from the cartridge by rinsing with ethanol.
The final bis-quaternary amine carbon-11 labeled
product [11C]HC-3 was then eluted from the cartridge
with saline. The synthesis was performed in an automat-
ed multi-purpose 11C-radiosynthesis module, allowing
measurement of specific activity during synthesis.26


The radiochemical yields were 50–60% based on 11CO2


decay corrected to end of bombardment (EOB), and
specific activity was in a range of 4.0–6.0 Ci/lmol at
EOB. The overall synthesis time was 20–30 min from
EOB. The radiochemical purity was >99%. The purifica-

COCH2BrBrCH2OC


H3C


CH3NHCH2CH2OH
THF


(CH3)2NCH2CH2OH
THF


H3


Scheme 1. Synthesis of HC-3 precursor and reference standard.

tion technique we used in the radiosynthesis of [11C]HC-
3 is the solid-phase extraction (SPE) method,23 and the
key part in this technique is a CM Sep-Pak cartridge.


Synthesis of [18F]HC-3 ([18F]2) is indicated in Scheme 3.
Using similar methodology, fluorine-18 labeled target
tracer [18F]HC-3 was prepared by primary N-[18F]fluo-
romethylation of the precursor 3 using a new and reac-
tive [18F]fluoromethylating agent, [18F]fluoromethyl
triflate ([18F]FCH2OTf) prepared starting from K18F/
Kryptofix2.2.2 with dibromomethane,27 followed by
secondary N-[12C]methylation using methyl iodide and
purified by the SPE technique using a CM Sep-Pak car-
tridge in an automated multi-purpose 18F-radiosynthesis
(FBM) module20 with 5–10% radiochemical yields based
on K18F, 30–40 min overall synthesis time from EOB,
>99% radiochemical purity, and >1.0 Ci/lmol specific
activity at end of synthesis (EOS).


Both [11C]HC-3 and [18F]HC-3 are radiolabeled bis-qua-
ternary amine salts, therefore, it is not possible for the
tracers to cross the blood-brain barrier (BBB). Thus,
their application appears limited for in vivo imaging
studies of the central nervous system (CNS) diseases in
the brain such as Alzheimer’s disease, for which a dra-
matic loss of ACh and its metabolically related enzymes
from cortex and hippocampus is a characteristic feature
of Alzheimer’s disease.22 Rather, the potential applica-
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tion of both tracers would be in heart imaging and can-
cer imaging.23,21


The preliminary biological evaluation of [11C]HC-3 and
[18F]HC-3 was carried out through biodistribution stud-
ies in a subcutaneous 9L-glioma rat model. We chose
against a xenograft mouse model for this study, because
a rat model would allow for more practical collection of
arterial blood samples and previous work with the PC-3
xenografts showed accumulations of choline radiotracers
indicative of poor perfusion of these tumors.19 Since
elevation of choline uptake is found in a wide variety
of tumors including gliomas,28,29 the model serves as a
representative model for evaluating choline-based imag-
ing probes. Moreover, this model is also suitable for
evaluating in vivo biodistribution properties of brain
and heart regions, since our regions-of-interest (ROIs)

Table 1. Biodistribution data of [11C]HC-3 and [18F]HC-3 in 9L-glioma rats


Organ [11C]HC-3 (n = 3, 5 min) [11C]HC-3 (n = 3, 20


Blood 1.383 ± 0.267 0.749 ± 0.093


Plasma 3.648 ± 0.683 1.453 ± 0.383


Brain 0.060 ± 0.038 0.035 ± 0.008


Lung 1.081 ± 0.471 0.590 ± 0.074


Liver 0.848 ± 0.381 1.239 ± 0.369


Kidney 7.640 ± 2.782 3.656 ± 0.322


Urine (% dose) 6.381 ± 6.876 24.980 ± 6.583


Heart regions


L-Atrium 1.026 ± 0.606 0.457 ± 0.070


R-Atrium 0.963 ± 0.325 0.398 ± 0.085


Septum 0.381 ± 0.115 0.223 ± 0.011


L-Ventricle 0.415 ± 0.162 0.244 ± 0.028


R-Ventricle 0.401 ± 0.129 0.234 ± 0.009


A–V node 1.074 ± 0.964 0.478 ± 0.243


Solar Plexus 0.522 ± 0.258 2.057 ± 1.631


Ske. Musc. 0.207 ± 0.061 0.159 ± 0.046


Tumor 0.649 ± 0.176 0.457 ± 0.146


Tumor/blood 0.466 ± 0.064 0.622 ± 0.219


Tumor/muscle 3.199 ± 0.522 3.094 ± 1.310


The data presented here represented the average value in 3 rats. The time poin


and 30 min for [18F]HC-3, respectively.

included normal brain and heart. All animal experi-
ments were performed under a protocol approved by
the Indiana University Institutional Animal Care and
Use Committee (IACUC). The in vivo biodistribution
of [11C]HC-3 was determined in 9L-glioma rats at 5
and 20 min post intravenous (iv) injection of the tracer.
Likewise, the in vivo biodistribution of [18F]HC-3 was
determined in 9L-glioma rats at 5 and 30 min post iv
injection of the tracer. Urine was collected by a syringe
from the bladder. The data are listed in Table 1. The
data represent the average value in three rats. Biodistri-
bution data of [11C]HC-3 at 5 and 20 min time points
and [18F]HC-3 at 5 and 30 min time points in 9L-glioma
rats showed the major organs of uptake to be kidney.
Heart uptake was observed in different regions including
L-atrium, R-atrium, septum, L-ventricle, R-ventricle,
and A–V node. Tumor uptake was moderate, and tu-
mor/muscle ratios were 3.0–5.1 for both [11C]HC-3
and [18F]HC-3 at 5–30 min post-injection. In compari-
son with the uptakes in urine and kidney, the uptake
in brain was very low. The minimal penetration of both
tracers into brain confirmed the lipophobicity30 of the
bis-quaternary amine tracers, which is consistent with
their HPLC retention times. Gliomas are brain tumors
derived from glia,31 and the glioma tumor was implant-
ed in the thigh of the rat, not in the brain. Thus, the
tumor uptakes were able to be seen in 9L-glioma rat
model in biodistribution study, and both radiotracers
had relative good uptake in tumor and good tumor/
background ratios. This study does not address the
question of whether these tracers can cross the blood-
brain barrier when glioma is present. There was little
change in the tissue biodistributions from 5 to 30 min
post-injection, demonstrating that the disposition of
the labeled HC-3 analogues occurs rapidly. Significant
fractions of radioactivity were accumulated in urine
(�25% at 30 min). Since bone and fat were not the

(% ID/g)


min) [18F]HC-3 (n = 3, 5 min) [18F]HC-3 (n = 3, 30 min)


1.467 ± 0.685 0.378 ± 0.198


3.732 ± 0.680 1.272 ± 0.536


0.042 ± 0.021 0.030 ± 0.008


0.944 ± 0.584 0.533 ± 0.228


1.228 ± 0.662 1.536 ± 0.585


8.676 ± 4.732 5.935 ± 5.577


10.188 ± 12.182 27.623 ± 15.663


0.824 ± 0.324 0.767 ± 0.312


2.023 ± 1.848 0.999 ± 0.266


0.530 ± 0.390 0.262 ± 0.155


0.438 ± 0.219 0.253 ± 0.134


0.734 ± 0.699 0.243 ± 0.134


5.607 ± 7.484 0.600 ± 0.211


1.186 ± 0.143 1.009 ± 0.693


0.194 ± 0.087 0.123 ± 0.070


0.952 ± 0.400 0.359 ± 0.165


0.572 ± 0.311 0.978 ± 0.095


5.085 ± 1.771 3.024 ± 0.393


ts post iv injection of the tracer were 5 and 20 min for [11C]HC-3, and 5
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tissues of interest, no bone and fat tissues were excised in
biodistribution study, and no bone and fat accumula-
tion data were reported.


The experimental details and characterization data for
compounds 3 and 1, new tracers [11C]1 and [18F]2, and
biodistribution study are given.32


In summary, an efficient and convenient chemical and
radiochemical synthesis of the precursors, reference,
standards and target tracers has been well developed.
The synthetic methodology of [11C]HC-3 and [18F]HC-
3 employed bis-tertiary amine precursor, featuring
primary N-[11C]methylation with [11C]CH3OTf and N-
[18F]fluoromethylation with [18F]FCH2OTf in a reaction
vessel, purification of 11C-methylated and 18F-fluorome-
thylated single-side quaternary amine intermediates on a
CM Sep-Pak cartridge, followed by secondary N-
[12C]methylation with CH3I and isolated final bis-qua-
ternary amines carbon-11 and fluorine-18 labeled
products [11C]HC-3 and [18F]HC-3 by SPE technique
on the same cartridge. The radiolabeling reactions and
purification are rapid, efficient, and convenient, and
resulting radiolabeled products were shown to have
moderate to excellent radiochemical yields. Preliminary
findings from biodistribution studies of both tracers in
9L-glioma rats indicate that uptakes in the heart and
tumor were observed, while very low brain uptake was
seen. Further study will be to determine the specificity
of binding of HC-3 analogue tracers to choline
transporters, and to explore structural modifications to
provide tracers for higher lipophilicity needed to cross
the blood-brain barrier for the purpose of CNS imaging
studies of CHT1.
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(TLC) was run using Analtech silica gel GF uniplates
(5 · 10 cm2). Chromatographic solvent proportions are
expressed on a volume:volume basis. Plates were visual-
ized by UV light. All moisture- and/or air-sensitive
reactions were performed under a positive pressure of
nitrogen maintained by a direct line from a nitrogen
source. Analytical HPLC was performed using a Prodigy
(Phenomenex) 5 lm C18 column, 4.6 · 250 mm; 3:1:1
CH3CN/MeOH/20 mM, pH 6.7 KHPO4


� (buffer solution)
mobile phase, flow rate 1.5 mL/min, and UV (270 nm) and
c-ray (NaI) flow detectors. Semi-prep cation-exchange
CM Sep-Pak cartridges were obtained from Waters
Corporate Headquarters, Milford, MA. Sterile vented
Millex-GS 0.22 lm filter unit was obtained from Millipore
Corporation, Bedford, MA.
(b) 4,4 0-bis-(1-methyl-3-hydroxy-morpholinyl-(3))-biphe-
nyl (3). To a solution of 4,4 0-bis-bromoacetyl-1-biphenyl
(396 mg, 1.0 mmol) dissolved in 50 mL THF was added a
solution of 2-(methylamino)ethanol (330 mg, 4.4 mmol)
dissolved in 10 mL of THF. The mixture was stirred at
room temperature for 3 h and heated to reflux for 2 h. The
mixture solution was evaporated under reduced pressure,
added with dichloromethane (120 mL), decanted or fil-
tered from the precipitated N-substituted ethanolamine
hydrobromide, washed with water and brine. Then the
organic solution was extracted with 1N HCl solution, and
the pH of HCl solution was adjusted with ammonium
hydroxide to 9, aqueous solution was again extracted with
dichloromethane, organic solution was dried over magne-
sium sulfate, filtered, and concentrated to give compound3
(306 mg, 87%) as a light yellow solid. Mp: 45–46 �C;
Rf = 0.26 (1:9, MeOH/CH2Cl2). 1H NMR (300 MHz,
DMSO-d6): d 1.99–2.29 (m, 2H), 2.16 (s, 6H, CH3), 2.56–
2.73 (m, 4H, CH2), 3.51–3.91 (m, 4H, CH2), 4.10 (dt,
J = 2.2, 11.0 Hz, 2H, CH2), 6.26 (s, 2H, OH), 7.55–7.70 (m,
8H, Ph–H). MS (ESI): 385 ([M+H]+, 30%), 384 (100%).
(c) 2,2-(4,4-biphenylene)bis(2-hydroxy-4,4-dimethylmor-
pholinium bromide) (HC-3, 1). 4,4 0-bis-bromoacetyl-1-
biphenyl (396 mg, 1.0 mmol) and 2-dimethylaminoethanol
(178 mg, 2.0 mmol) were added into anhydrous THF
(40 mL), stirred at room temperature for 24 h. A white
solid was precipitated, filtered, and washed with dry THF to
obtain compound 5 (614 mg, 92%). Mp: 178–180 �C. 1H
NMR (300 MHz, DMSO-d6): d 3.19 (s, 6H, CH3), 3.31–3.39
(m, 2H, CH2), 3.46 (s, 6H, CH3), 3.60 (d, J = 5.1 Hz, 4H,
CH2), 3.66 (d, J = 13.2 Hz, 2H, CHH), 4.08.
(d) J = 13.2 Hz, 2H, CHH, 4.51–4.49 (m, 2H, CH2), 7.39 (d,
J = 1.4 Hz, 2H, OH), 7.64 (d, J = 8.1 Hz, 4H, Ph–H), 7.77
(d, J = 8.1 Hz, 4H, Ph–H). MS (ESI): 414 (M+, 32%), 413
(100%).
(d) [11C]HC-3 ([11C]1). Bis-tertiary amine precursor 3 (0.1–
0.2 mg) was dissolved in acetonitrile (300 lL). The mixture
was placed in a sealed reaction vessel. No carrier-added
(high specific activity) [11C]CH3OTf was passed through the
reaction solution, which was cooled at � 0 �C, until
radioactivity reached a maximum (�3 min), and then the
reaction mixture was heated at 80 �C for 2 min. The reaction
vessel was connected to a CM Sep-Pak cartridge. The
labeled product mixture solution was passed onto the Sep-
Pak cartridge to release the non-reacted precursor with

ethanol and to retain the pure N-11C-methylated single-side
quaternary amine intermediate on the same CM Sep-Pak.
Then, the labeled intermediate underwent the secondary N-
[12C]methylation by addition of CH3I in ethanol to the same
cartridge. After 2 min, the Sep-Pak cartridge was washed
with ethanol (5 mL) and water (2 mL) to remove non-
reacted CH3I, and the washing solution was discarded to a
waste bottle. The final product [11C]1 was eluted from the
CM Sep-Pak with saline (2–4 mL) and sterile-filtered
through a 0.22 lm cellulose acetate membrane and collected
into a sterile vial. Total radioactivity was assayed and the
total volume was noted. The overall synthesis time was 20–
30 min from EOB. The radiochemical yields decay correct-
ed to EOB, from 11CO2, were 50–60%, the radiochemical
purity was >99%, and the chemical purity of the target
tracer was >95% measured by analytical HPLC. Retention
times in the analytical HPLC system were: tR3 = 3.45 min,
tR1 = 2.36 min, tR[11C]1 = 2.36 min.
(e) [18F]HC-3 ([18F]2). Precursor 3 (0.6–1.0 mg) was dis-
solved in acetone (0.6 mL), and the mixture was placed in a
sealed reaction vessel. No carrier-added (high specific
activity) [18F]fluoromethyl bromide prepared by a literature
method 20 was passed through a silver triflate column at
20 �C to form [18F]FCH2OTf. [18F]FCH2OTf was trapped
in the reaction solution, and then the reaction mixture was
heated at 40 �C for 10 min. The reaction vessel was
connected to a CM Sep-Pak cartridge. The labeled product
mixture solution was passed onto the Sep-Pak cartridge to
release the non-reacted precursor with ethanol and to retain
the pure N-18F-fluoromethylated single-side quaternary
amine intermediate on the same CM Sep-Pak. Then, the
labeled intermediate underwent the secondary N-
[12C]methylation by addition of CH3I in ethanol to the
same cartridge. After 2 min, the Sep-Pak cartridge was
washed with ethanol (5 mL) and water (2 mL) to remove
non-reacted CH3I, and the washing solution was discarded
to a waste bottle. The final product [18F]2 was eluted from
the CM Sep-Pak with saline (2–4 mL) and sterile-filtered
through a 0.22 lm cellulose acetate membrane and collected
into a sterile vial. Total radioactivity was assayed and the
total volume was noted. The overall synthesis time was 30–
40 min from EOB. The radiochemical yields decay correct-
ed to EOB, from K18F, were 5–10%, the radiochemical
purity was >99%, and the chemical purity of the target
tracer was >95% measured by analytical HPLC. Retention
times in the analytical HPLC system were: tR3 = 3.45 min,
tR [18F]2 = 2.42 min.
(f) Biodistribution study. The 9L-glioma rats (200–300 g)
were injected intravenously with sub-pharmacologic doses
(1–3 mCi) of [11C]HC-3 and/or [18F]HC-3 via the tail vein
while under conscious restraint. At 5 and 20 min post-
injection of [11C]HC-3 or at 5 and 30 min post-injection of
[18F]HC-3, rats were sacrificed by decapitation under
halothane anesthesia, their tissues quickly excised, weighed,
and the decay-corrected radioactive content measured using
a Wallac 1470 gamma counter. The results are expressed as
percentage of injected dose (%ID) for urine and as percent-
age of injected dose per mass of tissue (%ID/g) for all other
tissues. For calculation of total blood activity, blood mass
was assumed to be 7% of the body mass.
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Abstract—Discovery of novel antibacterial agents is a significant challenge. We have recently reported on our discovery of novel
antibacterial agents in which we have rapidly optimized potency utilizing a parallel chemistry approach. These advanced leads suffer
from high affinity for human serum albumin (HSA). In an effort to decrease the affinity for HSA we have prepared a series of het-
erocyclic analogs, which retained antibacterial activity and demonstrated reduced affinity for HSA.
� 2006 Elsevier Ltd. All rights reserved.
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Bacterial resistance is a significant problem in the treat-
ment of bacterial infections.1–3 This emerging resistance
has fueled a continuous search for new antibiotics
resulting in numerous commercially available products.
The pharmaceutical industry rapidly took advantage
of the wealth of novel targets available as a result of
the genomic revolution. Despite the expectation that
these new targets would decrease the hurdle in identify-
ing novel classes of antibacterial agents, discovery of
compounds that act via novel mechanisms remains a sig-
nificant challenge. The major obstacle appears to be the
identification of novel drugable chemical matter.4 In the
past several years, we have had an extensive research
program utilizing a range of approaches in search of
novel antibacterials. This includes our work directed to-
ward specific targets such as efflux pumps,5 PDF,6 as
well as the identification of whole cell active compounds
coupled with a reverse pharmacology approach to try to
identify the targets against which such compounds are
acting.7


An attractive target for antibacterial drug discovery is
bacterial protein synthesis. The Pharmacia compound
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collection was screened utilizing a transcription transla-
tional assay8 which resulted in the identification of a hit
that was a complex mixture exhibiting both whole cell
antibacterial activity and inhibition in the transcription
translation screening assay. After extensive fraction-
ation, the structure of the active component was eluci-
dated and determined to be 1 (Fig. 1). Our medicinal
chemistry group rapidly transformed this complex unat-
tractive compound into the lead anthranilic amide mol-
ecule 2, which is very attractive for lead optimization
utilizing array chemistry. We have recently reported9


on the optimization of 2 resulting in the identification
of the advanced compound 3 which displayed potent
broad-spectrum antibacterial activity, but not in vivo

O2S
N 1


2


Cl


Figure 1. Progression in lead optimization.



mailto:atli.thorarensen@pfizer.com





3) NIS/DMF/ 0 C 88% 4) 
CuCN/NMP/ 110 C 75%


1) a) (COCl)2/DCM, b) KOt-Bu/THF/
0ο C 93%, 2) Raney Nickel H2 99%,


4 5
NO2


CO2H


NH2


CO2t-Bu


CN


Scheme 1.


1) (COCl)2, DCM


2) 5, CH2Cl2/ pyr
3) TFA/DCM


R OH


O
NC


NH


RO


OH


O


Scheme 2.


Table 1. Antibacterial activity of initial lead matter


Compound MIC (lg/mL)a


SAURb SAURc EFAEd SEPIe SPNEf HINFg


1 16 ND 32 16 8 >128


2 64 >128 128 16 64 >128


3 0.5 >128 32 4 4 128


Vancomycin 0.5 2.0 1.0 1.0 0.25 0.015


a Minimal inhibitory concentration.
b S. aureus UC 9218.
c S. aureus UC 9218 + 5% serum. Human serum (male, from Sigma) was thawed at room temperature, then placed in a 56 �C water bath for 30 min.


The serum was then filtered using a 0.2 micron filtration system.
d Enterococcus faecalis UC 9217.
e S. epidermidis UC 12084.
f S. pneumoniae UC 9912.
g Haemophilus influenzae 30063.
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activity in a standard Staphylococcus aureus mouse
model (Table 1). The lack of in vivo activity was attrib-
uted to the high human serum albumin (HSA) binding
affinity of compound 3. In this letter, we will describe
our approach for replacing the central ring with a vari-
ety of heterocycles.


Previous optimization of the A-ring led to the identifica-
tion of several 5-substituents with good activity.9 For
the purposes of this work, we elected to utilize a 5-cyano
substituent.10 In order to rapidly evaluate the replace-
ment of the B-ring with various heterocycles, we re-
quired a suitable A-ring building block where the acid
is protected as an acid-labile ester to simplify the final
deprotection. Nitrile 5 was synthesized via a simple
4-step procedure (Scheme 1). Conversion of 2-nitroben-
zoic acid to the corresponding acid chloride utilizing
oxalyl chloride was uneventful; subsequent treatment
with potassium tert-butoxide in THF cleanly afforded
the desired tert-butyl ester. This acylation has been
scaled uneventfully to >60 g. Reduction followed by
iodination provided an intermediate suitable for the
installment of the cyanide. The iodide was converted
to the nitrile utilizing CuCN in variable yield. We uti-
lized this route to generate over 25 g of the desired ni-
trile. Subsequently this route was improved by
Pharmacia’s process research group to provide kg quan-
tity in a reliable manner.11


Criteria for the selection of building blocks included (a)
commercial availability, (b) existence in our compound
collection, or (c) easy preparation from known
procedures. Furthermore, previous SAR studies had
illustrated that the sulfonamide attached to the B-ring
could be replaced with a variety of groups such as a
phenyl ring. Therefore, we elected to use a phenyl substi-

tuent in place of the sulfonamide due to availability of
the appropriate building blocks.


The analogs were prepared as outlined in Scheme 2,
acylation followed by acidic deprotection provided the
final analogs in high yields and purities, Table 2.


In general most of the building blocks contained a com-
parable substitution pattern. Table 2 contains selected
examples and activities of the various 5- and 6-mem-
bered heterocyclic analogs that we prepared, and Table 3
contains selected examples and activities of fused bicy-
clic analogs. In monitoring progress, we decided early
on that improving potency in the whole cell assay versus
S. aureus would be the driving factor instead of potency
in the transcription translation assay. Furthermore,
after evaluating many approaches to measuring albumin
affinity, we decided the best measure of progress in
reducing protein binding was to run the S. aureus assay
in the presence of 10% serum. Utilizing this gauge it is
clear that several heterocyclic replacements were
extremely successful replacements for the B-phenyl ring.
For example in the monocyclic series (Table 2), isoxaz-
ole 7, thiazole 10, and oxazole 11 provided potent anti-
bacterial agents with decreased affinity for HSA. In the
bicyclic series (Table 3), the indole 17, benzisoxazole 18,
and benzthiazole derivative 20 demonstrated very prom-
ising antibacterial activity.


The identification of several potent heterocyclic replace-
ments for the B-ring phenyl of 3 validated our approach
which was designed to improve the potency of new ana-
logs, while reducing lipophilicity and maintaining or
reducing the molecular weight. In order to further
validate this approach, we elected to prepare more
specific analogs containing one of the promising new







Table 2. Antibacterial activity of selected 5- and 6-membered hetero-


cyclic derivatives


R Compound Yield % MIC (lg/mL)a


SAURb 10%c Serum


N O


N Ph 6 37 4 32
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N
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Me
15 60 4 >128


N


N
16 17 128 >128


a Minimal inhibitory concentration.
b S. aureus UC 9218.
c S. aureus UC 9218 + 10% serum.


Table 3. Antibacterial activity of selected heterobicyclic derivatives


R Compound Yield % MIC (lg/mL)a


SAURb 10%c Serum


H
N


17 36 2 32


N
O


18 ND 0.5 16


O
19 27 2 32


N


S
20 30 0.25 8


NS
21 48 4 32


N


O
22 10 >128 >128


N


O


H3C


23 17 16 64


a Minimal inhibitory concentration.
b S. aureus UC 9218.
c S. aureus UC 9218 + 5% serum.
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heterocycles, but with a more optimal substitution pat-
tern. We had previously identified benzyl thioether as
a favorable substituent which resulted in very potent
analogs. Therefore, we elected to prepare the ben-
zylthioether analog of isoxazole 7. The synthesis relies
on a cycloaddition to form the isoxazole core (Scheme 3).
The requisite benzyl ethynyl sulfide 25 was prepared
by the addition of lithium acetylide to a disulfide form-
ing 24, which was followed by deprotection of the acet-
ylene. The isoxazole 27 was then prepared by a [3+2]
cycloaddition.12 The cycloaddition reaction was exten-
sively optimized to minimize the formation of isomeric
and dimeric products.


The optimal reaction conditions afforded a single regio-
isomeric product 27 when Et3N was added dropwise to a

heated toluene solution containing both reaction
partners.13 In order to secure the assignment of the reg-
iochemistry, an X-ray structure was obtained of the







Table 4. Antibacterial properties of 29


Compound MIC (lg/mL)a


SAURb 10%c Serum SPNEd EFAEe SEPIf


29 0.125 4 >128 >128 0.125


a Minimal inhibitory concentration.
b S. aureus UC 9218.
c S. aureus UC 9218 + 10% serum. Human serum (male, from Sigma)


was thawed at room temperature, then placed in a 56 �C water bath


for 30 min. The serum was then filtered using a 0.2 micron filtration


system
d Streptococcus pneumoniae UC 9912.
e Enterococcus faecalis UC 9217.
f S. epidermidis UC 12084.
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corresponding acid 28. The subsequent conversion was
performed as described for 7 affording 29 in modest
yield.


Compound 29 demonstrated potent antibacterial activi-
ty against S. aureus both in presence and absence of ser-
um. Despite this potent activity, this compound was not
broad-spectrum and there were several strains of impor-
tant pathogens where 29 demonstrated sub-optimal
activity (Table 4). The improvement of spectrum of
activity against medically important pathogens required
further optimization in this series of novel antibacterial
agents.


In summary, we have prepared a diverse set of heterocy-
clic B-ring replacements. Several of these replacements
have potent antibacterial activity with significantly de-
creased affinity for HSA as measured by adding 10% ser-
um to the assay. This has been accomplished by
reducing the molecular weight by 40% from MW 625
for 1 to MW 380 for 29. Simultaneously, we were suc-
cessful in reducing the lipophilicity of the compounds.
Thus, we were successful in transforming a non-drug-
like screening hit, 1, into a lead series with promising
drug-like properties.14 Through the synthesis of 29 con-
taining a more optimal benzyl ether substituent, we have
demonstrated that heterocyclic B-ring replacements are
a viable option for further exploration. Several of these
heterocyclic B-ring replacements were subsequently
selected for further optimization, by variation of the
B-ring substitution and the anthranilic acid substitution
in an effort to improve the spectrum of antibacterial

activity with reduced affinity for HSA. These efforts will
be disclosed in due course.
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Abstract—To study drug-receptor interactions, new thio-derivatives of salvinorin A, an extremely potent natural j-opioid receptor
(KOR) agonist, were synthesized. Obtained compounds were examined for receptor binding affinity. Analogs with the same config-
uration at carbon atom C-2 as in natural salvinorin A showed higher affinity to KOR than their corresponding epimers.
� 2007 Elsevier Ltd. All rights reserved.
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Salvinorin A (1) is a neoclerodane diterpenoid with a
strong hallucinogenic activity. It has been shown to have
a high affinity and selectivity to kappa-opioid receptors
(KOR).1 Salvinorin A is isolated from the psychoactive
plant Salvia divinorum as a major secondary metabolite,
and makes an attractive lead compound for drug devel-
opment due to its strong effects on human mood and
low toxicity.


In the last three years numerous derivatives and analogs
of salvinorin A were synthesized showing a broad range
of KOR affinities.2 Synthesis of new analogs of salvino-
rin A is important for generating new data on the struc-
ture of the receptor binding site and for possible
changing of a pharmacological profile of action from
agonist to antagonist. The wealth of the experimental
data collected so far allows for structure-activity rela-
tionship conclusions pointing out the crucial importance
of the C-2 configuration. Structural modifications of
salvinorin A skeleton and functional groups in the other
than C-2 positions did not provide compounds with
higher affinity. In the course of our work on the molec-
ular mechanism of interaction of salvinorin A to KOR
we examined the effects of cysteine-substitution muta-

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


doi:10.1016/j.bmcl.2007.01.100


Keywords: j-Opioid receptors agonists; Semi-synthesis; Salvinorin A


and B thioderivatives.
* Corresponding author. Tel.: +1 662 915 7290; fax: +1 662 915


6975; e-mail: jordan@olemiss.edu

genesis on the binding of salvinorin A along with ana-
logs containing free sulfhydryl group at carbon C-2.3


These studies prompted us to find a convenient way to
synthesizes 2-thioanalogs of salvinorins A and B
(Fig. 1).


Recently we reported the synthesis of sulfur analog of
salvinorin A, in which the oxygen atom at the side chain
at carbon atom C-2 was substituted by a sulfur atom.2c


We now report the new method of the synthesis of sulfur
analogs of salvinorin A and B epimeric at the C-2 stere-
ogenic center. In our method salvinorin B (2) is trans-
formed to 2b-chloroderivative (3) with 65% yield using
mild condition of chlorination of alcohols with CCl4–Ph3P

CO2Me


Salvinorin A (1), R = Ac
Salvinorin B (2), R = H


Figure 1. Salvinorins A and B.
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(Appel reaction). It is an improvement over previously
used conditions (SOCl2/Py) which give 3 with only 29%
yield.2c After 2 h of refluxing of 2 with CCl4-Ph3P the only
product formed was 3 with 80% conversion of starting
material. The prolonged heating (6 h) moved the reaction
to completion but a small amount (14%) of the product of
epimerization at carbon C-8 (4) appeared (Scheme 1).


Epimerization at C-8 is well known in salvinorin chem-
istry, although it was previously observed repeatedly in
basic and once in acidic conditions.2e–n,4 The nucleophil-
ic substitution of the chlorine atom in 3 by sulfur-con-
taining reagents may be achieved with inversion or
retention of configuration at C-2. Reaction of 3 with
sodium hydrogen sulfide (NaSH) in methanol and
dimethylformamide produces a thiol 5, while the reac-
tion with potassium thioacetate in acetone2c provides
sulfur analog of salvinorin A (6) (Scheme 2).


The formation of thiol 5 from 3 is accompanied with
several side products. To avoid this, the deacetylation

(2)
CCl4-Ph3P
benzene, Δ


O


O


H


CO2Me


O


Cl
O


H


2h


8h


(3) 65


(3 (4) 8-epimer of (3) 14


Scheme 1. Synthesis of 2b-chloroderivatives.
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Scheme 2. 2a-Sulfur analogs of salvinorin A. Reagents and conditions:


(a) NaSH, methanol, dimethylformamide, 35–40 �C, 1h (44%); (b)


potassium thioacetate, acetone, D, 3h (71%); (c) NaSMe, methanol,


CH2Cl2, �20 �C, 30 min (68%); (d) Ac2O, CH2Cl2, 4-DMAP (75%).

of thioacetate 6 with NaSMe was chosen as cleaner
and more effective method of the synthesis of 5. Deacet-
ylation with sodium thiomethoxide5a proved to be
advantageous in our case over the other known methods
of hydrolysis of thioacetate group.5b–f The structure of
compound 5 was confirmed by spectroscopic analysis
(NMR) and high resolution mass spectrometry
(HRMS)6 as well as by chemical re-acetylation to thi-
oacetate 6. 1HNMR spectrum of 5 showed the charac-
teristic doublet of doublets of H-2 due to the coupling
with two protons at C-3. The large coupling constants
for H-2 and H-3 protons of 5 (J = 6 and 12 Hz) implied
the b-orientation of H-2 and hence the desired a-config-
uration at C-2. The presence of thiol group was also
confirmed by characteristic color reaction with Ellman’s
reagent (DTNB).


The thioacetate 7 was obtained from triflated salvinorin
B by reaction with potassium thioacetate in acetone at
�20 �C.7 In these conditions the nucleophilic substitu-
tion occurred with inversion of configuration producing
2b-epimer (7) of compound 6. Deacetylation of 7 in
analogous conditions8 described above for 6 yielded
2b-thiosalvinorin B (8) (Scheme 3).


Conducted NMR and HRMS analyses confirmed the
structure of compounds 7 and 8.9 In this case the cou-
pling constants between H-2 and H-3 were smaller
(J = 2 Hz and 5 Hz for 7) and corresponded well with
calculated values for the dihedral angles H2a–C2–C3–
H3a and H2a–C2–C3–H3b indicating the b-configura-
tion at C-2.


Compounds 5–8 were evaluated for affinity to j-opioid
receptor (KOR) at the NIMH-sponsored Psychoactive
Drug Screening Program at University of North Caroli-
na at Chapel Hill using radioligand binding assays. The
assays were conducted according to the procedure de-
scribed earlier.1,2o The results are presented in Table 1.


In conclusion, we were able to obtain new sulfur analogs
of salvinorins A and B with ‘natural’ (a) and inverted (b)
configurations at carbon atom C-2. Thioanalogs with
the same configuration at C-2 as in natural salvinorin
A showed higher affinity to KOR than their correspond-
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Scheme 3. 2b-Sulfur analogs of salvinorin A. Reagents and conditions:


(a) (CF3SO2)2O, pyridine, CH2Cl2, �20 �C; (b) potassium thioacetate,


acetone, �20 �C (75%); (c) NaSMe, methanol, CH2Cl2, �20 �C,


30 min (70%); (d) Ac2O, CH2Cl2, 4-DMAP (78%).







Table 1. Binding affinity of compounds 1 and 5–8 to cloned rKOR


(competitive binding in the presence of [3H]U69,593) and hKOR


mediated activation of intracellular calcium mobilization in HEK-293


cells


Compounds Ki
a(nM) EC50


a,b(nM) Emax
a (%)


1 0.75 ± 0.62 2.82 ± 1.70 100


5 54.5 ± 25.7 287 ± 85 89 ± 14


6 18.4 ± 7.9 4.77 ± 2.72 107 ± 4


7 151 ± 53 123 ± 30 106 ± 1


8 546 ± 140 >2000 71 ± 12


a Values are means of three experiments.
b In vitro effective concentration.
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ing epimers. Readily available 2b-chlorosalvinorin B (3)
may serve as a convenient intermediate for the synthesis
of various new analogs modified at C-2 position, retain-
ing a-configuration of natural salvinorin A.
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7. Procedure for synthesis of 2-epi-2-thiosalvinorin A (7): To
suspension of (2) (1 mmol) in CH2Cl2 (5 mL) at 0 �C were
added excess pyridine (1 mL) and trifluoromethanesulfonic
anhydride (1.2 mmol), the reaction mixture was stirred for
20 min. The reaction solution was washed with 1N HCl and
brine, dried (Na2SO4), and solvents were evaporated in
vacuum. A mixture of obtained extract and potassium
thioacetate (5 mmol) was placed to dry acetone (10 mL)
and stirred at �20 �C under argon for 1 h. The reaction
mixture was allowed to warm up to room temperature,
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concentrated in vacuum, diluted with water, and extracted
with chloroform. The combined organic extracts were dried
(Na2SO4), concentrated in vacuum to give semisolid prod-
uct, which was purified by column chromatography (hex-
ane/EtOAc, 2:1). Yield 75% starting from 2, white solid,
m.p. 192–194 �C, ½a�25


D �64 (c 0.05, CHCl3), 1H NMR
(400 MHz, CDCl3); d 1.15 (3H, s, H-19), 1.44 (3H, s, H-20),
1.62 (4H, m, 2H-6, H-7b, H-11b), 2.09 (3H, m, H-3b, H-7a,
H-8), 2.33 (1H, s, H-10), 2.38 (3H, s, COCH3), 2.55 (1H,
dd, J 5, 13 Hz, H-11a), 2.70 (2H, m, H-3a, H-4), 3.72 (3H, s,
OCH3), 4.27 (1H, dd, J 2, 5 Hz, H-2), 5.54 (1H, dd, J 5, 11,
H-12), 6.40 (1H, s, H-14), 7.42 (2H, m, H-15, H-16); 13C
NMR (100 MHz, CDCl3); d 15.1 (C-20), 16.4 (C-19), 18.0
(C-7), 30.6 (C-22), 31.8 (C-3), 35.2 (C-9), 38.3 (C-6), 41.9
(C-5), 43.3 (C-11), 49.7 (C-2), 51.3 (C-8), 51.8 (C-23), 52.8
(C-4), 63.8 (C-10), 72.0 (C-12), 108.4 (C-14), 125.5 (C-13),
139.3 (C-16), 143.7 (C-15), 171.2 (C-17), 172.2 (C-18), 191.1
(C-21), 203.8 (C-1); HRESIMS m/z [M+H]+ 449.1687
(calcd for C23H28O7S 448.1556).


8. General procedure for synthesis of 2-thiosalvinorin B
(5) and 2-epi-2-thiosalvinorin B (8): To a stirred
solution of thioacetate (1 mmol) in methanol (10 mL)

under argon at �20 �C was added sodium thiomethox-
ide (1 equiv. 1 M solution in MeOH). The reaction
mixture was stirred for 30 min. The solution was then
added to aqueous HC1 (0.1 M, 20 mL). The aqueous
solution was extracted with CH2C12. The combined
organic layers were washed with brine, dried over
Na2SO4, filtered, and concentrated.


9. 2-epi-2-thiosalvinorin B (8): white solid, m.p. 161–163 �C,
½a�25


D �160 (c 0.05, CHCl3), 1H NMR (400 MHz, MeOH): d
1.12 (3H, s, H-20), 1.41 (3H, s, H-19), 1.70 (4H, m, 2H-6,
H-7b, H-11b, SH), 2.03 (2H, m, H-7a, H-3b), 2.42 (1H, dd,
J 3, 12 Hz, H-8), 2.52 (1H, dd, J 5, 13 Hz, H-11a), 2.68 (1H,
ddd, J 6, 14, 14, H-3a), 3.08 (1H, dd, J 1, 6, H-4), 3.20 (1H,
s, H-10), 3.57 (1H, d, J 6 Hz, H-2), 3.70 (3H, s, OCH3), 5.61
(1H, dd, J 5, 11, H-12), 6.54 (1H, s, H-14), 7.50 (1H, s, H-
15), 7.44 (1H, s, H-16); 13C NMR (125 MHz, CDCl3): d
15.5 (C-20), 16.6 (C-19), 18.4 (C-7), 31.9 (C-3), 35.3 (C-9),
38.3 (C-6), 42.4 (C-5), 43.4 (C-2), 44.2 (C-11), 50.9 (C-4),
51.6 (C-8), 52.0 (C-21), 59.1 (C-10), 72.1 (C-12), 108.4 (C-
14), 125.4 (C-13), 139.3 (C-16), 143.5 (C-15), 171.1 (C-17),
172.0 (C-18), 205.9 (C-1); HRESIMS m/z [M+H]+ 407.1597
(calcd for C21H26O6S 406.1450).
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Abstract—In continuation of our structure–activity relationship studies on anti-HCV activity of the title imidazo[4,5-e][1,3]diazepine
ring system, we report here the synthesis and effect on biological activity of introducing hydrophobic substituents at the 2-position of
the heterocycle. Our results suggest that there is no particular advantage to that end as the observed antiviral activity of the test
compounds was lower than that of the unmodified 2-bromo derivative used for comparison. The activity/toxicity profile of all target
compounds, however, was still better than that of the reference compound ribavirin used in the antiviral assay, but not as good as
that of interferon-a, the other reference compound used in the assay.
� 2007 Elsevier Ltd. All rights reserved.
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With nearly three percent of the world population infect-
ed with, and at risk of developing liver cancer from, hep-
atitis C virus (HCV) is one of the most dreadful viruses
currently threatening the global health.1–8 While a new
T-cell HCV genetic vaccine capable of protecting chim-
panzees from acute hepatitis virus challenge has recently
been reported,2 there still appears to be no prospect of
an effective human vaccine on the horizon.3 The existing
therapeutic treatment options are limited, and include a
combination therapy with interferon-a and a non-selec-
tive and toxic drug ribavirin.9 While a few drugs are cur-
rently in clinical trials,4,6,8,10,11 none has yet been
approved by FDA. Therefore, the search must continue
for an efficacious and non-toxic therapeutic as well as
for an effective vaccine to combat this deadly virus.


A number of ring-expanded (‘fat’) nucleoside analogues
containing the title ring system I, recently synthesized
in this laboratory, have exhibited potent in vitro inhibi-
tory activity against viral NTPase/ helicase, a crucial
enzyme involved in the replication of not only HCV,
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but also of other notorious viruses belonging to the same
Flaviviridae family such as the West Nile virus (WNV)
and the Japanese encephalitis virus (JEV).12,13 We also
fortuitously discovered that the sugar moiety in these
nucleoside analogues is not always necessary for activity,
provided that the N-1 position in I is substituted by an
appropriate aralkyl group. A compound identified as
ZP-33 (I; R = C8H17, R 0 = Br, R00 = p-methoxybenzyl)
showed a promising in vitro anti-HCV activity in a
human (Huh7 ET) cell line, using an HCV RNA replicon
assay with a stable luciferase (LUC) reporter.14 The
present work is an attempt to enhance the antiviral
potency of this lead heterocyclic compound through
further structure–activity relationship studies.
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Most of our previous studies were directed at exploring
the 1- and 6-positions of I by substitutions, for example,
with various deoxy/oxy sugar moieties and a- or b-con-
figurations at position-1 or with various alkyl or aralkyl
chains at position-6, while position-2 remained largely
unexplored. In this regard, the bromo group at posi-
tion-2 of ZP-33 provides an excellent opportunity for
substitution of both hydrophobic and hydrophilic sub-
stituents. In the current preliminary study, we focused
on three compounds, including two with hydrophobic
(phenyl and p-methoxyphenyl) and one with semi-hy-
drophobic/hydrophilic (alkynol) substituents. The
choice of a x-alkynol group was based on the reported
antiviral activities of ampipathic oligo- and polyribonu-
cleotides.15 The molecular modeling studies have sug-
gested that the distance between the C-2 and the OH
of the alkynol group in imidazole nucleosides is approx-
imately the same as that between the C-2 and the 5 0-OH
of purine nucleosides.16 Therefore, the OH group of an
alkynol moiety may play the role of a 5 0-OH in
nucleosides.
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Scheme 1.

Synthesis of the target compounds (Scheme 1) is
straightforward and started with a precursor to ZP-33,
namely ZP-74, reported earlier.14 The Suzuki coupling
reaction17 was employed for conversion of the bromo
group of ZP-33 to the desired phenyl derivatives
ZP-91 and ZP-100, while the Sonogashira alkyne syn-
thesis16,18,19 provided the required alkynol precursor
ZP-92. The final step involved the condensation of the
above precursors with octylguanidine, which in turn
was prepared by the reaction of 3,5-dimethylpyrazole-
1-carboxamidinium nitrate with n-octylamine in metha-
nol at reflux, using the procedure of Scott et al.20 The
target 5:7 fused products ZP-94, ZP-101, and ZP-95
were isolated and fully characterized by spectroscopic
and microanalytical data.21,22


The target compounds were screened against HCV
through contractual arrangements with the National
Institute of Allergy and Infectious Diseases (NIAID),
employing standard protocols, published on NIAID-
AACF website.23 Anti-HCV activity and toxicity were
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Table 1. Anti-HCV activity of ring-expanded heterocycles in vitroa


Compound ID Antiviral activity


HCV RNAb %


Control


Toxicity


b-actin RNAc %


Control


Selectivity


index (SI)d


Toxicity/


antiviral


activity


ZP-94 88 ± 9 82 ± 4 0.932


ZP-101 54 ± 2 79 ± 1 1.463


ZP-95 90 ± 6 52 ± 6 0.578


ZP-33 32 ± 13 69 ± 3 2.155


Interferon-a
(10 IU/mL)


10 ± 1 108 ± 4 11.3


Ribavirin 89 ± 10 12 ± 1 0.42


a The antiviral activity is based on a primary assay employing 10 lM


concentrations of the test compound for determination of both


antiviral activity and toxicity. The assay was performed using an


Huh7 ET cell line, which contains the HCV RNA replicon with a


stable luciferase (LUC) reporter.
b HCV RNA-derived LUC activity is used as an indirect measure of


HCV RNA levels.
c b-Actin RNA level is used as a positive control for cellular RNA in


order to compute cytotoxicity.
d Selectivity index (SI) is represented as a ratio of the levels of b-actin


RNA/HCV RNA.


P. Zhang et al. / Bioorg. Med. Chem. Lett. 17 (2007) 2225–2228 2227

assessed by the HCV RNA Replicon assay.24 The results
are collected in Table 1. All three compounds were
found to be less active and had lower selectivity index
(SI) than ZP-33. Nevertheless, the SI values of all four
compounds are still better than that of ribavirin, one
of the reference compounds used, although not as good
as that of interferon-a, the other reference compound
employed in the assay.


In conclusion, there appears to be no specific advantage
in replacing the bromo group at the 2-position of ZP-33
with a hydrophobic substituent. It remains to be seen if
a hydrophilic substituent at the same position or a
smaller hydrophobic group than phenyl, such as alkyl
substituents, would enhance the antiviral activity, and
the work is currently in progress to that end. Studies
on the mechanism of action of ZP-33 are also underway,
which are anticipated to further assist in accelerating
and properly steering the undertaken SAR studies.
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methoxybenzylimidazole-4,5-di carboxylate (ZP-92). To a
solution of ZP-74 (0.66 g, 1.41 mmol) in dry THF
(20 mL), diisopropylamine (0.24 mL, 1.7 mmol), CuI
(0.06 g), trans-dichlorobis(triphenyl phosphine)palladi-
um(II) (0.03 g), and 3-butyn-1-ol (0.11 mL, 1.41 mmol)
were added successively under N2 protection. The reaction
system was degassed several times whenever necessary.
The obtained mixture was heated at 45 �C for 36 h, cooled
down, and concentrated to dryness. The residue was
purified by silica gel flash chromatography, eluting with a
mixture of chloroform:methanol (100:1). The appropriate
fractions (Rf =0.39, chloroform:methanol = 30:1) were
collected and evaporated to give 0.2 g of brown liquid
(31%). 1H NMR (CDCl3) d 7.13, 6.82 (2 m, 4H, Ar-H),
5.43 (s, 2H, NCH2Ph), 4.28 (t, J = 6.6 Hz, 2H, OCH2 of
Butyl), 4.20 (t, J = 7.6 Hz, 2H, OCH2 of Butyl), 3.82 (m,
2H, CH2OH), 3.78 (s, 3H, OCH3), 2.72 (t, J = 6.2 Hz, 2H,
CH2) 2.22 (br, 1H, OH, exchangeable with D2O), 1.71,
1.58, 1.42, 1.30 (4 m, 8H, (CH2)2 of 2 Butyl), 0.93, 0.89 (2
t, J = 7.3 Hz, 6H, CH3 of Butyl). Anal.(C25H32N2O6Æ1/
2H2O) C, H, N. General Method for Ring Closure
Condensation Reactions of Diesters with Substituted Gua-
nidine to Synthesize ZP-94, ZP-95, and ZP-101. Hemisul-
fate or nitrate salt of octylguanidine (4 mmol) was
suspended in anhydrous methanol (6.0 mL) and cooled
to 0 �C. A solution of sodium methoxide (25 wt%, 2.1 mL,
9.2 mmol) was added. The resulting mixture was stirred in
an ice bath for 30 min. The precipitated sodium chloride
was removed by filtration, and the filtrate was poured into
a methanolic solution (20 mL) of the appropriate diester
precursor (1 mmol) (ZP-91, ZP-92 or ZP-100). The
mixture was stirred at room temperature for 16–72 h and
was monitored by frequent TLC analysis to check for the
completion of reaction. The reaction mixture was filtered
if necessary and the clear solution was evaporated to
dryness. The residue was purified by flash chromatogra-
phy on a silica gel column. The appropriate fractions were
combined and evaporated to obtain the product. The
latter was recrystallized from an appropriate solvent when
necessary. The spectral and analytical data, along with
solvent of recrystallization and/or solvent of elution for
chromatography, are collected as below. 7,8-Dihydro-4H-
1-(p-methoxy benzyl)-6-N-octylamino-2-phenylimidazo[4,5-
e][1,3]diazepine-4,8-dione (ZP-94). The precursor ZP-91
was condensed with octylguanidine hemisulfate using the
General Procedure given above. Yield 69%, Rf = 0.21
(chloroform:methanol (30:1)), purified by silica gel flash
chromatography, eluting with chloroform/methanol
(30:1). 1H NMR (CDCl3) d 10.67, 7.92 (2 br, 2H, NH,
exchangeable with D2O), 7.46, 7.45, 6.82, 6.70 (4 m, 9H,
Ar-H), 5.69 (s, 2H, CH2), 3.73 (s, 3H, OCH3), 3.19 (m, 2H,

NHCH2), 1.49–1.78 (2 m, 12H, C6H12), 0.85 (t, J = 7.3 Hz,
3H, CH3). Anal. (C28H33N5O3Æ5/4H2O) C, H, N. 2-
(But-3-yn-1-ol)-7,8-dihydro-4H-1-(p-methoxy benzyl)-6-
N-octylaminoimidazo[4,5-e][1,3]diazepine-4,8-dione (ZP-
95). The precursor ZP-92 was condensed with octylgua-
nidine hemisulfate using the General Procedure given
above. Yield: 30%, Rf = 0.06 (chloroform: methanol
(30:1)), mp 212 �C, purified by silica gel flash chromatog-
raphy, eluting with a mixture of chloroform: methanol
(30:1). 1H NMR (DMSO-d6) d 10.50, 7.10 (2 br, 2H, NH,
exchangeable with D2O), 7.19, 6.86, (2 m, 4H, Ar-H), 5.61
(s, 2H, CH2), 5.06 (1H, OH, exchangeable with D2O), 3.71
(s, 3H, OCH3), 3.60 (q, J = 5.8 Hz, 2H, CH2OH) 3.20 (t,
J = 5.5 Hz, 2H, NHCH2), 2.68 (t, J = 5.9 Hz, 2H, CH2)
1.45, 1.25 (2 m, 12H, C6H12), 0.85 (t, J = 6.5 Hz, 3H,
CH3). 13C NMR (75 MHz, DMSO-d6) d 162.7, 159.2,
158.7, 155.1, 151.2, 147.7, 143.4, 137.6, 129.0, 129.0, 123.5,
113.9, 60.2, 58.9, 50.0, 40.6, 31.1, 28.6, 28.5, 26.2, 23.1,
22.0, 13.8; Anal. (C26H33N5O4) C, H, N.Butyl 1-p-Meth-
oxybenzyl-2-(p-methoxy phenyl)imidazole-4,5-dicarboxy-
late (ZP-100). Experimental procedure is the same as
that given for ZP-91, except that p-methoxyphenyl
boronic acid is used in place of phenylboronic acid. Yield:
74%, Rf = 0.21 (chloroform), purified by silica gel flash
chromatography, eluting with a mixture of chloro-
form:methanol (100:1). 1H NMR (CDCl3) d 7.48, 6.92,
6.82 (3 m, 8H, Ar-H), 5.39 (s, 2H, NCH2Ph), 4.33 (t,
J = 7.3 Hz, 2H, OCH2 of Butyl), 4.16 (t, J = 6.6 Hz, 2H,
OCH2 of Butyl), 3.83, 3.77 (2 s, 6H, OCH3), 1.74, 1.55,
1.44, 1.27 (4m, 8H, (CH2)2 of 2 Butyl), 0.95 (t, J = 7.7 Hz,
3H, CH3 of Butyl), 0.88 (t, J = 7.7 Hz, 3H, CH3 of Butyl).
Anal. (C28H34N2O6) C, H, N.7,8-Dihydro-4H-1-(p-meth-
oxybenzyl)-2-(p-methoxy phenyl)-6-N-octylamino imi-
dazo[4,5-e][1,3]diazepine-4,8-dione (ZP-101). The
precursor: ZP-100 was condensed with octylguanidine
hemisulfate. Yield: 53%, Rf = 0.16 (chloroform:methanol
(30:1)), purified by silica gel flash chromatography, eluting
with a mixture of chloroform: methanol (30:1). 1H NMR
(CDCl3) d 10.96, 8.02 (2 br, 2H, NH, exchangeable with
D2O), 7.41, 7.38, 6.94, 6.86, 6.72 (5 m, 8H, Ar-H), 5.68 (s,
2H, CH2), 3.85, 3.73 (2 s, 6H, OCH3), 3.20 (m, 2H,
NHCH2), 1.42–0.8 (m, 15H, C7H15). 13C NMR (75 MHz,
CDCl3) d 162.8, 161.4, 159.2, 153.3, 147.9, 134.4, 132.4,
131.2, 129.2, 128.8, 128.4, 121.2, 114.5, 114.3, 55.5, 55.4,
49.1, 42.2, 32.0, 29.5, 29.4, 29.1, 27.0, 22.8, 14.2. Anal.
(C29H35N5O4. H2O) C, H, N.


22. The observed C, H, and N microanalyses were within 0.4%
of the theoretical values (see Suppl. Data).


23. HCV: see http://www.niaid-aacf.org/protocols/HCV.htm.
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Abstract—Substituted 1-hydroxy-4,4-dialkyl-3-oxo-3,4-dihydronaphthalene benzothiadiazine derivatives were investigated as inhib-
itors of genotype 1 HCV polymerase. Structure–activity relationship patterns for this class of compounds are discussed. It was found
that the saturated alkane dialkyl units provided the most active analogs.
� 2007 Elsevier Ltd. All rights reserved.

Hepatitis C virus (HCV) is a (+)-strand RNA virus of the
Flaviviridae family that was first identified in 1989.1 HCV
is a common pathogen that can lead to cirrhosis, hepato-
cellular carcinoma (HCC) and liver failure. It is estimat-
ed that 170 million people were infected worldwide in the
year 2000, and that the virus is responsible for at least
10,000 deaths annually in the United States alone.2


HCV has six major genotype classes, with genotypes 1
and 2 being the most prevalent in the United States, Eur-
ope, and Japan.3 Currently combination drug treatment
of genotype 2 or 3 is more successful than treatment of
genotype 1 infection.4,5 Moreover, existing therapies
are hampered by drug-related toxicities. Therefore there
is a particular need for new therapies directed toward
genotype 1 HCV infection.6


Our research group has been pursuing inhibition of the
HCV NS5B RNA-dependent RNA polymerase (RdRp)
enzyme by hydroxyquinolon-3-yl-benzothiadiazines.7


Other groups have reported nucleoside as well as other
non-nucleoside inhibitors of this viral enzyme.8 We
have also recently transformed the B ring in the

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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hydroxyquinolon-3-yl-benzothiadiazine series into a
dialkyl naphthalene unit.9 We refer to this related series
as the 1-hydroxy-4,4-dialkyl-3-oxo-3,4-dihydronaphtha-
lenes. Upon generation of a small set of 1-hydroxy-4,4-
dialkyl-3-oxo-3,4-dihydronaphthalene analogs, the SAR
data initially suggested that the most potent analogs
contain an unsymmetrical dialkyl unit in the B ring as
shown in Table 1.10


These data imply that the two alkyl groups are binding
into different pockets or environments within the HCV
polymerase enzyme. The data also imply that one of
the two enantiomers of a racemic mixture should be
more active than the other. Thus we embarked upon a
strategy to assemble a set of unsymmetrical 1-hydroxy-
4,4-dialkyl-3-oxo-3,4-dihydronaphthalene analogs in
order to optimize both the biochemical (recombinant
HCV polymerase) and antiviral (HCV subgenomic
replicon)11 potencies of this series. We felt that we would
be able to construct a number of these desired analogs
by employing a late stage olefin metathesis reaction
upon the allyl group of thiadiazine 4, represented in
Figure 1. This paper highlights the efforts directed
toward that strategy.


The chemistry utilized to prepare the 1-hydroxy-4,4-
dialkyl-3-oxo-3,4-dihydronaphthalene analogs is shown
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Table 1. Biochemical and cell culture replicon potency of analogs 1–3
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pendent determinations, standard deviation ± 10%. Detailed proto-


cols can be found in Supplementary material.
b Assay run with 5% fetal calf serum.
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in Scheme 1–3. First, the bis-sulfonamide aniline, 5, was
prepared as shown in Scheme 1. 2-Chloro-5-nitroben-
zene-sulfonamide was converted into 2-amino-5-nitro-

H2N


S
H2N


O O H
N


S
O O


Amino-sulfonamide (5)


S
H2N


O O
NO2


Cl


a,b S
H2N


O O
NH2


H2N


c


Scheme 1. Reagents and conditions: (a) (NH4)2CO3, CuSO4, NH4OH,


120 �C, 4 h, sealed tube, 90%; (b) Na2S2O4, 1 N NaOH, 70%; (c)


MeSO2Cl, CH2Cl2, pyridine, 18 h, 68%.

benzenesulfonamide.12 Reduction of the nitro moiety
followed by a chemo-selective mesylation gave the
desired benzothiadiazine precursor 5.


Scheme 2 depicts the synthetic transformations employed
to prepare many of the unsymmetrical 1-hydroxy-4,4-
dialkyl-3-oxo-3,4-dihydronaphthalene analogs. Com-
mercially available 1-methyl-2-tetralone was allylated
with palladium catalysis employing a racemic mixture of
the cyclohexyl 2-DPPBA ligand developed by Trost in or-
der to accelerate the reaction.13 This reaction provided
dialkylated tetalone 6, from which the corresponding enol
ether (7) was made followed by oxidation and hydrolysis
to the unsymmetrical dialkyl diketone (9). Formation of
the dithioketene acetal (10) allowed a mild, neutral
coupling to amino-sulfonamide 5, which provided the
methyl, allyl-benzothiadiazine 4. Reaction of this materi-
al (4) with a variety of alkenes employing the Hoveyda–
Grubbs 2nd generation catalyst produced a number
of differentially substituted alkene analogs (11a–11f).
These alkene analogs could then be transformed easily
into the corresponding alkane analogs (12a–12e) by
simple hydrogenation.


Analogs 13 and 14 were both produced upon hydrochlo-
ric acid treatment of alkene 11a. The methyl cyclopropyl
analog 15 was generated by reacting 4 with diazome-
thane and palladium acetate. This reaction generates
the requisite cyclopropyl group along with the 1-methyl
ether in ring B. This methyl ether was then hydrolyzed
back to the enol functionality upon heating with
base. Additionally, two hydroxylated analogs (16,
17) were also produced from the methyl allyl compound
4 via hydroboration and osmylation, respectively
(Scheme 2).


The racemic unsymmetrical 1-hydroxy-4,4-dialkyl-3-
oxo-3,4-dihydronaphthalene analog 11a could be sepa-
rated into the corresponding enantiomeric isomers
(11aR and 11aS) by use of chiral chromatography
(Scheme 3). The absolute configuration of each isomer
was tentatively assigned as shown.


Table 2 details the biochemical potencies of the unsym-
metrical 1-hydroxy-4,4-dialkyl-3-oxo-3,4-dihydronaph-
thalene analogs against genotypes 1b and 1a. In
addition the activities against the HCV genotype 1a
subgenomic replicon in tissue culture are included. All
of the analogs are more potent against genotype 1a ver-
sus genotype 1b in the biochemical assay. Two of the
analogs, 11f and 17, which contain more polar ester
and diol functionalities respectively, are less potent than
other analogs that contain hydrophobic functionalities.
This suggests that the binding pocket in this region is
hydrophobic in nature.7a Analogs 11b and 12b each
containing a phenyl group, are exceptions to this trend,
suggesting that they are too sterically encumbered to fit
well within this hydrophobic pocket.


In every case the saturated alkane analogs are several
fold more active than the corresponding alkene analogs
(11a–11e vs 12a–12e) in both biochemical and replicon
assays. When the isoamyl group in compound 12a was
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1.5 h, 96%; (f) dioxane, sulfonamide 5, 85 �C, 18 h, 46%; (g) 20 equiv substituted alkene, 4 mol % Hoveyda–Grubbs 2nd generation catalyst, CH2Cl2,


sealed tube, 70 �C, 18–120 h, 11a–11f, (27–72%); (h) 10% Pd/C, MeOH, THF, hydrogen balloon, 18–24 h, 12a–12e, (50–100%); (i) when R1, R2 = Me,
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k)); (l) borane–THF complex, THF, 16 h, 16, (58%); (m) OsO4, NMO, acetone, water, 18 h, 17, (19%).
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lengthened to the larger ethyl cyclobutyl (12c), ethyl
cyclopentyl (12d), and ethyl cyclohexyl (12e), both the
biochemical and cell culture activities decreased in that
same order. When a slightly smaller methyl cyclopropyl
compound (15) was tested, it demonstrated activity
comparable to the ethyl cyclobutyl (12c) compound.
Thus, the most potent compound produced in this set
was the methyl isoamyl analog (12a) with an EC50 value
of 17 nM in the replicon assay. As expected, when the
two enantiomers 11aR and 11aS of a racemic analog
(11a) were tested separately, one of them was substan-

tially more active than the other in the biochemical
assay (approx. 35-fold).


In summary, a number of unsymmetrical 1-hydroxy-
4,4-dialkyl-3-oxo-3,4-dihydronaphthalene analogs were
synthesized by employing a late stage olefin metathesis
reaction. These analogs were assessed for inhibitory
potency against genotype 1 HCV polymerase. Overall
we observed that the saturated dialkyl analogs displayed
the most potent biochemical and cell culture replicon
activities.







Table 2. Biochemical and cell culture replicon potency of analogs 4 and 11–17


Compound R1 R2 R3 Polymerase 1b, IC50 (nM) Polymerase 1a, IC50 (nM) Replicon 1a, EC50 (nM)


4 H H — 225 18 690


11a Me Me — 147 38 237


11b Ph H — 1850 460 —


11c Cyclobutyl — 425 87 1120


11d Cyclopentyl — 550 93 1490


11e Cyclohexyl — 910 195 —


11f COOEt H — 5870 1080 >10,000


12aa Me Me H 7 4 17


12b Ph H H 280 115 —


12c Cyclobutyl H 36 16 190


12d Cyclopentyl H 70 32 320


12e Cyclohexyl H 194 57 2710


13 Me Me OH 193 43 8000


14 Me Me Cl 70 39 2170


15 Methyl cyclopropyl 40 21 160


16 OH — H — — 860


17 OH — OH — 450 —


11aR Me Me — 32 19 134


11aS Me Me — — 702 —


a See Ref. 14.
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Detailed biological protocols for biochemical IC50


determinations and cell culture replicon assay EC50


determinations are available in Supplementary data.
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Abstract—In this study, a series of novel phenyl- and benzimidazole-substituted benzyl ethers were synthesized and evaluated for
antibacterial and antifungal activities against Staphylococcus aureus, Methicillin-resistant S. aureus (MRSA), Escherichia coli,
Candida albicans, and Candida krusei. Compound 6g exhibited the most potent antibacterial activity with lowest MIC values of
3.12 and 6.25 lg/mL against S. aureus and MRSA, respectively.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 2. Structure of miconazole.

The synthesis of a new class of antibacterial and anti-
fungal agents against especially Gram-positive drug-re-
sistant bacteria and some fungi is urgent need
nowadays, since these types of microorganisms are
responsible for some infections in the acute and long-
term care units in hospitals. Well-known azole deriva-
tives, having a gem-phenyl-(1H-imidazol-1-ylmethyl)
moiety (Fig. 1) which is thought to be largely responsi-
ble for imparting, antifungal activity, such as clotrima-
zole, miconazole (Fig. 2), econazole, and ketoconazole,
have been developed for clinical uses.1 SAR studies
revealed that imidazole and phenyl rings which are also
pharmacophoric portion of all these molecules can be
replaced by the triazole.2,3 In the literature, antibacterial
activity of the azole class of compounds has been report-
ed.4 Recently highly potent antifungal5 and antibacteri-
al6 activities of the benzimidazoles have been reported in
our previous studies. These encouraging results prompt-
ed us to replace imidazole ring of the miconazole-type
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Figure 1. Structure of gem-phenyl-(1H-imidazol-1-ylmethyl) moiety.

structure to benzimidazole with the aim of finding new
agents with higher antifungal and/or antibacterial
activity.


The synthetic pathways for preparation7 of the targeted
compounds listed in Table 1 are shown in Scheme 1.
1-Phenylethanone 1 was brominated with bromine in
the presence of aluminum chloride in anhydrous ether
to obtain 2-bromo-1-phenylethanone 2. Dehydrohalo-
genation between 2 and 1H-benzimidazole 3 led to
2-(1H-benzimidazol-1-yl)-1-phenylethanone 4. Reduc-
tion of 4 with NaBH4 gave 2-(1H-benzimidazol-1-yl)-
1-phenylethanol 5. Targeted compounds 6a–i were
obtained by the etherification of 5 with the appropriate-
ly substituted benzyl halides in the presence of sodium
hydride.


All described benzyl ethers 6a–i were tested in vitro for
antibacterial and antifungal activity.8 According to the
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Table 1. Formulas and in vitro antibacterial activities as MIC (lg/mL) for 6a–i


O


N
N


Ar


Compound Ar S. aureus


ATCC25923


MRSA


ATCC43300


C. albicans


ATCC10231


C. krusei


ATCC6258


E. coli


ATCC25922


6a 25 25 25 25 NT


6b F 12.5 25 25 25 NT


6c Cl 3.12 12.5 25 25 NT


6d Br 3.12 12.5 25 25 NT


6e CF3 6.25 12.5 25 12.5 NT


6f


Cl


Cl
3.12 12.5 25 25 NT


6g


Cl


Cl


3.12 6.25 12.5 12.5 NT


6h


Cl


Cl


NT NT NT NT NT


6i


Cl


Cl
3.12 25 12.5 25 NT


Ampicillin 0.78 25 — — —


Fluconazole — — 0.78 25 —


Miconazole — — 0.19 0.78 —


Ciprofloxacin — — — — 0.39


NT, not tested, since no clear visible inhibition zone at the disc diffusion method.
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obtained results, unexpectedly, the antifungal activity
has been found less than the antibacterial activity of
the synthesized compound 6a–i. Surprisingly, all of the
synthesized compounds 6a–i exhibited good to moderate
activity against Gram-positive bacteria. The best activi-
ties were obtained with the compound 6g which is hav-
ing two chlorine atoms at the ortho positions of the
phenyl ring. Compound 6a without halogen substitution
showed the least activity. Compound 6h was not tested
because of its oily structure. It appears that halogenated
benzyl-substitution enhances the activity and also the

position of halogen substitutions should be effective to
modulate the activity. None of the compounds were
active against Escherichia coli.


Imidazole-substituted benzyl ether derivatives which
have similar structures to those of reported above have
antimycotic as well as antibacterial activity were reported
in the literature.4 We have discovered that introduction
of the benzimidazole moiety instead of imidazole moiety
to the miconazole-type structure allowed us to obtain
the desired good profile of Gram-positive antibacterial
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Scheme 1. Synthetic pathway of the targeted compounds 6a–i.
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activity against Staphylococcus aureus and MRSA. In
vivo and cytotoxicity studies of the best active com-
pound 6g, are necessary to fully evaluate the potential
of this compound.
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143.00, 143.98. ESI (+) m/e 329 (M+1, 100). Anal. found:
C, 79.51; H, 6.16; N, 8.53. Calcd for C22H20N2OÆ0.2HOH:
C, 79.58; H, 6.19; N, 8.43.
1-(2-(4-Fluorobenzyloxy)-2-phenylethyl)-1H-benzimid-
azole (6b). Yield: 83%, mp 92–96 �C. 1H NMR (400 MHz,
CDCl3): d 4.12 (1H, d, J = 11.6 Hz), 4.42 (1H, d,
J = 11.6 Hz), 4.36 (1H, dd, J = 14.4, 4.0 Hz), 4.42 (1H,
dd, J = 14.4, 8.0 Hz), 4.67 (1H, dd, J = 8.0, 4.0 Hz), 6.82–
6.88 (2H, m), 6.91–6.97 (2H, m), 7.25–7.44 (8H, m), 7.83–
7.88 (1H, m), 8.15 (1H, s). 13C NMR (100 MHz, CDCl3): d
51.60, 70.10, 78.97, 109.96, 115.11, 115.32, 119.71, 122.75,
123.36, 126.69, 128.92, 129.09, 129.38, 129.46, 132.92,
133.52, 137.89, 141.69, 143.42, 161.09, 163.54. ESI (+) m/e
347 (M+1, 100). Anal. found: C, 76.26; H, 5.45; N, 8.25.
Calcd for C22H19FN2O: C, 76.28; H, 5.53; N, 8.09.
1-(2-(4-Chlorobenzyloxy)-2-phenylethyl)-1H-benzimid-
azole (6c). Yield: 73%, mp 114–116 �C. 1H NMR
(400 MHz, CDCl3): d 4.11 (1H, d, J = 11.6 Hz), 4.41
(1H, d, J = 11.6 Hz), 4.31 (1H, dd, J = 14.8, 4.0 Hz), 4.39
(1H, dd, J = 14.8, 8.4 Hz), 4.63 (1H, dd, J = 8.4,4.0 Hz),
6.88 (1H, d, J = 8.4 Hz), 7.13 (1H, d, J = 8.4 Hz), 7.24–
7.34 (5H, m), 7.36–7.42 (3H, m), 7.81–7.85 (1H, m), 7.95
(1H, s). 13C NMR (100 MHz, CDCl3): d 51.64, 70.21,
79.40, 109.93, 120.39, 122.53, 123.24, 126.90, 128.71,
129.13, 129.32, 133.73, 133.98, 135.92, 138.16, 143.23,
144.01. ESI (+) m/e 363 (M+1, 100), 365 (M+2+1, 33).
Anal. found: C, 73.26; H, 5.21; N, 7.84. Calcd for
C22H19ClN2O: C, 72.82; H, 5.28; N, 7.72.
1-(2-(4-Bromobenzyloxy)-2-phenylethyl)-1H-benzimid-
azole (6d). Yield: 64%, mp 112–116 �C. 1H NMR
(400 MHz, CDCl3): d 4.09 (1H, d, J = 11.6 Hz), 4.39
(1H, d, J = 11.6 Hz), 4.34 (1H, dd, J = 14.8, 4.0 Hz), 4.41
(1H, dd, J = 14.8, 8.4 Hz), 4.64 (1H, dd, J = 8.4, 4.0 Hz),
6.83 (2H, d, J = 8.8 Hz), 7.22–7.43 (10H, m), 7.84 (1H, d,
J = 8.4 Hz), 8.05 (1H, s). 13C NMR (100 MHz, CDCl3): d
51.71, 70.25, 79.38, 110.05, 120.20, 121.90, 122.76, 123.41,
126.89, 129.16, 129.32, 129.45, 131.66, 133.88, 136.40,
138.07, 142.67, 143.83. ESI (+) m/e 408 (M+1, 100), 410
(M+2+1, 100). Anal. found: C, 64.86; H, 4.63; N, 7.06.
Calcd for C22H19BrN2O: C, 64.87; H, 4.70; N, 6.88.
1-(2-(4-(Trifluoromethyl)benzyloxy)-2-phenylethyl)-1H-
benzimidazole (6e). Yield: 59%, mp 74–76 �C. 1H NMR
(400 MHz, CDCl3): d 4.21 (1H, d, J = 12.4 Hz), 4.50 (1H,
d, J = 12.4 Hz), 4.36 (1H, dd, J = 14.6, 4.0 Hz), 4.44 (1H,
dd, J = 14.8, 8.4 Hz), 4.66 (1H, dd, J = 8.4, 4.0 Hz), 7.07
(2H, d, J = 8.0 Hz), 7.24–7.45 (10H, m), 7.83–7.87 (1H,
m), 8.05 (1H, d, J = 6.4 Hz). 13C NMR (100 MHz,
CDCl3): d 51.68, 70.18, 79.67, 109.99, 120.26, 120.31,
122.71, 122.76, 123.37, 123.41, 125.45, 125.49, 126.89,
127.75, 129.26, 129.38, 133.89, 137.93, 141.49, 142.94,
143.95. ESI (+) m/e 397 (M+1, 100). Anal. found: C,
69.59; H, 4.98; N, 7.09. Calcd for C23H19F3N2O: C, 69.69;
H, 4.83; N, 7.07.
1-(2-(2,4-Dichlorobenzyloxy)-2-phenylethyl)-1H-benz-
imidazole (6f). Yield: 54%, mp 84–88 �C. 1H NMR
(400 MHz, CDCl3): d 4.20 (1H, d, J = 12.8 Hz), 4.37
(1H, d, J = 12.8 Hz), 4.28 (1H, dd, J = 14.8, 4.0 Hz), 4.35
(1H, dd, J = 14.8, 8.0 Hz), 4.65 (1H, dd, J = 8.0, 4.0 Hz),
6.92 (1H, d, J = 8.4 Hz), 6.96 (1H, d, J = 8.8, 2.0 Hz),
7.15–7.36 (9H, m), 7.73–7.77 (1H, m), 7.9 (1H, s). 13C
NMR (100 MHz, CDCl3): d 51.67, 67.69, 80.21, 109.93,
120.34, 122.63, 123.33, 126.85, 127.31, 129.23, 129.33,
130.08, 133.74, 133.90, 134.19, 137.95, 142.99, 143.90. ESI
(+) m/e 398 (M+1, 100), 399 (M+2+1, 77), 401 (M+4+1,

12). Anal. found: C, 66.17; H, 4.63; N, 7.18. Calcd for
C22H18Cl2N2O: C, 66.51; H, 4.57; N, 7.05.
1-(2-(2,6-Dichlorobenzyloxy)-2-phenylethyl)-1H-benzimid-
azole (6g). Yield: 76%, mp 96–98 �C. 1H NMR (400 MHz,
CDCl3): d 4.27 (1H, dd, J = 14.4, 4.0 Hz), 4.35 (1H, dd,
J = 14.8, 8.0 Hz), 4.45 (1H, d, J = 10.8 Hz), 4.72 (1H, d,
J = 10.8 Hz), 4.78 (1H, dd, J = 8.0, 4.0 Hz), 7.04–7.10 (1H,
m), 7.15–7.29 (5H, m), 7.33–7.42 (5H, m), 7.75–7.79 (1H, m),
7.90 (1H, s). 13C NMR (100 MHz, CDCl3): d 51.80, 66.14,
80.54, 109.79, 120.17, 122.36, 123.08, 126.88, 128.49, 129.01,
129.09, 130.23, 132.97, 133.84, 136.87, 138.39, 142.93,
143.89. ESI (+) m/e 398 (M+1, 100), 399 (M+2+1, 68), 401
(M+4+1, 13). Anal. found: C, 66.63; H, 4.46; N, 7.35. Calcd
for C22H18Cl2N2O: C, 66.51; H, 4.57; N, 7.05.
1-(2-(2,5-Dichlorobenzyloxy)-2-phenylethyl)-1H-benzimid-
azole (6h). Yield: 64%, oily. 1H NMR (400 MHz, CDCl3): d
4.29 (1H, d, J = 12.8 Hz), 4.44 (1H, d, J = 12.8 Hz), 4.37–
4.52 (2H, m), 4.78 (1 H, dd, J = 8.0, 4.4 Hz), 7.09–7.23 (3H,
m), 7.25–7.44 (8H, m), 7.78–7.85 (1H, m), 8.02 (1H, s). 13C
NMR (100 MHz, CDCl3): d 51.64, 67.93, 80.85, 110.02,
120.24, 122.77, 123.51, 126.80, 128.85, 128.93, 129.26,
129.34, 130.47, 130.94, 133.01, 133.94, 137.14, 137.78,
142.54, 143.64. ESI (+) m/e 397 (M+1, 100), 399 (M+2+1,
68), 401 (M+4+1, 13). Anal. found: C, 64.85; H, 4.62; N,
6.72. Calcd for C22H18Cl2N2OÆ0.55HOH: C, 64.89; H, 4.72;
N, 6.87.
1-(2-(3,4-Dichlorobenzyloxy)-2-phenylethyl)-1H-benzimid-
azole (6i). Yield: 46%, mp 82–86 �C. 1H NMR (400 MHz,
CDCl3): d 4.10 (1H, d, J = 12.4 Hz), 4.38 (1H, d,
J = 12.8 Hz), 4.34 (1H, dd, J = 14.8, 3.6 Hz), 4.42 (1H, dd,
J = 14.8, 8.0 Hz), 4.65 (1H, dd, J = 8.0, 4.0 Hz), 6.75 (1H, dd,
J = 8.4, 1.6 Hz), 7.11 (1H, d, J = 2.0 Hz), 7.19 (1H, d,
J = 8.4 Hz), 7.24–7.35 (5H, m), 7.37–7.44 (3H, m), 7.81–7.85
(1H, m), 7.96 (1H, s). 13C NMR (100 MHz, CDCl3): d 51.58,
69.60, 79.87, 109.93, 120.43, 122.60, 123.33, 126.86, 129.25,
129.37, 129.51, 130.57, 131.86, 132.57, 133.95, 137.75, 137.87,
143.17, 143.90. ESI (+)m/e 397 (M+1, 100), 399 (M+2+1, 71),
401 (M+4+1, 12). Anal. found: C, 66.18; H, 4.48; N, 7.24.
Calcd for C22H18Cl2N2O: C, 66.51; H, 4.57; N, 7.05.


8. Antimicrobial assay. All described benzyl ethers 6a–i were
tested in vitro for antibacterial activity against Gram-
positive Staphylococcus aureus, Methicillin-resistant
S. aureus (MRSA), Gram-negative Escherichia coli bacteria,
and for anti-fungal activity against Candida albicans and
Candida krusei by the diffusion method.5,6 The compounds
giving some growth inhibition zone in this method were
further tested by the macro-broth dilution assay12 to
determine their MIC values, which are listed in Table 1.
Since none of the compounds gave any inhibition zone
against the E. coli by the diffusion method, their MIC
values were not determined. The synthesized compounds
and reference drugs were dissolved in DMSO–H2O (50%),
at a concentration of 400 lg/mL. The concentration was
adjusted to 100 lg/mL by fourfold dilution with culture
medium and bacterial solution at the first tube. Data were
not taken for the initial solution because of the high
DMSO concentration (12.5%).


9. Cowper, R. M.; Davidson, L. H. Org. Synth. 1943, 2, 480.
10. Herrling, S.; Keller, H.; Muckter, H. DE Patent 1021850


19580102, 1958.
11. Pellicciari, R.; Curini, M.; Spagnoli, N. Arch. Pharm.


1984, 317, 38.
12. Göker, H.; Özden, S.; Yildiz, S.; Boykin, D. W. Eur.


J. Med. Chem. 2005, 40, 1062.
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Abstract—The recent emergence of clinically oppressive superbugs, some with resistance to nearly all frontline drug therapies, has
challenged our ability to combat such infectious organisms as Mycobacterium tuberculosis, the causative agent of tuberculosis (TB).
Our medicinal chemistry program targeting this pathogen has identified several potent galactofuranose-based in vitro inhibitors of
mycobacterial growth. The most potent compound, the Galf N,N-didecyl sulfenamide 8d, displayed anti-mycobacterial activity
(MIC) of 1 lg/mL in a cell based assay against a representative strain of Mycobacterium smegmatis.
� 2007 Elsevier Ltd. All rights reserved.

Of the seventy or so mycobacterial species,1 the high
morbidity and mortality associated with Mycobacterium
tuberculosis infection makes this bacterium by far the
most concerning of the mycobacterium genus. At pres-
ent an estimated one-third of the world’s population is
infected with the TB bacillus.2 With approximately nine
million new cases each year, and an annual death toll of
two million, M. tuberculosis is now recognised as the sin-
gle most infectious pathogen worldwide.2,3 Compound-
ing this problem is the emergence of strains of the TB
bacillus that are resistant to all major anti-TB drugs.2


This grim outlook has intensified the quest to discover
more effective, less toxic and preferably cheaper drugs
to treat TB infection. Our medicinal chemistry program
targeting this pathogen has focused on the development
of compounds based on the carbohydrate DD-galactofura-
nose (Galf), an essential cell wall component of
mycobacteria.4


The mycobacterial cell wall contains a mycolyl-arabino-
galactan peptidoglycan (mAGP) complex; a highly
cross-linked peptidoglycan layer supporting an arab-
inogalactan (AG) polymer which is capped with a
tetramycolated hexa-arabinofuranoside cluster.5 The
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arabinogalactan contains a galactan polymer made up
of alternating b-(1,5) and b-(1,6) linked DD-Galf residues,
with branching points to link the arabinofuranoside
polymer. The thick glycolipid structure of the cell wall
is known to be essential for the viability of mycobacteria
and is also responsible for impermeability of the myco-
bacterial cell wall to many antibacterial drugs.5


Although a number of groups have made concerted ef-
forts to develop inhibitors targeting the arabinogalactan
biosynthetic pathway,6 to date there have been no re-
ports of Galf-based compounds that show significant
anti-mycobacterial activity. Here we report the synthesis
of a series of galactofuranosyl N,N-dialkyl sulfenamides
and sulfonamides which show in vitro inhibition of
mycobacterial growth.


Galactofuranosyl sulfenamides. We have previously de-
scribed the preparation of the tetra-O-benzoylated
galactofuranosyl N,N-diethyl sulfenamide 1.7 Initial bio-
logical evaluation of the corresponding deprotected
N,N-diethyl sulfenamide 2 against Mycobacterium
smegmatis in a disk susceptibility test showed that this
compound indeed had some, albeit limited, antimyco-
bacterial activity.8 Given the highly waxy nature of the
outer mycolate component of mycobacteria, it was pos-
sible that a polar compound, such as 2, may have had
difficulty in penetrating this layer. Based on this, we con-
sidered it worthwhile to construct a series of more
hydrophobic derivatives of the Galf-based sulfenamides
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to potentially facilitate transport across the mycolate
layer which may result in more potent compounds.


O


RO OR


RO


RO


S N


CH2CH3


CH2CH3


1  R = Bz


2  R = H


The synthetic approach taken to prepare the series of
Galf N,N-dialkyl sulfenamides,9 based on the method
used for the synthesis of 1,7 is shown in Scheme 1. As
starting materials, tetra-O-acetylated10 and benzoylat-
ed11 Galf 3 and 4 were prepared according to literature
procedures, with the synthesis of the acetylated deriva-
tive 3, via methyl a/b-DD-galactofuranoside, being by
far the higher yielding. Subsequent SnCl4-catalysed
reaction of 3 and 4 with thiolacetic acid provided the
Galf thiolacetate derivatives 59 and 6,7 respectively, in
high yield. The b-sulfenamides 7a–e were synthesised
from the galactofuranosyl thiolacetates, with apparent
high anomeric stereoselectively, as previously described
for the N,N-diethyl sulfenamide 1, but with some varia-
tion to the reaction solvent. The reaction solvent (DMF)
used in the synthesis of 17 did not provide the desired
target for reactions with the longer chain secondary
amines, due to their lower solubility. Replacing DMF
as reaction solvent with a 1:1 DMF/THF mixture result-
ed in moderate yields of the sulfenamides from the long
chain aliphatic secondary amines (e.g., 35% yield of 7d
after reaction for 18 h). However reaction with dibenzyl-
amine was not successful and returned only the de-S-
acetylated starting material after 40 h. A report by Illyes
et al. describing the formation of glucopyranosyl sulfe-
namides by reaction of a glucopyranosyl disulfide or
methanethiolsulfonate with amines in methanol12 led
us to trial the use of methanol as solvent in our system.
When applied to the synthesis of the tetra-O-benzoylat-
ed Galf N,N-dibenzyl sulfenamide, the reaction was
complete within 12 h, and the product 7e was obtained
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Scheme 1. Reagents and conditions: (a) BF3ÆOEt2, CH2Cl2, HSAc, 0 �C to rt,


(b) HNR02, BrCH(COOEt)2, MeOH, rt, 7a–d 2 h, 7e 12 h, Ar; (c) NaOMe, M

in high yield (Table 1). Re-synthesis of the aliphatic
derivatives 7a–d using methanol as solvent resulted in
good yields (53–75%) and significantly shortened reac-
tion times of approximately 2 h.


Deprotection of the tetra-O-acylated derivatives 7a–e to
give the Galf N,N-dibutyl 8a, dihexyl 8b, dioctyl 8c,
didecyl 8d, and dibenzyl 8e sulfenamides was achieved
using one equivalent of sodium methoxide in methanol
followed by careful neutralisation of the reaction mix-
ture with Amberlite� IR-120 (H+) resin to pH 7.5–8.0.
Slight decomposition of the sulfenamides to lower Rf


material was observed if the solution was acidified to
pH 6–7. The decomposition products were characterized
by 1H NMR and mass spectrometric analysis to be, not
surprisingly, the free amine, and what appeared to be a
galactosyl thiol, both products resulting from cleavage
of the sulfenamide bond. This is in line with literature
reports13 of the susceptibility of sulfenamides to hydro-
lysis under acidic conditions. Slight decomposition of
the sulfenamides was also observed during flash chro-
matography on silica gel, possibly due to the acidic nat-
ure of silica gel. This decomposition could be minimised
using 2% triethylamine in the eluent, to furnish the
deprotected sulfenamides in 50–75% yield.


Galactofuranosyl sulfonamides. A potential pathway for
in vivo metabolism of the glycosyl sulfenamides could
be oxidation at sulfur14 to form the corresponding sul-
fonamides. To investigate the effect of oxidation at sul-
fur on in vitro activity, the Galf sulfenamides were
oxidised to the corresponding sulfonamides 9a–e
(Scheme 1, Table 1).


The relatively straightforward conversion of the sulfena-
mides to the sulfonamide form was carried out by
reaction of the acylated sulfenamide 7 with an excess
of the oxidising agent, meta-chloro perbenzoic acid
(m-CPBA),13,15 in dichloromethane at reflux for 2 h
(14 h for the dibenzyl sulfenamide) (Scheme 1). The sul-
fonamides 9a–e were obtained in good yield. De-O-acyl-
ation using sodium methoxide in methanol gave the
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6 h, N2 (5 96%)9 or SnCl4, CH2Cl2, HSAc, 0 �C to rt, 1 h, N2 (6 90%)7;


eOH, rt, 0.5–2 h, N2; (d) mCPBA, CH2Cl2, reflux, 9a–d 2 h, 9e 14 h.







Table 2. Activity (MIC) of Galf sulfenamides 8b–e and sulfonamides


10b–e against M. smegmatis (ATCC 14468)a


O


HO OH


HO


HO


R


R MIC (lg/mL)b


Sulfenamides


8b SN[(CH2)5CH3]2 > 64


8c SN[(CH2)7CH3]2 4


8d SN[(CH2)9CH3]2 1


8e SN[CH2Ph]2 16


Sulfonamides


10b S(O)2N[(CH2)5CH3]2 64


10c S(O)2N[(CH2)7CH3]2 2


10d S(O)2N[(CH2)9CH3]2 > 32


10e S(O)2N[CH2Ph]2 > 64


a Broth microdilution assay in MHBII broth.18 Incubation at 30 �C for


72 h.
b MIC values are given as the lowest concentration of compound that


completely inhibited growth of the bacterium.


Table 1. Yields (unoptimised) for Galf N,N-diakyl sulfenamides and sulfonamides


R 0 Yield (%) Yield (%)


CH2(CH2)2CH3 7a 53 8a 47a


CH2(CH2)4CH3 7b 65 8b 74


CH2(CH2)6CH3 7c 75 8c 68


CH2(CH2)8CH3 7d 69 8d 54


CH2Ph 7e 89 8e 50a


CH2(CH2)2CH3 9a 62 10a 92


CH2(CH2)4CH3 9b 69 10b 78


CH2(CH2)6CH3 9c 63 10c 75a


CH2(CH2)8CH3 9d 87 10d 75


CH2 Ph 9e 52 10e 76a


a Yield for de-O-acylation of benzoylated derivative.
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target compounds 10a–e in good to excellent (75–90%)
isolated yield. Purification by column chromatography
on silica gel was successful, with the desired products
eluted without decomposition.


Increased stability to acidic hydrolysis of the sulfona-
mides over the corresponding sulfenamides was indicat-
ed by their resistance to decomposition on silica gel
support. In addition, where gradual decomposition of
dioctyl sulfenamide 8c occurred upon exposure to mild
acid, as monitored by 1H NMR spectroscopy, the corre-
sponding sulfonamide 10c was resistant to decomposi-
tion under the same conditions.


Biological evaluation. The series of galactofuranosyl
N,N-dialkyl sulfenamides 8a–e and sulfonamides 10a–e
were evaluated as inhibitors of M. smegmatis (ATCC
14468). M. smegmatis is a rapidly growing mycobacteri-
um that has been used as a surrogate microorganism for
detecting antimycobacterial activity of novel agents.16


Initial screening against M. smegmatis carried out using
a disk susceptibility test assay17 (data not shown) indi-
cated a lack of significant activity for the compounds
with the shorter (N,N-dibutyl) alkyl chains. Subsequent-
ly, compounds 8b–e and 10b–e were screened for growth
inhibitory activity, over the range 64–0.06 lg/mL, using
a standard broth microdilution assay for susceptibility
testing against M. smegmatis.18 Inhibition data (MIC)
are given in Table 2. As suggested by the initial disk
diffusion assay, the shorter alkyl chain N,N-dihexyl
derivatives had lower potency than the N,N-dioctyl,
and in the sulfenamide series N,N-didecyl, derivatives.
In the sulfenamide series both the N,N-dioctyl (8c,
MIC 4 lg/mL) and N,N-didecyl (8d, MIC 1 lg/mL)
derivatives showed potent growth inhibitory activity.
As a comparison, the current anti-TB drug ethambutol
is reported to have an MIC of 0.5 lg/mL against a
representative strain of M. smegmatis.19 In addition,
the didecyl sulfenamide 8d displayed antimycobacterial
activity at levels of less than 5 lg/mL against various
species including M. tuberculosis, M. fortuitum, and
M. abscessus.9 Interestingly, of the sulfonamide deriva-
tives, only the N,N-dioctyl derivative (10c, MIC 2 lg/
mL) showed significant activity, with the N,N-didecyl
derivative 10d inactive up to at least 32 lg/mL.


In summary, a series of galactofuranosyl N,N-dialky-
lated sulfenamides and sulfonamides have been synthe-

sised and evaluated as in vitro inhibitors of
mycobacterial growth. A number of these compounds
displayed strong inhibition of mycobacterial growth
with MIC values below 5 lg/mL. The resulting
compounds provide interesting templates that may
be promising leads for further development as antibac-
terial agents.

Acknowledgments


We gratefully acknowledge the financial support of
Glykoz Pty Ltd, the Australian Research Council
(ARC), the National Health and Medical Research
Council of Australia, Griffith University for the award
of a Postgraduate Research Scholarship and the Insti-
tute for Glycomics, Griffith University, for an Insti-
tute Postgraduate Award to CD. MvI gratefully
acknowledges the support of the ARC for the award
of a Federation Fellowship. Micromyx LLC, Kalama-
zoo, MI, USA, are thanked for performing the
bioassays.







D. J. Owen et al. / Bioorg. Med. Chem. Lett. 17 (2007) 2274–2277 2277

Supplementary data


Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.bmcl.2007.
01.068.

References and notes


1. Kazda, J. The Ecology of Mycobacteria; Kluwer Academ-
ic, 2000, Chapter 1.


2. World Health Organisation, World Health Report, 2004.
3. Corbett, E. L.; Watt, C. J.; Walker, N.; Maher, D.;


Williams, B. G.; Raviglione, M. C.; Dye, C. Arch. Intern.
Med. 2003, 163, 1009.


4. Daffe, M.; Brennan, P. J.; McNeil, M. J. Biol. Chem. 1990,
265, 6734.


5. (a) Weston, A.; Stern, R. J.; Lee, R. E.; Nassau, P. M.;
Monsey, D.; Martin, S. L.; Scherman, M. S.; Besra, G. S.;
Duncan, K.; McNeil, M. R. Tuberc. Lung Dis. 1998, 78,
123; (b) Brennen, P. J.; Besra, G. S. Biochem. Soc. Trans.
1997, 25, 188; (c) Brennan, P. J.; Nikaido, H. Annu. Rev.
Biochem. 1995, 64, 29; (d) Khasnobis, S.; Escuyer, V. E.;
Chatterjee, D. Expert Opin. Ther. Targets 2002, 6, 21.


6. See for example (a) Kovensky, J.; Sinaÿ, P. Eur. J. Org.
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Abstract—The title compound (4) was synthesized by the reaction of ethyl 1-(2,3,5-tri-O-benzoyl-b-DD-ribofuranosyl)-5-formylimi-
dazole-4-carboxylate with excess guanidine in ethanol at reflux. Compound 4 was evaluated in vitro against NTPases/helicases
of four different viruses of the Flaviviridae family, including the West Nile virus (WNV), hepatititis C virus (HCV), dengue virus
(DENV), and the Japanese encephalitis virus (JEV), employing both an RNA and a DNA substrate. The compound showed activity
against NTPase/helicase of WNV and HCV with an IC50 of 23 and 37 lM, respectively, when a DNA substrate was employed, while
no activity was observed when an RNA substrate was used. There was no activity against the NTPase/helicase of either DENV or
JEV irrespective of whether an RNA or a DNA substrate was employed. Considering that Flaviviridae are RNA viruses, the
observed absence of activity against an RNA substrate, but the presence of activity against a DNA substrate is intriguing and
somewhat surprising. The preliminary studies show that compound 4 does not form a tight complex with either an RNA or a
DNA substrate, suggesting that its mechanism of action may involve direct interaction with the enzyme.
� 2007 Elsevier Ltd. All rights reserved.
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We have recently reported1 the synthesis of novel imid-
azole analogues (III) from the corresponding imidazoles
(I), employing an interesting functional group transfor-
mation2 mediated by guanidine (Scheme 1). We also
reported that compound III (R = deoxyribosyl) exhibit-
ed a potent in vitro inhibitory activity against the West
Nile Virus (WNV) NTPase/helicase when an RNA
substrate was employed, but no activity with a DNA
substrate.1 Since WNV is an RNA virus, the observed
inactivity with a DNA substrate was not too surprising,
but instead gave further impetus to synthesize and
screen the ribose analogue of III (R = ribosyl) against
not only WNV3–5 but also a few other similarly dreadful
viruses belonging to the same Flaviviridae family, which
are of current global health threat, including the hepati-
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Table 1. Inhibitory effect of nucleoside 4 against the helicase activity of


WNV, HCV, JEV, and DENV NTPases/helicases, using a DNA


substratea


WNV


IC50 (lM)b


HCV


IC50 (lM)b


JEV


IC50 (lM)b


DENV


IC50 (lM)b


23 37 >500 >430


a The helicase activity was determined as a function of increasing


concentrations of the compound in the presence of ATP adjusted to


the respective KM values equal to 9.5 lM, 105 lM, 4.2 lM, and


165 lM WNV, HCV, JEV, and DENV NTPase/helicase, and 4.7 pM


DNA substrate.
b The inhibitory effect of the compound was expressed as the concen-


tration at which 50% of the unwinding activity was observed. The


helicase activity of the enzyme measured in the absence of the


compound was referred to as 100%. The term IC50 is defined as the


concentration of the compound required for 50% inhibition of


enzyme activity.
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tis C virus (HCV),6–11 dengue virus (DENV),12–16 and
the Japanese encephalitis virus (JEV).17–20


Synthesis of the target nucleoside 4 (Scheme 2) com-
menced from ethyl 5-diethoxymethylimidazole-4-car-
boxylate 1.1,21,22 The latter was converted into its
sodium salt using sodium hydride in acetonitrile and
was further reacted with 2,3,5-tri-O-benzoyl-b-DD-ribo-
furanosyl-1-iodide under standard conditions of glyco-
sylation (acetonitrile/50 �C/2 h).21,23 The iodide itself
was prepared by reaction of 1-acetyl-2,3,5-tri-O-benzo-
yl-b-DD-ribofuranose and iodotrimethylsilane at room
temperature in benzene.24 The glycosylation procedure
is known to be stereospecific giving predominantly the
b-anomeric product.24,25 The product ethyl 1-(2,3,5-tri-
O-benzoyl-b-DD-ribofuranosyl)-5-(diethoxymethyl)imid-
azole-4-carboxylate (2) was isolated in 87% yield. The
acetal 2 was reacted with 80% aqueous acetic acid to
obtain the corresponding carboxaldehyde 3 in 78%
yield. The reaction of the latter with excess guanidine
in ethanol at reflux for 12 h provided the target
nucleoside 4. All intermediates as well as the final com-
pound were fully characterized by spectroscopic and
microanalytical data.26 Compound 4 can be considered
as an analogue of 5-aminoimidazole-4-carboxamide-1-
b-DD-ribofuranoside (AICAR), an important biosynthetic
precursor of purine nucleosides, with a diaminodihydro-
triazine substituent replacing the 5-amino group of
AICAR.


The NTPases/helicases from four closely related
Flaviviridae, including the West Nile virus (WNV), hep-
atitis C virus, Japanese encephalitis virus (JEV), and
dengue virus (DENV), were employed for the helicase
inhibition studies. The WNV NTPase/helicase was iso-
lated and purified from the cell culture medium harvest-
ed from virus-infected Vero E6 cells as described by us
previously.27–30 The NTPase/helicase domains of
HCV,31,32 JEV,33 and DENV34 NS3 were expressed in
Escherichia coli and purified according to the protocol
for the HCV enzyme, which we reported earlier.27 The
compound was tested against both RNA and DNA

substrates consisting of two annealed RNA or DNA
oligonucleotides. The unwinding activity of the enzyme
was assessed by monitoring the release of the shorter
labeled strand of the RNA or DNA duplex, employing
the protocol as described.27,28 The helicase activity
was calibrated with an RNA or a DNA substrate that
was unwound at an ATP concentration equal to the
KM value determined for the NTPase reaction.27,28 The
anti-helicase activity of Nucleoside 4 against the
mentioned four different NTPases/helicases is listed in
Table 1 employing a DNA substrate.


However, no inhibition could be detected when the same
experiments were repeated using an RNA substrate. As
Flaviviridae are RNA viruses, the observed results are
intriguing, especially considering that the 2 0-deoxyribose
analogue of 4 (i.e., III; R = deoxyribosyl in Scheme 1)
has shown activity against the NTPase/helicase of
WNV with an RNA substrate, but no activity against
a DNA substrate as we reported recently.1 The signifi-
cance and implications of the observed contrasting re-
sults between the ribose analogue 4 and its 2 0-deoxy
counterpart with respect to an RNA or DNA substrate
of viral helicase are not clear at the moment.


Since the observed antiviral activity of 4 against
NTPase/helicase is very specific to the type of nucleic
acid (DNA vs RNA) substrate employed, we wondered
if the mechanism of action of 4 is dependent upon its
ability to form a tight complex with a DNA substrate
but not with RNA. There are many documented reports
demonstrating non-covalent, tight-binding interactions
of analogues of nucleobases, nucleosides, and nucleo-
tides, which simply bind to major or minor grooves of
DNA or RNA double helices.35,36 We ourselves have
recently reported such interactions with some ring-ex-
panded nucleoside (REN) analogues that were found
to form tight complexes with DNA or RNA substrates
of viral helicases, as evidenced by the observed complete
stability of the complexes in the presence of 0.5%
sodium dodecyl sulfate (SDS) as well as by the observed
severe hindrance to migration of the DNA or RNA sub-
strates in TBE–polyacrylamide gel electrophoresis in the
presence of REN analogues with or without the enzyme
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being present.27,28 By contrast, and to our surprise, no
such tight complex formation was observed with either
a DNA or an RNA substrate when the same experi-
ments were conducted using the nucleoside analogue 4.
This observation is indeed exciting as it implies that
the compound must be interacting directly with the en-
zyme. The observed difference in activity resulting from
the different types of substrates employed may well be
due either to the differential conformational effects
exerted by the enzyme–substrate complex upon subse-
quent binding of the inhibitor to the protein or due to
those caused by the enzyme–inhibitor complex upon
eventual binding of a DNA or an RNA substrate. These
speculations, however, are only tentative at this point.
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Abstract—Novel glycerolipidic prodrugs of didanosine and didanosine monophosphate designed to by-pass the hepatic first pass
metabolism were synthesized and tested for their cytotoxicity and anti-HIV-1 activity. Formulation as liposomes of dipalmitoyl-
phosphatidylcholine was elaborated. A simple quantitative HPLC-UV method was developed and validated, and ESI-MS was used
for qualitative purpose. These two prodrugs exhibited promising biological activities against HIV-1 in in vitro infected cell culture.
� 2007 Elsevier Ltd. All rights reserved.

Didanosine (ddI) (1) is a nucleosidic analog for the oral
treatment of AIDS, currently marketed as Videx�, and
usually used in combination with other antiviral thera-
py. Didanosine is phosphorylated in vivo to active
metabolites that compete for incorporation into viral
DNA. These latter inhibit the HIV reverse transcriptase
enzyme competitively and act as a chain terminator of
DNA synthesis. Didanosine is well tolerated with chron-
ic administration, and its toxicity is uncommon and usu-
ally reversible. However, it suffers from a poor
bioavailability (20–40%).1 This drawback is mainly due
to acidic degradation in the stomach, and to a mediocre
absorption because of its hydrophily and to the hepatic
first pass metabolism. Moreover, once in the cell, ddI
needs to be sequentially phosphorylated to the 5 0-tri-
phosphate by host cell kinases to be active. The first
phosphorylation is a limiting step.2 Glycerolipidic pro-
drugs, by mimicking long chain triglycerides, are known
to enhance the enterocyte absorption and lymphatic
transport, therefore they by-pass the hepatic first pass
metabolism, hence enhancing bioavailability.3 Despite
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the fact that a variety of antiviral or antitumor nucleo-
sides conjugated with lipid moieties have been reported
previously,4 to the best of our knowledge no attempts
were made to take advantage of the triglyceride metab-
olism to improve the bioavailability of ddI. As a matter
of fact, triglycerides are hydrolyzed in the small intestine
to the corresponding 2-monoglyceride and fatty acids by
pancreatic lipase and co-lipase. These metabolites are
absorbed by the enterocytes in which they are re-esteri-
fied into triglycerides and packaged into intestinal lipo-
proteins, the chylomicrons. These latter are finally
secreted into mesenteric lymph from where they reach
the systemic circulation via the thoracic lymph duct,
by-passing the liver.3 Therefore, we hypothesized that
ddI covalently bound to the C-2 position of a lipid
may have improved bioavailability. As triglycerides with
C16 acid chains are predominant in nutriments,5 we
chose to conjugate ddI with a 1,3-dipalmitoyl lipid
through a succinate linker bound to the 5 0-OH group
(prodrug 2). Furthermore, in an attempt to by-pass
the first cellular phosphorylation, we speculated that a
lipid conjugated to didanosine 5 0-monophosphate
through an ether linker such as compound 3 may
have an improved activity. Comparing the intracellular
activities of the non-phosphorylated and the
mono-phosphorylated prodrugs (2 and 3) on peripheral
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blood mononuclear cells (PBMC) post-infected by HIV,
we will establish if it is possible to by-pass the limiting
first-phosphorylation step by host cell kinases (Fig. 1).2


Herein, we report the syntheses of lipid conjugates of
ddI 2 and 3, the results of their qualitative and quantita-
tive analysis for quality control of the formulation, and
their antiviral activity on in vitro HIV-1 infected cells.


The synthesis of prodrug 2 began with the preparation
of the symmetrical 1,3-dipalmitoyl glyceride 5 easily
available in three steps from 1,3-dihydroxyacetone
dimer (4) according to the procedure of McCrae.6


Thus, condensation of 1,3-diglyceride 5 with glutaric
anhydride in the presence of pyridine provided acid 8
(95% yield). The final coupling of 8 with ddI (1) was
achieved using EDCI to deliver compound 2 in 61%
yield.7 The synthetic methodology, we have developed
for the synthesis of 3 involved the application of phos-
phoramidite chemistry.8 Thus, 1,3-dipalmitoyl glyceride
5 was condensed with 6-(tetrahydropyranyloxy)hexano-
ic acid (6) using DCC to furnish the triglyceride 7a in
61% yield. Deprotection of the THP protecting group
turned out to be quite troublesome. For example, aque-
ous acetic acid deprotection of 7a gave 7b in low yield
along a large amount of diglyceride 5 presumably result-
ing from acid catalyzed lactonization of 7a to caprolac-
tone. The use of PPTS9 in a refluxing mixture of
methanol and ethyl acetate was more rewarding, provid-
ing the desired alcohol 7b in 80% yield. The crucial
assembly of ddI (1) with 7b was efficiently performed
by sequential treatment of 7b with 2-cyanoethyl N,N-
diisopropylchlorophoramidite (9) in the presence of
diisopropylethylamine, then 1H-tetrazole and finally
ddI.8b After oxidative work up with aqueous iodine buf-
fered with pyridine, compound 10 was obtained in 93%
yield by purification on silica gel column (EtOAc/
MeOH/Et3N, 6:1:0.5%). The final deprotection of 10
was performed via b-elimination using DBU. A consid-
erable amount of cleavage of the hypoxanthine–sugar
bond was observed using hydrochloric acid in the work-
up. Less acidic conditions were therefore attempted. In
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Figure 1. Chemical structures of didanosine (ddI) 1 and lipid conju-


gates 2 and 3.

the event, brief exposure of the crude product to diluted
acetic acid, followed by chromatographic purification
on silica gel column (CH2Cl2/MeOH, 11:2), furnished
phosphodiester 3 in 73% yield.10 This material slowly
decomposed at room temperature through cleavage of
the C-1-hypoxhanthine bond, however no substantial
decomposition was observed over several month-storage
at �30 �C. Compounds 2 and 3 were characterized by
1H NMR, IR, and ESI mass spectrometry. The purity
evaluated by HPLC using UV detection and by ESI-
MS was estimated to be 98% for compound 2 and
90% for compound 3 (Scheme 1).11 The quantitative
method was validated according to the ICH recommen-
dations in order to undertake quality control of the for-
mulations.12 The method proved to be accurate (bias
<1.4%), with a good repeatability (Relative Standard
Deviation (%RSD) <2.9%), and intermediate precision
(%RSD <4.2%) for the determination of both com-
pounds. By using HPLC-UV dosage methods, we evi-
denced the very poor solubility of these prodrugs in
water (610.5 lg/mL in water at neutral pH) and their
good entrapment efficiency into multilamellar liposomes
of dipalmitoylphosphatidylcholine (DPPC)13 which
were prepared according to the Bangham method.14


These liposomes (prodrugs/DPPC: 1:2 (mol:mol)),
whose sizes were evaluated to 1160 ± 129 nm for both
compounds, were used in the antiviral assays.


Antiviral assay. In vivo after oral administration, the
prodrugs should be modified by digestion, so they will
not be in direct contact with infected cells. The antiviral
assays were made here to check that the prodrug would
be able to deliver ddI in cellular context.


The toxicities assays were performed to ensure that there
was no increase in toxicity due to the chemical modifica-
tion and formulation (previous assays with prodrugs in
suspension evidenced cell toxicity by precipitation of pro-
drugs in culture medium). Phytohemagglutinin-P (PHA-P)-
activated peripheral blood mononuclear cells (PBMC)
treated by six concentrations (50, 17, 6, 2, 1, and 0.2 lM
for compounds 1 and 3, and 12, 4, 1.3, 0.5, 0.1, and
0.05 lM for compound 2) of each prodrug as liposomes
and, one hour later, were infected with hundred 50% tis-
sue culture infectious doses (TCID50) per 100,000 cells
of the HIV-1-LAI strain.15 This virus was amplified in vi-
tro on PHA-P-activated PBMC.16 Viral stock was titrated
using PHA-P-activated PBMC, and 50% TCID50 were
calculated using Kärber’s formula.17 Samples were main-
tained throughout the culture, and cell supernatants were
collected at day 7 post-infection and stored at �20 �C.
Viral replication was measured by quantifying reverse
transcriptase (RT) activity in cell culture supernatants.
In parallel, cytotoxicity of the compounds was evaluated
in uninfected PHA-P-activated PBMC by MTT assay on
day 7. Experiments were performed in triplicate and
repeated with another blood donor. Data analyses were
performed using SoftMax�Pro 4.6 microcomputer soft-
ware: percent of inhibition of RT activity or of cell viabil-
ity were plotted vs concentration and fitted with quadratic
curves; 50% and 90% effective doses (ED50 and ED90) and
cytotoxic doses (CD50 and CD90) were calculated and
compared between ddI and ddI prodrugs (Table 1).
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i—1.8 equiv 9, i-Pr2NEt, CH3CN, 20 �C, 30 min; ii—5 equiv 1H-tetrazole, 1.5 equiv ddI (1), THF, 20 �C, 1 h; iii—I2, THF, Py, H2O, hexane, 20 �C,


30 min, 93%; (f) i—1.9 equiv DBU, THF, 1 h, 20 �C; ii—AcOH, H2O, 68%; (g) 2 equiv glutaric anhydride, py, DMAP, THF/CH2Cl2, 6 h, 20 �C,


95%; (h) 1.2 equiv EDCI, DMAP, DMF, 50 �C, 3 days, 61%.


Table 1. Anti-HIV-1-LAI effects and cytotoxicity of ddI conjugates 2


and 3 as compared to didanosine (1) on activated PBMC in vitro


infected by HIV-1-LAI13


Compound ED50 (lM) ED90 (lM) CD50 (lM) CD90 (lM)


1 (ddI) 1.2 4.8 40 >50.0


2 2.8 >12.0 >12.0 >12.0


3 28.5 >50.0 >50.0 >50.0


Results are expressed as ED50 and ED90, concentration of drugs that


decreases the HIV replication of 50% and 90%, respectively (means of


ED from two blood donors). CD50 and CD90, concentration of drugs


to reduce the viable cell number by 50% and 90%, respectively (means


of ED from two blood donors).
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The data indicated that 2 was roughly equi-active with
ddI against HIV-1. 3 was a little less active, probably
due to the ionized phosphate which could slow down
cellular absorption and might hide the by-pass of the
first phosphorylation. Another alternative hypothesis is
that the prodrug would not release the monophosphate
of ddI because aliphatic phosphate esters are known to
be difficult to be cleaved enzymatically. Further experi-
ments would be performed in order to study these
hypotheses. However, these two new compounds
showed no sign of increased cytotoxicity at tested doses
(12 and 50 lM for 2 and 3, respectively). Both com-
pounds appear promising ddI prodrugs because they
keep an anti-HIV activity and would exhibit a better
bioavailability than ddI after oral administration.


In conclusion, we have synthesized with good purity two
novel didanosine derivatives as prodrugs compounds
active against HIV-1 in infected cell culture with no sign

of increased toxicity. Since these molecules were poorly
water soluble, adapted liposomal formulation was devel-
oped. A simple dosage method with good accuracy,
repeatability, and intermediate precision was elaborated
in order to evaluate these formulations. Further experi-
ments including absorption studies in in vitro CaCo-2
cells culture of these two new molecules in liposomes
are currently performed in comparison with ddI to
validate the here presented biomimetic strategy.
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Abstract—The series of 2-amino-4-aryl-5-chloropyrimidines was discovered to be potent for both VEGFR-2 and CDK1. Described
here are the chemistry for analogue synthesis, SAR study, and its kinase selectivity prolifing. The full rat PK data and in vivo efficacy
study are also included.
� 2007 Elsevier Ltd. All rights reserved.
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Angiogenesis, the formation of new capillaries from the
endothelium of an existing vascular network, plays a
crucial role in tumor growth. Solid tumors cannot grow
larger than several cubic millimeters until they establish
a blood supply because cells must be within 100–200 lm
of a blood vessel to survive.1 The molecular mechanisms
underlying angiogenesis have been studied and are well
established due to the pharmaceutical potential of
antiangiogenesis as cancer therapy. Although several
growth factors play important role in angiogenesis, vas-
cular endothelial growth factor (VEGF) and its tyrosine
kinase receptor (VEGFR-2) are of particular interest be-
cause of the magnitude of their effects and the potential
for therapeutic application.2 Inhibition of VEGF activity
or VEGFR-2 kinase has been shown to suppress tumor
angiogenesis and tumor growth in tumor xenograft
studies. FDA approval of the anti-VEGF antibody
bevacizumab for the treatment of colorectal cancer
provides valuable proof-of-concept in a clinical setting.3


Recently, two small molecule inhibitors of VEGFR-2
kinase, sorafenib (BAY-43-9006)4 and sunitinib
(SU-11248),5 were approved by the FDA for renal and/
or gastrointestinal cancer. Numerous other small
molecules have progressed to the clinical evaluation
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stage.6,7 Cyclin dependent kinase 1 (CDK1) is a member
of a family of serine/theronine kinases that plays an
important function in regulation of the cell cycle.8 Be-
cause abnormal CDK control of the cell cycle has been
linked to the molecular pathology of cancer, attention
has focused on CDKs as potential targets for cancer ther-
apy.9 CDK1 is an especially attractive target due to its
crucial role in regulating the cell cycle at the G2 and mito-
sis stages. Although inhibition of CDK has yet to be val-
idated in cancer patients, several CDK1 inhibitors have
progressed into clinical trials, among them flavopiridol,
UCN-01, CYC202, and SNS-032 (BMS-387032).10


We recently reported the in vitro anti-angiogenic and
in vivo anti-tumor activity of a 5-cyanopyrimidine deriv-
ative that is a potent, selective inhibitor of VEGFR-2 ki-
nase.11 In this communication, we disclose a related
series (Fig. 1) of 2-amino-4-aryl-5-chloropyrimidines

NR1 N
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Figure 1.
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that are potent inhibitors of VEGFR-2 and CDK1.12


This series also displays antiproliferative activity against
cancer cells and therefore could more effectively inhibit
tumor growth. Herein we describe the synthesis, initial
structure–activity relationships (SAR), and PK proper-
ties of this novel series.


Our chemistry efforts began with an exploration of the
2-arylamino substituent on a subset of 4-(cumylami-
no)-5-chloropyrimidines. These derivatives were pre-
pared using the procedure shown in Scheme 1, starting
with addition of methylcerium chloride to 4-bro-
mobenzonitrile to generate 4-bromocumylamine (1).13


After protection of the amino group with Boc, bromide
2 was converted to boronate 3 using bis(pinacola-
to)diboron in the presence of Pd(II).14 Compound 3
was then coupled with 2,4,5-trichloropyrimidine to af-
ford the 4-aryl-2,5-dichloropyrimidine 4. This step was
highly regio-selective and proceeded in good yield
(80%). Next, the 2-chloro substituent of compound 4
was displaced with various arylamines to produce
2-amino intermediates 5a–b, which were in turn treated
with HCl to afford final products 6a–b. One of the inter-
mediates (5b) was also used to generate analogues
containing amino side chains; the chemistry is shown
in Scheme 2. Compound 5b was reacted with metha-
nesulfonyl chloride, followed by displacement of the
mesyl group with aliphatic amines. Finally, removal of
the Boc protecting group with HCl generated com-
pounds 7a–e. To further expand SAR in the series, the
cumylamino substituent at the 4-position was replaced
by selected heterocylic groups. As indicated in Scheme
3, various arylboronates were coupled with 2,4,5-trichlo-
ropyrimidine to generate 4-aryl-2,5-dichloropyrimidines
8.15 Displacement of the 2-chloro of compounds 8 with
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Scheme 1. Synthesis of compounds 6a–b. Reagents: (a) CeCl3, MeLi, THF


Pd(dppf)2Cl2, THF, 82%; (d) 2,4,5-trichloropyrimidine, 1,2-dimethoxyethan


100%.

N-substituted 4-(2-aminoethyl)phenylamines provided
target molecules 9a–k.


All compounds were evaluated for their ability to
inhibit VEGFR-2 kinase, CDK1, and proliferation of
three tumor cell lines: malignant melanoma (A375),
cervical adenocarcinoma (HeLa), and colon carcinoma
(HCT116).11 Biological activities of the 4-(cumylamino)
analogues are presented in Table 1. With the exception
of the 3-bromo (6a) and morpholin-4-ylethyl (7d)
derivatives, all of the cumylamino compounds were po-
tent VEGFR-2 inhibitors, having IC50 values <0.1 lM.
Neutral polar group (2-hydroxyethyl, 6b) was compat-
ible with good activity while basic substitution, incor-
porated to improve aqueous solubility, conferred the
highest VEGFR-2 potency. Interestingly, the basicity
of the terminal amino group seemed to correlate with
potency, with the more basic methylamine (7a), dim-
ethylamine (7b), and pyrrolidine (7c) analogues having
the lowest IC50 values (0.019–0.032 lM), N-methylpip-
erazine (7e) having an intermediate value, and the least
basic morpholine (7e) having the highest IC50. CDK1
inhibition and cellular antiproliferative activity did
not follow the same trend, however. CDK1 potency
was 19- to 60-fold lower than VEGFR-2 for the amine-
containing compounds, but only 3- to 10-fold lower for
the neutral derivatives. Cellular antiproliferative activity
was poor (IC50 > 1 lM) to moderate (IC50 0.3–1 lM)
with no obvious correlation to either VEGFR-2 or
CDK1.


VEGFR-2 activity was found to be quite sensitive to the
nature of the 4-substituent on the 5-chloropyrimidine
core, as seen in Table 2. For example, thien-2-yl ana-
logue 9a was 8-fold less potent (IC50 = 0.16 lM) than
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Table 1. Kinase and cellular antiproliferative activities of 4-(cumylamino) derivatives


N


N


N
H


Cl


NH2


R1


Compound R1 Kinase inhibition


(IC50, lM)


Cell proliferation


(IC50, lM)


VEGFR-2 CDK1 A375 HCT116 HeLa


6a 3-Bromophenyl 0.348 1.040 2.610 3.690 3.350


6b 4-(HOCH2CH2)phenyl 0.069 0.687 1.370 1.600 2.920


7a 4-(MeNHCH2CH2)phenyl 0.033 1.060 0.175 0.885 0.542


7b 4-(Me2NCH2CH2)phenyl 0.019 1.140 0.163 1.680 0.500


7c 4-(Pyrrolidin-1-yl-CH2CH2)phenyl 0.026 0.808 0.247 0.359 0.339


7d 4-(Morpholin-4-yl-CH2CH2)phenyl 0.148 2.770 3.170 3.220 3.010


7e 4-(1-Me-piperazin-4-yl-CH2CH2)phenyl 0.076 1.610 0.868 1.300 0.811
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the corresponding 4-cumylamino derivative 7b and the
2,4-dimethylthiazol-5-yl analogue was 42-fold less po-
tent (IC50 = 0.80 lM). At the other extreme, the indol-
3-yl (9c, 9i) and indol-6-yl (9f, 9j, 9k) analogues were
extremely potent VEGFR-2 inhibitors (IC50 values ran-
ged from 0.007 to 0.036 lM). Attachment at other posi-
tions of the indole was detrimental, however, with
VEGFR-2 potency decreasing in order from indol-5-yl
(9e) > indol-4-yl (9d) > indol-7-yl (9g). VEGFR-2 activ-
ity was significantly reduced by substituting the indol-3-
yl bicyclic system with the isosteric indazol-3-yl moiety
(9h, IC50 = 0.314 lM), suggesting an important binding
role for the indole N–H. With the exception of com-
pounds 9f, 9j, and9k, the 4-heteroaryl-5-chloropyrimi-
dines were relatively non-selective with respect to
CDK1, having VEGFR-2/CDK1 IC50 ratios less than
8. Notably, the weakly potent thiazole derivative 9b
was a better inhibitor of CDK1 than VEGFR-2. In con-
trast, 9f, 9j, and 9k were 34- to 120-fold selective for

VEGFR-2, with CDK1 IC50 values in excess of
1.2 lM. Cellular antiproliferative activities were general-
ly modest, but the indol-3-yl derivative 9c distinguished
itself as a highly potent antiproliferative agent in all
three tumor cell lines (IC50 values ranged from 0.050
to 0.084 lM). The other indo-3-yl derivative (9i),
although equipotent against VEGFR-2, had much
weaker antiproliferative activity, perhaps as a result of
poorer membrane permeability due to the doubly ioniz-
able piperazine group. To determine general kinase
selectivity for the series, compound 9i was evaluated in
a panel of tyrosine and serine/threonine kinases.16 Out
of 100 kinases tested, 9i exhibited >80% inhibition of
62 kinases at a concentration of 1 lM, indicating that
the 2-arylamino-4-(indol-3-yl)-5-chloropyrimidine scaf-
fold is a relatively promiscuous kinase pharmacophore.
Indeed, examples of the non-chloro version of this scaf-
fold have been reported to be inhibitors of protein ki-
nase C and Bcr-abl kinase.17







Table 2. Kinase and cellular antiproliferative activities of 4-heteroaryl derivatives


N


N


N
H


Cl


R1


R2


Compound R1 R2 Kinase inhibition


(IC50, lM)


Cell proliferation


(IC50, lM)


VEGFR-2 CDK1 A375 HCT116 HeLa


9a 2-thienyl Me2N 0.159 0.461 0.016 0.228 1.240


9b 2,4-dimethyl-thiazol-5-yl Me2N 0.797 0.439 0.399 0.391 0.431


9c Indol-3-yl Me2N 0.007 0.048 0.050 0.084 0.075


9d Indol-4-yl Me2N 0.216 0.540 0.210 0.084 0.292


9e Indol-5-yl Me2N 0.103 0.847 0.030 0.321 0.596


9f Indol-6-yl Me2N 0.015 1.770 0.336 0.446 0.472


9g Indol-7-yl Me2N 0.455 0.334 0.774 0.470 1.290


9h Indazol-3-yl Me2N 0.314 0.781 3.970 3.760 3.060


9i Indol-3-yl 1-Me-piperazin-4-yl 0.007 0.18 3.930 3.050 3.330


9j Indol-6-yl Pyrrolidin-1-yl 0.016 1.54 1.970 1.680 0.973


9k Indol-6-yl 1-Et-piperazin-4-yl 0.037 1.24 2.570 2.450 2.080


Table 3. Pharmacokinetic properties of compounds 6b, 9j, and 9k in


Sprague–Dawley rats


Compound 6b 9j 9k


Oral bioavailability 55% 70% 40%


Dose (mg/kg), poa 10 10 10


t1/2 (h), po 4.5 2.6 4.6


Cmax (lM), po 1.11 0.72 0.59


AUC (lM h), po 7.65 5.74 6.12


Dose (mg/kg), iv b 2 2 2


t1/2 (h), iv 4.9 3.9 5.8


Cmax (lM), iv 1.43 0.67 0.96


AUC (lM h), iv 2.77 1.63 3.06


Clearance (mL/min/kg) 34 51 25


Vss (L/kg) 10.7 16.3 10.1


a Vehicle = 0.5% Methocel�.
b Vehicle = 10% Solutol�.
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Pharmacokinetic parameters for several analogues were
determined in male Sprague–Dawley rats. As shown in
Table 3, compounds from the 4-(cumylamino) series
(6b) and the 4-(indol-6-yl) series (9j and 9k) were orally
bioavailable. These derivatives achieved useful plasma
concentrations (0.6–1.1 lM) and had reasonable plasma
half-lives (2.6–4.6 h) after oral administration at 10 mg/
kg, but also had high clearance values (25–51 mL/min/
kg). Based on these results and their in vitro kinase and
cell proliferation profiles, compounds 6b, 9j, and 9k were
evaluated for their ability to inhibit the growth of A375
xenograft implanted in the hind flank of nude mice.
Unfortunately, all three compounds failed to demon-
strate significant anti-tumor activity when dosed orally
at 100 mg/kg for 28 days, although a trend toward tumor
growth inhibition was observed. This outcome is surpris-
ing in light of the potent VEGFR-2 inhibition shown by
all compounds and the robust antiproliferative activity
exhibited by 6b. It is possible that high clearance values
indicate that the compounds are not resident in the tumor
long enough to show the desired effect.


In summary, we identified a novel series of potent
VEGFR-2 kinase inhibitors with CDK1 and antiprolif-

erative activity. SAR at the 2- and 4-positions of the
5-chloropyrimidine core was studied, leading to the
synthesis of many potent analogues having (2-aminoeth-
yl)phenylamino at the 2-position and cumylamino, in-
dol-3-yl, or indol-6-yl at the 4-position. Potent CDK1
inhibition and antiproliferative activity were found in
several analogues, notably those having indo-3-yl at
the 4-position. The mechanism for the antiproliferative
activity did not appear to correlate with either VEG-
FR-2 or CDK1 inhibition. Several derivatives also dis-
played acceptable pharmacokinetic behavior in rat but
were not orally active in an A375 xenograft experiment
in nude mice.
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Abstract—Novel lipophilic (diamine)platinum(II) complexes of salicylate derivatives as the leaving groups were synthesized and
characterized by elemental analysis, FAB+-MS, FT-IR, and 1H NMR spectroscopy. Most of the resulting platinum complexes
had high solubility in organic solvents such as ethanol, acetone, and ether, and had right partition coefficient suited to be encapsu-
lated in liposomes. The pertinent complexes were evaluated for their in vitro cytotoxicity against A549 human lung carcinoma and
SGC-7901 human gastric carcinoma cell lines. They showed better cytotoxic activity than carboplatin and oxaliplatin.
� 2007 Elsevier Ltd. All rights reserved.

Cisplatin, cis-diamminedichloroplatinum(II), is one of
the most successful drugs currently used in clinical cancer
therapy and active in a series of solid tumors, especially
in metastatic testicular germ-cell cancer.1,2 However, its
clinical use is frequently limited by severe toxic side ef-
fects such as nephrotoxicity, neurotoxicity, and emeto-
genic as well as drug resistance.3,4 One of the most
intriguing strategies to overcome the drawbacks of cis-
platin is to encapsulate the agent in a liposome,5,6 and
some anticancer drugs such as doxorubicin, the liposo-
mal formulation (doxil), have been approved for the
treatment of AIDS-related Kaposi’s sarcoma and re-
lapsed ovarian cancer in America and Europe.7 A few
different liposomal formulations of cisplatin have also
been prepared and biologically evaluated since the intro-
duction of cisplatin.8–10 Among them, SPI-77 and lipopl-
atin (two liposomal cisplatin formulations) are currently
in Phase I and II clinical trials.11–13 Nevertheless, so far
none of liposomal formulations of cisplatin have been
approved for the clinical use in the world. The key rea-
sons are the poor water solubility and low lipophilicity
of cisplatin, which make it difficult to efficiently encapsu-
late the drug in a liposome.5 An alternative approach is
to synthesize lipophilic platinum complexes. The lipo-
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philic platinum complex NDDP (cis-bis-neodecanoato-
trans-R,R-1,2-diaminocyclohexane platinum(II)) is an
example, and the liposomal NDDP (L-NDDP) has en-
tered Phase II clinical trials.14,15 Unfortunately, the com-
plex is intraliposomally instable due to two monodentate
carboxylate as the leaving groups.16 Furthermore, in or-
der to improve liposolubility, highly branched aliphatic
carboxylate were used in NDDP, which greatly increased
the molecular weight, leading to difficult passive diffu-
sion through the cell membrane. Therefore, it is impor-
tant to design and synthesize lipophilic platinum
complexes using chelating bidentate ligands with small
molecular weight.


Most of the platinum complexes reported to date have
dicarboxylate as leaving groups. Recently, there have been
some reports that platinum complexes with a-hydroxyl-
carboxylate as leaving groups had high antitumor activi-
ty,17,18 and the a-hydroxylcarboxylatoplatinum drugs,
nedaplatin (cis-diammine (glycolato-O,O)platinum (II))
and lobaplatin (cis-[trans-1,2-cyclobutanebis(methyl-
amine)][(S)-lactato-O,O]platinum(II)), were approved for
clinical cancer therapy in Japan and China, respectively.3,19


But, to the best of our knowledge, the synthesis of platinum
complexes with lipophilic a-hydroxylcarboxylate especially
salicylates were not reported.


On the basis of these findings, we designed and synthe-
sized a series of novel lipophilic platinum(II) complexes
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Figure 1. Structures of platinum(II) complexes 1–6.


Table 1. Partition coefficient and solubility of platinum(II) complexes


1–6 as well as their melting points


Complexes Solubility in


water (mg/ml)


Partition


coefficient (logP)


Mp (�C dec)


1 0.30 170


2 0.012 3.3 227


3 0.025 3.1 240


4 0.25 185


5 0.012 3.4 203


6 0.0073 4.3 212


Table 2. In vitro cytotoxicity against selected human tumor cell lines


of complexes 1–6


Complexes Non-leaving


groups


Leaving


groups


IC50 (lM)


A549 SGC-7901


1 2NH3 DISAc 1.54 2.65


2 BAMIDa DISAc 2.16 2.93


3 DACHb DISAc 1.05 2.93


4 2NH3 Thymotated 0.89 1.83


5 BAMIDa Thymotated 1.27 2.64


6 DACHb Thymotated 1.49 6.95


Carboplatin 9.26 16.34


Oxaliplatin 3.54 7.77


SKI-2053R 3.56 2.36


a BAMID: (4R,5R)-4,5-bis(aminomethyl)-2-isopropyl-1,3-dioxolane.
b DACH: trans-1R,2R-diaminocyclohexane.
c DISA: 3,5-diiodosalicylate.
d Thymotate: 3-isopropyl-6-methylsalicylate.
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(Fig. 1) containing two salicylate derivatives 3,5-diiodo-
salicylate (DISA) and 3-isopropyl-6-methylsalicylate
(thymotate) as the leaving groups. DISA is a food addi-
tive as iodine source and thymotate is derived from the
genus Thymus plants. Moreover, salicylate and its deriv-
atives are important nonsteroidal anti-inflammatory
agents. It has been well-known that they can block
metastasis of cancer cells by inhibiting synthesis of pros-
taglandin. This is another reason for selecting salicylate
derivatives as leaving groups in the target platinum com-
plexes. As for non-leaving groups, the diammines of cis-
platin, oxaliplatin, and SKI-2053R were used. All the
design strategies in our research are to develop platinum
complexes with expectation of higher liposolubility and
chemical stability, along with higher antitumor activities
and lower systemic toxicity. The resulting platinum
complexes were evaluated for their in vitro cytotoxicity
against A549 human non-small cell lung carcinoma
and SGC-7901 human gastric carcinoma cell lines.


All the complexes were synthesized as precipitates in
aqueous solution by the general method owing to their
low water solubility,20,21 that is, K2PtCl4 was first con-
verted to K2PtI4 in situ by treatment with KI, which
was subsequently treated with ammine/diamine to form
diam(m)inediiodoplatinum(II) complexes, then the
diam(m)inediiodoplatinum(II) complexes reacted with
silver nitrate and converted to [PtA2(H2O)2](NO3)2, fol-
lowed by mixing with sodium salicylate derivatives to
produce the precipitates of target complexes. The result-
ing platinum complexes were characterized by elemental
analysis, FT-IR, 1H NMR, and FAB+-MS spectra.22


The elemental analysis data for each compound were
in good agreement with the empirical formula proposed.
The binding of the salicylic acid derivatives to plati-
num(II) atoms as a bidentate ligand was confirmed by
the shift of mC@O to lower frequencies and the absence
of mO–H absorption in IR spectra in the resulting com-
plexes.23,24 All complexes showed [M+H]+ peaks, corre-
sponding to their molecular weights. 1H NMR spectral
peaks were compatible to the chemical structures given
in Figure 1.


The solubility of the complexes both in water and organ-
ic solvents such as ethanol, acetone, and ether was deter-
mined. All the complexes, except for complexes 1 and 4,
had low solubility in aqueous solution but high solubil-
ity in the organic solvents (>20 mg/ml). Partition coeffi-
cients for the lipophilic platinum complexes 2, 3, 5, and
6 were measured in an octanol/water system according
to the literature method.25,26 The partition coefficients

and solubility in water as well as their melting points
are listed in Table 1. The lipophilic complexes were
stable in the organic solvents for five days at room tem-
perature indicated by the changes of their UV spectra,
presumably as a result of the chelation effect of the
leaving groups.


The in vitro cytotoxicities of the platinum complexes
were assessed by sulforhodamine B (SRB) colorimetric
assay as described in the literature using A549 and
SGC-7901 cell lines.27,28 Cells were continuously
exposed to test compounds 1–6, carboplatin, oxaliplatin,
and SKI-2053R for 72 h, and the results are given in
Table 2.


All the resulting complexes were more active against
A549 cell line with lower IC50 values (the concentration
of a compound at which cell growth was inhibited by
50%) than carboplatin, oxaliplatin, and SKI-2053R;
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As for SGC-7901 human gastric carcinoma cell line, the
complexes showed higher or slightly higher activity than
carboplatin and oxaliplatin, but similar activity to SKI-
2053R. Most of the complexes had high liposolubility,
which could make them to be efficiently encapsulated
in liposomes.6 The liposomes loaded with platinum
drugs were reported to possess higher antitumor activity
profiles and lower systemic toxicity than the parent
drugs, for the liposomes can selectively deliver more
drugs to the tumor site.11–13 The final goal of this study
was to develop liposomal formulations of new platinum
drugs, so the complexes are worthy of further research
as potentially novel anticancer agents.


From the IC50 values in Table 2, it can be seen that the
order of cytotoxic activity of DISA-platinum complexes
is 3 > 1 > 2 against A549 cell line and 3 � 2 > 1 against
SGC-7901 cell line. For thymotate–platinum complexes
the order is 4 > 5 > 6. There is no close structure–activ-
ity relationship among these complexes with different
diammines.


In conclusion, we have synthesized a series of new plat-
inum complexes with high cytotoxic activity and good
liposolubility which are liable to be encapsulated in lip-
osomes due to high compatibility between the lipophilic
complexes and liposomes.29 Further research to evaluate
their in vivo antitumor activity and preparation for their
liposomal formulations are in progress.
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Abstract—A series of new tetracycline derivatives has been synthesized by reacting appropriate tetracyclines, formaldehyde and sec-
ondary amino (piperazino) function of fluoroquinolones using microwave irradiation with the yield ranging from 41evaluated for its
anti-HIV, antimycobacterial activities and HIV-1 integrase (IN) enzyme inhibition studies. Among the synthesized compounds,
compound 10 was found to be the most promising compound active against HIV-1 replication with EC50 of 5.2 lM and was non-
toxic to the CEM cells untill 200 lM, and MIC of 0.2 lg/mL against Mycobacterium tuberculosis, with moderate inhibition of both
3 0-processing and strand transfer steps of HIV-1 IN.
� 2007 Published by Elsevier Ltd.

Human immunodeficiency virus (HIV) is the causative
agent of acquired immunodeficiency syndrome (AIDS),
which is one of the most serious health problems in the
world. Recently, ‘highly active anti-retroviral therapy
(HAART)’, which involves a combination of reverse
transcriptase/protease inhibitors, has dramatically im-
proved the clinical treatment of individuals with AIDS
or HIV infection.1 However, this combination therapy
using multi-types of anti-HIV drugs has not yet reached
the stage of perfection owing to several serious problems
including the emergence of viral strains with multi-drug
resistance, significant side effects and high costs. Prob-
lems of drug toxicity and drug resistance may be
reduced via the inhibition of a new HIV target.
Integrase (IN) is an attractive and a validated target
for anti-AIDS drug design because of its crucial role
in the viral life cycle and the fact that there is no cellular
homologue in humans. HIV-1 integrase is a 32 kDa
protein encoded at the 3 0-end of the HIV pol gene.2,3


Incorporation of HIV DNA into host chromosomal
DNA, which is catalyzed by HIV integrase, occurs by
a specifically defined sequence of 3 0-processing and
strand transfer reactions.4 A number of structurally
diverse compounds have been reported to be inhibitors
of HIV integrase.5,6
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Earlier Neamati et al.7 used the four-point pharmaco-
phore model for HIV-1 IN inhibitors for a search of the
National Cancer Institute 3D database. The 3D database
search of 206,876 structures yielded a total of 179 com-
pounds that contained the four-point pharmacophore
distance pattern in one or more of their conformations.
Thirty-nine compounds were manually selected for bioas-
say based on considerations of structural diversity and
sample availability, with the most probable four-point
pharmacophore centres identified and yielding a greater
number of active HIV-1 IN inhibitors. Among them tetra-
cycline exhibited IC50 values of 204.0 and 188.0 lM for
3 0-processing and strand transfer, respectively, whereas
rolitetracycline, with IC50 values of 28.0 and 34.1 lM
for 3 0-processing and strand transfer, respectively, was
five times more potent than the parent compound. An
even further increase in potency was observed as the bulk
of the substituent on the carboxamide moiety at C-2 was
increased. Three other commercially available tetracy-
cline analogues that contain the free carboxamide group
(oxytetracycline, doxycycline and methacycline) were
also tested in IN inhibition assay and found to exhibit
potencies in the same range as the tetracycline. In this
paper, we report synthesis of some newer tetracycline
derivatives with bulky aryl piperazines (fluoroquino-
lones), its anti-HIV and antimycobacterial activities with
HIV-1 IN enzyme inhibition studies (Scheme 1).


The general procedures for the preparation8 of target
compounds 1–12 (Table 1) are described in the scheme.
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Scheme 1. Synthetic protocol of tetracycline derivatives.
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Tetracycline, oxytetracycline and minocycline were
reacted with formaldehyde and secondary amino (pipe-
razino) function of fluoroquinolones like norfloxacin,
lomefloxacin, ciprofloxacin and gatifloxacin to form
the required Mannich bases of tetracycline, oxytetracy-
cline and minocycline in 41–78% yield. The reaction
was carried out using microwave irradiation with 60%
intensity for 3 min, and the products did not require
any further purification. The purity of the synthesized
compounds was checked by thin-layer chromatography
(TLC) and elemental analyses and the structures were
identified by spectral data.16 In general, Infra-red spec-
tra (IR) showed CH2 (Mannich methylene) peaks at
2860 and 2846 cm�1. In the nuclear magnetic resonance
spectra (1H NMR), the signals of the respective protons
of the prepared tetracycline derivatives were verified on
the basis of their chemical shifts, multiplicities and cou-
pling constants. The spectra showed a singlet at d 4.1–
4.3 ppm corresponding to –NCH2N– group; singlet at
d 2.7–3.1 ppm for dimethylamino group of C4–H of tet-
racyclines; singlet at d 9.6 ppm for amide NH; multiplet
at d 2.8–3.54 ppm for piperazine proton; singlet at d
8.1 ppm for C2–H; broad singlet at d 14.86 ppm for
COOH proton of fluoroquinolone. The elemental anal-
ysis results were within ±0.4% of the theoretical values.
The absence of two broad singlets at d 9.5 and 9.53 ppm,
which is characteristic for free carboxamide proton of
tetracyclines, and presence of singlet at d 4.1–4.3 ppm
(Mannich methylene proton) indicated that the active
hydrogen of carboxamide function of tetracycline react-
ed with formaldehyde and secondary amino function of
piperazine of fluoroquinolones.


The synthesized compounds were evaluated for their
inhibitory effect on the replication of HIV-1 in CEM

cell lines9 and their EC50 (effective concentration of
compound (lM) achieving 50% protection in CEM cell
lines against the cytopathic effect of HIV-1) and CC50


(cytotoxic concentration of compound (lM) required
to reduce the viability of mock infected CEM cells by
50%) are reported in Table 2 with tetracycline and roli-
tetracycline as standard drugs for comparison. Briefly,
the CEM cells were grown in RPMI-1640 DM (Dutch
modification) medium (Flow lab, Irvine Scotland), sup-
plemented with 10% (v/v) heat-inactivated calf serum
and 20-lg/mL gentamicin (E. Merck, Darmstadt, Ger-
many). HIV-1 (III B) was obtained from the culture
supernatant of HIV-1-infected CEM cell lines and the
virus stocks were stored at �70 �C until used. Anti-
HIV assays were carried out in microtitre plates filled
with 100 lL of medium and 25 lL volumes of com-
pounds in triplicate so as to allow simultaneous evalu-
ation of their effects on HIV- and mock infected cells.
Fifty microlitres of HIV at 100 CCID50 medium was
added to either the HIV-infected or mock infected part
of the microtitre tray. The cell cultures were incubated
at 37 �C in a humidified atmosphere of 5% CO2 in air.
Five days after, infection the viability of mock and
HIV-infected cells was examined spectrophotometrical-
ly by the MTT method. Rapid glance to the obtained
results revealed that seven compounds exhibited excel-
lent anti-HIV activity with EC50 values less than
20 lM. Four compounds (1–4) derived from tetracy-
cline were less toxic to CEM cells and more active
against HIV-1 replication. Compounds (5–8) derived
from oxytetracycline were found to be toxic to CEM
cells and did not show any activity against HIV-1 rep-
lication at a concentration below their toxicity thresh-
old. Among the synthesized compounds, compound
10 (minocycline derived) was found to be the most







Table 1. Structure and physical constants of synthesized compounds
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Compound R1 R2 R3 R4 R5 R6 R7 Yield (%) Mp (�C)


1 H CH3 OH H –C2H5 H H 78 220


2 H CH3 OH H –C2H5 F –CH3 54 >270


3 H CH3 OH H H H 61 190


4 H CH3 OH H –OCH3 –CH3 69 230


5 H CH3 OH OH –C2H5 H H 43 203


6 H CH3 OH OH –C2H5 F –CH3 41 145


7 H CH3 OH OH H H 66 172


8 H CH3 OH OH –OCH3 –CH3 41 190


9 –N(CH3)2 H H H –C2H5 H H 62 198


10 –N(CH3)2 H H H –C2H5 F –CH3 49 272


11 –N(CH3)2 H H H H H 52 201


12 –N(CH3)2 H H H –OCH3 –CH3 58 196


Table 2. Anti-HIV, antimycobacterial activities and HIV-1 integrase inhibition of synthesized compounds


Compound Anti-HIV activity (lm) HIV-1 Integrase IC50 (lm) MIC in lg/mL MTB


EC50
a CC50


b 3 0-Processing Strand transfer


1 14.6 131 20 13 0.78


2 7.58 >200 65 44 1.56


3 8.4 141 20 12 0.39


4 20.2 140 NT NT 0.2


5 12.2 40 21 12 0.78


6 15.1 37.4 NT NT 0.78


7 >17.7 17.7 38 17 0.39


8 >28.9 28.9 28 13.5 0.39


9 >130.1 130.1 NT NT 0.78


10 5.2 >200 20 18 0.2


11 >120 120 NT NT 0.78


12 >126 126 NT NT 0.2


Tetracycline >40.5 40.5 204 188 >6.25


Rolitetracycline >45.5 45.5 28 34 >6.25


Minocycline >52.1 52.1 NT NT >6.25


Lomefloxacin NT NT NT NT 6.25


a Effective concentration of compound (lM) achieving 50% protection in CEM cell lines against the cytopathic effect of HIV-1.
b C50 cytotoxic concentration of compound (lM) required to reduce the viability of mock infected CEM cells by 50%.
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potent compound with EC50 of 5.2 lM and was
nontoxic to the CEM cells till 200 lM with a selective
index (CC50/EC50) of >38.

Integrase inhibition studies were conducted with recom-
binant wild-type HIV-1 integrase and a 21-mer oligonu-
cleotide substrate, following a previously described
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procedure.10 All the tested compounds showed moderate
inhibition of both 3 0-processing and strand transfer steps
of HIV-1 integrase (Table 2) and were more active than
tetracycline. When compared to rolitetracycline, five
compounds were found to be more potent and com-
pounds 3 and 10 emerged as the most active compounds
against 3 0-processing and strand transfer. These com-
pounds also showed anti-HIV activity in cell cultures
when compared to the earlier report of Neamati et al.7


on tetracycline derivatives which though showed
inhibition of HIV-1 integrase function failed to exhibit
any significant activity against HIV-1 replication in cell
culture.


All compounds were screened for their antimycobacterial
activity against Mycobacterium tuberculosis (MTB) by
agar dilution method similar to that recommended by
the National Committee for Clinical Laboratory Stan-
dards11 for the determination of minimum inhibitory con-
centration (MIC). The MIC was defined as the minimum
concentration of a compound required to inhibit the bac-
terial growth and MIC’s of the compounds are reported in
Table 2. Among the synthesized compounds eleven com-
pounds inhibited MTB with MIC of less than 1 lg/mL,
three compounds 4, 10 and 12 were found to be the most
active compounds with MIC of 0.2 lg/mL. The enhanced
antimycobacterial activity might be due to the dual mech-
anism of action by inhibiting the protein synthesis by
binding to the 30S subunit of ribosomes and DNA synthe-
sis by binding to the DNA gyrase.


This study has revealed that combining tetracyclines and
fluoroquinolones resulted in both anti-HIV and antitu-
bercular activities. Worldwide, TB is the most frequent
co-infection in subjects with HIV type 1 infection.12


HIV-1 infection remains the most common risk factor
for the development of active TB.13 Both reactivation of
a latent M. tuberculosis (MTB) infection and progressive
primary TB are substantially more common in HIV-1-in-
fected subjects.14 Through logic and orderly thinking, it
appears that an ideal drug for HIV/AIDS patients should
suppress HIV replication thereby acting as anti-HIV drug
and also should treat OI like TB.15 This study revealed
that compound 10 was found to be promising for the
treatment of AIDS, as shown by excellent anti-HIV and
antimycobacterial activity.
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Abstract—The minor groove binder b-glucuronide drug-linker 3 was constructed from amino CBI 1 and determined to be a sub-
strate for Escherichia coli b-glucuronidase (EC 3.2.1.31), resulting in facile drug release. Compound 3 was conjugated to mAbs
cAC10 (anti-CD30) and h1F6 (anti-CD70) to give antibody-drug conjugates (ADCs) with potencies comparable to that of free drug
1. The ADCs were largely monomeric at intermediate loading levels (4–5 drug/mAb), in contrast to highly aggregated p-amin-
obenzylcarbamate dipeptide-based ADCs of 1 previously reported. Significant levels of immunologic specificity were observed with
cAC10-3 by comparing antigen positive versus negative cell lines and binding versus non-binding control ADCs. The water soluble
b-glucuronide linker is stable in plasma and effectively delivers drugs to target cells leading to potent cytotoxic activities.
� 2007 Elsevier Ltd. All rights reserved.

O


O


HN
O


O


O


HO


OH


OH


O


O


O
OH


OH


HN


O
HN


O


O
mAb


β-glucuronidase


Drug


O


HO
HN


O


O
mAb


Drug


O


1,6-elimination
drug release


O


2


O


HO


CO2H
HO


HO


O


HO


CO2H
HO


HO
OH


O


HO


HO2C
HO


HO


Scheme 1.

Recently, we reported the development of a novel anti-
body-drug conjugate (ADC) linker system in which the
enzyme b-glucuronidase releases free drug through the
cleavage of a b-glucuronide glycosidic bond (Scheme
1).1 The linker was an extension of the doxorubicin anti-
body dependent enzyme prodrug therapy (ADEPT)
agent 2 reported by Desbène and coworkers, which effi-
ciently released doxorubicin upon activation by a b-glu-
curonidase fusion protein.2 This prodrug construct was
modified to allow for attaching drugs to monoclonal
antibodies (mAbs). ADCs of 2-pyrrolinodoxorubicin,
and monomethyl auristatin E and F were constructed
and found to be highly potent and immunologically spe-
cific both in vitro and in vivo.1 The b-glucuronide linker
provided for facile drug release and was highly stable in
rat plasma. Importantly, the resulting ADCs were non-
aggregated and monomeric even when heavily loaded
(8 drugs/mAb) with hydrophobic anticancer drugs.


The cyclopropyl indole minor groove binders (MGB)
alkylate double-stranded DNA in a sequence selective
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manner resulting in single-strand breaks and subsequent
cell death.3–5 These compounds, including their seco ha-
lide derivatives, have been viewed as attractive mole-
cules for mAb targeted delivery based on their
synthetic tractability, mechanism of action, and potent
cytotoxic activity. Our work in this area has focused
on the amino cyclopropylbenz[e]indole (amino CBI)
seco-chloride 1 in which dipeptide-based drug linkers
were designed to stabilize the drug while attached to
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the mAb and liberate drug under the action of a prote-
olytic enzyme such as cathepsin B once delivered inside
the cancer cell.6,7 Others have published in this area
using both peptide and hydrazone-based linker
strategies.8,9


Two key challenges in working with this class of mole-
cules are their propensities to cause ADC aggregation,
due presumably to their planar hydrophobic structures
and their inherent instability. It has been found that
functionalizing the activating heteroatom (N or O) as
a carbamate, amide or ether renders the molecules inac-
tive while attached to the mAb. Several linker strategies
were developed to address aggregation, all of which em-
ployed a polyethylene glycol unit as part of the solution.
Here, we describe a follow up investigation using the b-
glucuronide linker, specifically the preparation of ADCs
of the hydrophobic MGB 1, with a goal of developing
active ADCs and understanding the impact a soluble
b-glucuronide linker might have on ADC aggregation.


The b-glucuronide drug-linker 3 was prepared in three
steps from 16,10 and the protected b-glucuronide inter-
mediate 4 (Scheme 2).1 Reaction of 4 with diphosgene
and capture of the resulting chloroformate with 1 pro-
ceeded to give a modest yield of the carbamate 5. Treat-
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Scheme 2. Reagents and conditions: (a) diphosgene (2.0 equiv),


pyridine, CH2Cl2, 1, 37%; (b) LiOH–H2O, CH3OH/H2O (1:1); (c) 6,


DIPEA, DMF, 21% two steps.

ment of 5 with lithium hydroxide removed the acetates
and Fmoc protecting group, and saponified the methyl
ester.2 Finally, the free amine was capped by 6 to afford
the bromoacetamide drug-linker 3. The b-glucuronide
linker is an effective solubilizing element for 1; drug-
linker 3 was soluble at 1 mM in phosphate buffered sal-
ine, pH 7.4, whereas the free drug 1 had a solubility of
only 5 lM in phosphate buffered saline, pH 7.4, contain-
ing 10% DMSO.


Compound 3 was determined to be a substrate for Esch-
erichia coli b-glucuronidase (EC 3.2.1.31) using an
HPLC/MS based assay1. Compound 1 was the sole re-
leased drug. No deglucuronidated intermediate could
be detected, suggesting that once the b-glucuronide
group is cleaved, drug release via 1,6-elimination is fast.
In the absence of b-glucuronidase, incubation of 3 for
24 h in buffer gave no measurable drug release.


ADCs of 3 were prepared with chimeric AC10 (IgG1
against CD30 antigen) and humanized 1F6 (IgG1
against the CD70 antigen). The CD30 antigen resides
on activated B cells and is a marker for both Hodgkin’s
lymphoma and anaplastic large cell lymphoma
(ALCL).11 The CD70 antigen is overexpressed on renal
cell carcinoma (RCC) lines as well as some hematologic
malignancies.12–16 mAb interchain disulfides were par-
tially reduced using stoichiometric quantities of tris(2-
carboxyethyl) phosphine to give on average approxi-
mately 4 free thiols/mAb as previously described.17,18


The reduced mAbs were purified via gel filtration and
conjugated to 3 at pH 8. An excess of drug (1.4 drug/thi-
ol) was required to fully consume all free thiols and the
resulting ADCs were purified by cation exchange
chromatography.


Analysis of the conjugates by size exclusion chromatog-
raphy revealed that they were largely monomeric. The
cAC10-3 ADC contained 4.8 drugs/mAb and was 79%
monomeric while the h1F6-3 contained 4.4 drugs/mAb
and was 85% monomeric (Table 1). Increasing mAb
loading to 8 drugs resulted in high levels of aggregation
(70% for h1F6-3). The results with the glucuronides
compare favorably to our previous results7 with the
dipeptide-based (valine–citrulline) p-aminobenzyl carba-
mates (PABC) MGB-linker in preventing ADC aggrega-
tion. The valine–citrulline PABC of 1, when conjugated
to reduced cAC10 with 4.5 available thiols/mAb, was
only 32% monomeric. Finally, we note that the conjuga-
tion conditions have not yet been fully optimized. Such
studies, which would require analyses of several param-
eters such as reaction time, temperature and pH, as well
as the effects of concentration and stoichiometry, could
lead to even lower levels of aggregate formation than
those reported here.


In vitro cytotoxicity studies demonstrated that the
ADCs were potent and selective for antigen positive cells
(Table 1). The cAC10-3 ADC was highly potent against
the CD30 positive lines Karpas 299, L428, and L540cy
with IC50 values comparable with those of free drug 1.
The cytotoxic activity of the h1F6-3 against the CD70
positive cell line Caki-1 also was equivalent to 1. These







Table 1. Characterization and in vitro cytotoxicity of conjugates and free drug


Cytotoxic


agent


Antigen Drug


loading


Percent


monomer


Karpas 299a


(CD30+)


L428a


(CD30+, CD70�)


L540 Cya


(CD30+)


WSU-NHLa


(CD30�)


Caki-1a


(CD70+)


cAC10-3 CD30 4.8 79 0.4 0.4 0.9 >32b —


1F6-3 CD70 4.4 85 — >29b — — 0.6


1 — — 1.2 0.1 0.5 — 0.7


a Cells were treated with the test agents for 96 h and viability was determined by reduction of resazurin. The IC50 values indicated are the


concentrations (nM) of the drug component of the ADC.
b No activity at highest concentration tested.
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data suggest that the drug is efficiently delivered to the
cell. The cAC10-3 ADC gave good selectivity for anti-
gen positive cells versus the antigen negative line
WSU-NHL, and the non-binding control h1F6-3 was
significantly less active against the CD30 positive line
L428. The in vitro profile of the b-glucuronide ADCs
of 1 with respect to both cytotoxic activity and specific-
ity is comparable to that of the dipeptide reagents previ-
ously disclosed.7


Investigations by our group and others have demon-
strated the importance of linker composition for devel-
oping clinically viable ADCs.18–20 Linker stability and
drug release kinetics are parameters inherent to the link-
er construct and profoundly impact ADC safety and
efficacy. In addition, the linker can have a marked influ-
ence on aggregation, particularly when hydrophobic
drugs are employed. The data presented here and previ-
ously suggest that the b-glucuronide linker, with its high
aqueous solubility, long plasma half-life, and facile drug
release, is a complementary alternative to PABC dipep-
tide, disulfide, and hydrazone-based linkers.21–24 The b-
glucuronide linker, when used to tether the hydrophobic
amino CBI 1, significantly reduced aggregation relative
to PABC dipeptide-based ADCs. ADCs of 3 were
immunologically specific and displayed high cytotoxic
activity against Hodgkin’s lymphoma lines L428 and
L540cy, the ALCL line Karpas 299, and RCC line
Caki-1. These results provide strong justification for fur-
ther developing this promising agent by investigating its
efficacy in preclinical in vivo models for human cancer.
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Abstract—A series of N-substituted analogs based upon the spiropiperidine core of 1 was synthesized and exhibited high binding
affinity to the nociceptin (NOP) receptor. The selectivities against other known opioid receptors were determined.
� 2007 Elsevier Ltd. All rights reserved.

Since its discovery in 1994, many advances have been
made regarding the biological significance and functions
of the opioid receptor-like-1 (ORL1/OP4/NOP) receptor
and its endogenous peptide ligand, nociceptin [orphanin
FQ (OFQ) or nociceptin/orphanin FQ (N/OFQ) pep-
tide]. The 17 amino-acid G protein coupled NOP recep-
tor has been found to share a 47% overall homology
(65% homology in the transmembrane domains) with
the classical opioid receptors, l, j, and d; however, the
pharmacology of nociceptin has a low binding affinity
to the classical opioids and opioid antagonists such as
naltrexone do not block the activity of nociceptin.1


Opioids, such as codeine and butorphanol, are the most
effective drugs available to treat cough associated with
pulmonary diseases. However, these drugs, which acti-
vate l receptors, possess significant side effect liabilities
including respiratory depression, constipation, and
physical dependency. We have reported that OFQ, a
functional agonist, displays the potential to inhibit
cough through a central and peripheral CNS mecha-
nism.2 This antitussive effect is blocked by the small-
molecule selective NOP antagonist, J113397. Therefore,
NOP agonists represent a novel therapeutic approach
for the treatment of cough. Here, we report our SAR
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of small-molecule NOP agonists and their selectivity
against the classical opioid receptors.
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N
HN
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F


F


From high-throughput screening of our chemical
library, compound 1 was identified as a lead showing
moderate affinity for NOP with a Ki of 500 nM. Our
SAR development plan was to investigate substitution
on the piperidine nitrogen of the spiropiperidine core
of 1. As summarized in Scheme 1, the commercially
available 1-phenyl-1,3,8-triazaspiro-[4,5]deacan-4-one,
2, was either alkylated in the presence of various benzyl
halides or treated under reductive amination conditions
with benzyl aldehydes to produce 3, where R consists of
primarily benzhydryl, benzyl, and tetralinyl analogs.


The necessary halides were generated via treatment of
the corresponding alcohols with SOCl2 as described in
Scheme 2.
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The requisite 8-halo-tetralones were prepared as
described in Scheme 3.3 As outlined in Scheme 4, the
5- and 7-halo-tetralones (12 and 13) were furnished by
subjecting the phenyl halide and butyrolactone 11 under
Friedel–Crafts acylation conditions.4 However, under
similar conditions, the gem-dimethyl butyrolactone 14
gave rise to the 6-halo regioisomer 15.


The compounds described were evaluated in radioligand
binding assays. Ki values against the human NOP recep-
tor were determined from competition binding assays

987


a, b c, d


NH2 NH O


O


X O


Scheme 3. Reagents and conditions: (a) Ac2O, py, rt; (b) KMnO4, 9/1/


acetone/15% MgSO4(aq); (c) NaOH(aq), EtOH, reflux; (d) for X = Cl:


NaNO2 0 �C, Cu(I)Cl in 20% HCl(aq), 0 �C 30 min, then rt for 30 min,


then reflux 2 h—for X = F: NOBF4, DCM, 0 �C, add 1,2-dichloro-


benzene, distill DCM, then reflux 2 h.
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Scheme 4. Reagents and conditions: (a) AlCl3, heat, 0 �C to 100 �C,


3 h.

using [125I]Nociceptin and h-NOP receptor expressing
Chinese hamster ovary (CHO) cell membranes as
described.5 Ki values for human l-, j-, and d-opioid
receptors were determined using [3H]diprenorphine
and CHO cell membranes expressing the opioid recep-
tors as described.5b The functional [35S]GTPc S binding
assays for h-NOP receptor were carried out in CHO cell
membranes as described.5a In cases where the chiral
products were obtained, the compounds were screened
as racemates.


The SAR of the benzyl and benzyhdryl analogs are
shown in Table 1. The benzyl analog 16 exhibited high
affinity for NOP (Ki = 11.0 nM) and was ffi18-fold
selective over KOP. By comparison the cyclohexylmethyl
analog 17 was less potent at NOP and with less
selectivity over KOP (ffi8.5-fold). In the case of the
pyridyl variants (18–20), NOP binding affinity dropped
significantly. Although the thienyl analog 21 displayed
high binding affinity at NOP, selectivity over KOP
remained marginal. Introduction of chloro substituents
on the benzyl ring resulted in single-digit nanomolar
potency at NOP; yet, only slight selectivity at KOP
was observed for 22 and slight selectivity over MOP
was observed for 23. NOP binding was tolerant of a
wide variety of alkyl substitutions (24–29) at the
benzylic position; however, selectivity over the KOP
receptor remained at modest levels. Introduction of
the benzhydryl moiety (30) produced low double-digit
nanomolar potency at NOP and was ffi6-fold selective
over KOP. Constrained analogs of the benzhydryl
varied in NOP binding affinity with the fluorenyl variant
31 being completely inactive while 33 regained similar
potency as 30.


Mono-substitution (34–37) on the benzhydryl substitu-
ent produced compounds with acceptable NOP binding
affinity and excellent selectivity over the opioid recep-
tors. Furthermore, bis-substitution (38–43) enhances
the NOP binding affinity while maintaining this excep-
tional degree of selectivity over the other opioid
receptors.


The SAR of the tetralinyl analogs are shown in Table 2.
In general, these compounds displayed very high affinity
for the NOP receptor with Kis ranging from 15.1 to
0.3 nM as well as high selectivity over DOP. The indanyl
(44) and tetralinyl (45) analogs displayed NOP Kis of 1.2
and 1.4 nM, respectively. The suberonyl derivative, 46,
had a comparatively lower affinity for NOP (Ki =
14.5 nM). Since 45 had a higher degree of selectivity
over the opioids than 44 (46-fold against KOP vs 16-fold
against MOP), we focused our efforts on the tetralinyl
series. The geminal di-methyl analog 47 retained its
NOP potency and increased the selectivity against
KOP but decreased the selectivity against MOP relative
to the parent tetralone. The fluoro derivatives (48–50)
yielded subnanomolar affinity for NOP; yet 48 had sin-
gle-digit nanomolar at MOP, while 49 and 50 displayed
low double-digit binding affinities at KOP. While not
displaying as high NOP affinity as their corresponding
fluoro counterparts, the chloro derivatives (51–53)
exhibited a similar trend in terms of selectivity, with







Table 1. Binding affinities of benzyl and benzhydryl analogs


N


N
HN


O


R R1


Compound R R1 Ki (nM)


NOP DOP KOP MOP


16 Ph H 11.0 2946 196 500


17 Cyclohexyl H 61.2 73655 517 887


18 2-Pyridyl H 119.0 31935 321 1761


19 3-Pyridyl H 133.0 3791 252 233


20 4-Pyridyl H 824.0 nt nt nt


21 3-Thienyl H 14.0 8999 26.2 133


22 2-Cl-Ph H 3.2 724.5 16.4 37.4


23 2,6-Cl2-Ph H 2.3 1633 52.3 29.5


24 Ph Me 3.5 1035 50 74


25 Ph Et 17.0 6846 60.5 355


26 Ph Propyl 2.4 3373 22.5 244


27 Ph Butyl 1.1 1421 13 22


28 Ph Isoamyl 1.5 736 25.5 30


29 Ph Cyclopentyl 4.6 4680 26 398


30 Ph Ph 23.0 37890 137 486


31 na nt nt nt


32 225.0 9784 1672 2454


33 36.5 11510 776 475


34 2-F-Ph Ph 10.8 15715 1183 818


35 2-Cl-Ph Ph 9.0 14770 1086 778


36 2-Me-Ph Ph 11.5 6042 579 1109


37 4-Cl-Ph Ph 140.0 24805 3529 5081


38 2-Me-Ph 2-Me-Ph 9.0 8600 1602 346


39 2-Cl-Ph 2-Cl-Ph 6.8 150385 5887 595


40 3-Cl-Ph 3-Cl-Ph 249.0 26515 4628 1616


41 2-F-Ph 2-F-Ph 6.3 16035 858 567


42 3-F-Ph 3-F-Ph 250.0 10360 1448 3187


43 4-F-Ph 4-F-Ph 49.0 5598 2009 787


Values are means of 2–3 experiments (na, not active; nt, not tested).
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51 having a high binding affinity at MOP, while 52 and
53 displayed double-digit binding affinities at KOP.


The mono-halogenated derivatives 54 and 55 in the
geminal di-methyl tetralones produced compounds
which retained single-digit potency at NOP; however,
still demonstrated modest affinity at MOP. The dichlori-
nated tetralone (56) showed acceptable binding at NOP
with excellent selectivity over all of the opioid receptors
with DOP Ki ffi 11.7 lM and near micromolar binding
affinities at KOP and MOP. Compound 56 was
characterized as a full agonist in the functional assay,
as shown in Table 3, since it increased [35S]GTPcS
binding. Furthermore, 56 displayed an acceptable 7%

inhibition of the hERG channel at 5 mg/mL; as well
as good oral bioavailabilty in rat at 10 mpk with
an AUC(0–6h) = 2106 nM h, Cmax = 518 nM at 4h, and
C6h = 467 nM.


In summary, we have developed several small-molecule
NOP agonists which display excellent selectivity over
the other opiate receptors. Further work in this area will
be presented in due course.


Compound 28: 1H NMR (CDCl3)d 7.55 (s, 1H), 7.25–
7.45 (m, 7H), 7.02 (d, 2H), 6.96 (t, 1H), 4.77 (br s,
2H), 3.44 (dd, J = 8.8, 5.2 Hz, 1H), 3.07 (m, 1H),
2.60–2.90 (m, 5H), 2.00 (m, 1H), 1.65–1.86 (m, 3H),







Table 2. Binding affinities of tetralinyl analogs


N


N
HN


O


R


R1


R2


R3 R4 R4
n


Compound R R1 R2 R3 R4 n Ki (nM)


NOP DOP KOP MOP


44 H H H H H 0 1.2 1854 32 19


45 H H H H H 1 1.4 3511 65 346


46 H H H H H 2 14.5 1906 203 673


47 H H H H CH3 1 1.3 1790 540 48


48 F H H H H 1 0.3 1231 145 5.1


49 H F H H H 1 0.9 2650 33.5 133


50 H H H F H 1 0.8 2400 13.7 72.3


51 Cl H H H H 1 2.6 1375 143 11.1


52 H Cl H H H 1 10.8 2511 66.5 162


53 H H H Cl H 1 2.0 2266 94.5 130.5


54 H H Cl H CH3 1 1.4 1291 282 49.1


55 H H F H CH3 1 8.4 2461 169 59.1


56 H Cl Cl H CH3 1 15.1 11655 938 977


Values are means of 2–3 experiments.


Table 3. Functional activity of selected compounds


Compound % Stimulation of [35S]GTPcS at lM


34 87 at 10


35 87 at 10


39 90 at 10


41 104 at 10


56 104 at 0.1
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1.25 (m, 1H), 1.0 (m, 1H), 1.07 (m, 1H), 0.93 (d,
J = 6.8 Hz, 6H). Mass Spec ESI (M+1) = 392, 232.


Compound 39: 1H NMR (CDCl3)d 7.65 (d, J = 7.2 Hz,
1H), 6.90–7.40 (m, 12H), 5.49 (s, 1H), 4.74 (s, 2H),
3.00 (t, 2H), 2.60–2.80 (m, 4H), 1.67 (d, J = 13.6 Hz,
2H). Mass Spec ESI (M+1) = 466, 235.


Compound 56: 1H NMR (CDCl3)d 8.01 (s, 1H); 7.60 (s,
1H); 7.39 (s, 1H); 7.37 (d, 1H); 7.35 (d, 1H); 6.99 (d,
2H); 6.88 (t, 1H); 4.77 (q, 2H); 3.77 (dd, J = 10.2,
5.1 Hz, 1H); 3.40 (dt, J = 10.2, 2.9 Hz, 1H); 2.97–2.80
(m, 3H); 2.63 (dt, J = 12.8, 5.1 Hz, 1H); 2.44 (d, 1H);
1.97–1.71 (m, 4H); 1.64 (m, 2H); 1.29 (s, 3H); 1.22 (s,
3H); Mass Spec ESI (M+1) = 458, 232.
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Abstract—A new class of inhibitors of acetylcholinesterase (methyl 2-(2-(4-formylphenoxy)acetamido)-2-substituted acetate deriv-
atives) is described. Compounds 4b and 4i were found to be more potent than galanthamine in inhibiting acetylcholinesterase.
� 2007 Elsevier Ltd. All rights reserved.

In the past two decades, treatment for Alzheimer’s dis-
ease (AD) has largely involved replacement of neuro-
transmitters that are known to be lacking in AD,
mostly based on the ‘‘cholinergic hypothesis’’ of AD.1,2


A deficit in central cholinergic transmission caused by
degeneration of the basal forebrain nuclei is an impor-
tant pathological and neurochemical feature of AD.
One possible approach to treating this disease is to re-
store the acetylcholine levels by inhibiting acetylcholines-
terase (AChE) with highly selective inhibitors. AChE
inhibitors such as tacrine, donepezil, rivastigmine and
galanthamine are able to enhance memory in AD pa-
tients (Fig. 1). Unfortunately, the potential effectiveness
offered by most common inhibitors often is limited by
the appearance of central and peripheral side effects.3,4


Recent data focus on the complex nature of AD and dis-
close the involvement of other neurotransmitters such as
serotonin, dopamine, noradrenalin, histamine, excitato-
ry amino acids and neuropeptides among others.5 The
present tendency in the search for new compounds to
treat AD is to look for inhibitors of AChE endowed with
additional therapeutic effects, such as antioxidant6 and
anti-inflammatory agents,7 activation of other neuro-
transmitter systems like GABA or monoaminergic sys-
tems8 and calcium-channel blocking potential.9
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4-Hydroxybenzaldehyde (1) is an active constituent of
Gastrodia elata (Chinese name: tianma), which is a very
important Chinese herbal medicine used for the medical
treatment of headaches, migraine, dizziness, epilepsy,
rheumatism, neuralgia, paralysis, and other neuralgic
and nervous disorders.10,11 Gastrodia elata was reported
to contain one or more compounds that dramatically re-
duce amyloid b-peptide induced neuronal cell death
in vitro.12 Recent studies showed that 1 is not only a po-
tent antioxidant agent but also a GABA transaminase
inhibitor (IC50 = 4.1 lg/mL),13 and there was a report
further exactly suggesting that the aldehyde group and
the hydroxyl group at C-4 are necessary for the action.14


Based on these cases, we supposed that 1 might contrib-
ute to the treatment of AD. In our previous high
throughout screening work, 1 was also found to show
weak anti-AChE activity and the value of IC50 was
37.8 mM. Therefore, a series of methyl 2-(2-(4-formyl-
phenoxy)acetamido)-2-substituted acetate derivatives
were designed using 1 and amino-acid methyl esters as
starting materials, in order to explore new AChE inhib-
itors with additional antioxidant and GABA transami-
nase inhibitory effects.


Our strategy is based on the crystallographic structure
of the active-site gorge of AChE from Torpedo californi-
ca.15 The active centre of AChE contains a catalytic tri-
ad (Ser 200, His440, Glu327) which locates at the
bottom of the narrow gorge. Trp84, a residue of the
anionic site, is located near the active center. It is sup-
posed that the aromatic ring of those compounds
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Figure 1. AChE inhibitors currently used in therapeutics.
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Scheme 1. Synthesis of 4a–k. Reagents and conditions: (a) ClCH2COOCH3, K2CO3, acetone, 60 �C, 5h, 100%; (b)—(i) NaOH, H2O, (ii) H+, H2O,


95%; (c) amino-acid methyl ester, DCC, DMAP, CHCl3, 0 �C stirred rt, overnight, 26–80%.


Table 1. AChE inhibition of methyl 2-(2-(4-formylphenoxy)-acetam-


ido)-2-substituted acetate derivatives


Compound AChE


IC50
a (lM)


BuChE


IC50
b (lM)


Selectivity


for AChEc


1 >1000 Ndd


4a 98.86 Nd


4b 0.19 Nd


4c Nd Nd


4d Nd Nd


4e Nd Nd


4f Nd Nd


4g 4.96 Nd


4h >200 Nd


4i 0.28 33.94 121.21


4j Nd Nd


4k Nd Nd


Galanthamine 0.55e 15.24 27.70


a Assay performed using ChE from Electric eel. Values are means of


three different experiments.
b Assay performed using horse serum.
c Selectivity for AChE is defined as IC50 (BuChE)/IC50 (AChE).
d Not determined at 1000 lM concentration.
e Values in the literature16,19 is 0.36–0.61 lM.
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synthesized here may interact with Trp84 through p–p
stacking,16 and the amido fragment would be able to
interact with the catalytic triad of the active site.


Methyl 2-(2-(4-formylphenoxy)acetamido)-2-substituted
acetate derivatives could be prepared by the condensa-
tion of amino-acid methyl esters and 4-formylphenoxy-
acetic acid, and the latter was synthesized by the
reaction of 1 and methyl chloroacetate. From Scheme 1,
when 1 equivalent of 1 and 1.2 equivalents of methyl
chloroacetate reacted in acetone at 60 �C for 5 h in the
presence of anhydrous K2CO3, compound 2 was affor-
ded. Then compound 2 was hydrolysed in 1 M NaOH,
acidified to pH 3–4 with 1 M HCl to produce compound
3.17 Compound 3 condensed with the appropriate ami-
no-acid methyl esters in the presence of N,N 0-dic-
yclohexyl-carbodiimide (DCC) and 4-(dimethylamino)
pyridine (DMAP) to provide the desired compounds
(4a–k). All those methyl 2-(2-(4-formylphenoxy)acetam-
ido)-2-substituted acetate derivatives were characterized
by (1H, 13C) NMR, MS and IR spectroscopy. The anti-
AChE activity of compounds 4a–k was evaluated using
a slightly modified colorimetric method of Ellman
et al.18 The obtained IC50 values, together with that of
galanthamine for comparison, are shown in Table 1.


From Table 1, five results could be found about the
change of AChE inhibitory activity on introduction of
amino-acid moieties into the backbone of 1, as com-
pared with AChE inhibitory activity of 1 itself. First, 1
possessed a very weak AChE inhibitory activity, howev-
er, 4b, 4g and 4i showed a higher AChE inhibitory activ-
ity than 1, therefore, it is sure that the introduction of

three amino-acid moieties, LL-alanine, LL-tryptophan and
LL-phenylalanine into the molecule of 1, respectively,
could make the inhibitory activities of 1 increase obvi-
ously. Second, the introduction of LL-glycin into 1 (for
4a) could just slightly increase the AChE inhibitory
activity. Third, for 4c–f, 4h, 4j and 4k, although ami-
no-acid moieties like LL-valine, LL-methionine, LL-leucine,
LL-isoleucine, LL-aspartic acid, LL-tyrosine and LL-proline
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were attached to the structure of 1, respectively, the
AChE inhibitory values were almost same as that of 1.
Fourth, both of 4b (IC50 = 0.19 lM) and 4i
(IC50 = 0.28 lM) showed higher AChE inhibitory values
than galanthamine (IC50 = 0.55 lM). Lastly, all of the
tested compounds showed poor inhibition to butyrylch-
olinesterase (BuChE). Especially for compounds 4b and
4i, they all demonstrated a high selectivity, respectively,
for AChE inhibitory activity over BuChE, 4b (selectivi-
ty, >1000) and 4i (selectivity, 121.21), whereas the selec-
tivity value of galanthamine is only 27.70. Therefore, the
remarkable selectivity feature of compounds 4b and 4i
might shed light on the future design and preparation
of AChE inhibitors. However, the reason why 4b and
4i showed a better inhibitory activity and selectivity than
the other synthesized compounds is not clear, which will
be further studied in the future in our laboratory.


In conclusion, methyl 2-(2-(4-formylphenoxy)acetami-
do)-2-substituted acetate derivatives represented a new
class of highly active and selective AChE inhibitors,
which indicated that the modification based on the
structure of 1 is a practical approach to increase its
AChE inhibitory activities. Among all the tested com-
pounds, 4b and 4i showed significant AChE inhibitory
activities (IC50 = 0.19 lM, 0.28 lM) and a high selectiv-
ity over BuChE (>1000, 121.21), and thus they may be
applied for potent AChE inhibitors. Further efforts aim-
ing at developing potent AChE inhibitors based on
modification of 1 would be continued in our laboratory
and the research results will be reported in due course.
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Abstract—Halopemide, which was identified by HTS to inhibit phospholipase D2 (PLD2), provided the basis for an exploratory
effort to identify potent inhibitors of PLD2 for use as inflammatory mediators. Parallel synthesis and purification were utilized
to rapidly identify orally available amide analogs derived from indole 2-carboxylic acids with superior potency versus PLD2.
� 2007 Elsevier Ltd. All rights reserved.

Phospholipase D (PLD) produces phosphatic acid (PA)
and choline by hydrolysis of phosphatidylcholine (PC),
representing the first committed step to lipid signaling
pathway mediated by PA and its downstream messengers,
such as diacyl glycerol (DAG). Consistent with its conse-
quent implication in inflammation, PLD can be activated
by a variety of inflammatory mediators, including tumor
necrosis factor alpha (TNFa), interleukin-1 (IL-1), and
lipopolysaccarides (LPS). The molecules described in this
publication were targeted for arthritis and inflammatory
indications, although PLD is implicated in additional dis-
ease processes.1 To date, few small molecule PLD inhibi-
tors have been disclosed.2 Halopemide 1,3 originally
reported by Janssen for neuroscience indications, was
identified by high throughput screening to target the
PLD2 enzyme, one of the two PLD isoforms.

Deletion of the chloride from 1 gave compound 4a and
equivalent PLD2 potency. Therefore, a family of ana-
logs generated to explore SAR of the amide portion be-
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gan with conversion of commercial piperidine 2 to the
intermediate amine 3 (Scheme 1). The desired amides 4
were synthesized in parallel by treatment with an acid
chloride or activated ester generated from the corre-
sponding carboxylic acid and a suitable coupling agent,
such as TPTU or EDCI, in the presence of an amine
base, such as N-methylmorpholine (NMM). Following
parallel synthesis, the resulting amides were purified in
parallel by HPLC.4 Alternatively, the amides 4 were
conveniently accessed in larger quantities by the EDCI
coupling above in dioxane and water5 or by treatment
of 3 with a pentafluorophenyl ester in THF, followed
by filtration of the amide product and purification by
trituration.


Enzyme inhibition data for selected examples appear in
Table 1. Conservative modification of the phenyl substi-

Scheme 1. Synthesis of amide analogs. Reagents: (a) N-BOC 2-


bromoethylamine; (b) HCl, CH2Cl2; (c) RCO2H, TPTU, NMM, DMF


or RCO2H, NMM, EDCI, dioxane, water; (d) RCO2C6F5, NMM,


THF.
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Table 1. PLD2 inhibition for compounds 1, 2, and 5a–5k


Compound R PLD2 IC50 (lM)


1 p-FPh 1.500


4a p-FPh 1.410


4b Ph 1.500


4c p-FPhCH2 0% inh at 1lM


4d p-FPh(CH2)2 0% inh at 1lM


4e i-Pr 0% inh at 1lM


4f i-Bu 0% inh at 1lM


4g Benzyloxycarbonyl 0% at inh at 1lM


4h 3-Thienyl 1.000


4i 3-Quinolinyl 0.600


4j 2-Indolyl 0.020


4k 5-Fluoro-2-indolyl 0.020


4l N-Me 2-indolyl 0% at inh at 1lM


4m 2-Benzthienyl 2.000


Table 2. Rat pharmacokinetic parameters measured for 4k dosed


5 mg/kg p.o. or 1 mg/kg iv in 20% PEG/80% CMC/0.025% Tween 80


T1/2 (h) Cl (L h�1 kg�1) Cmax (lM) AUC (lM h L�1) %F


5.57 2.18 0.363 1.03 18.5
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tuent (such as the desfluoro 4b or the 3-thienyl 4h),
replacement of the phenyl ring with alkyl or arylated al-
kyl substituents (4c–4f), and introduction of a carba-
mate 4g produced compounds with equivalent or
weaker PLD2 potency. Introduction of a 2-indolyl moi-
ety (compounds 4j and 4k) produced a significant
improvement in potency. Fused bicyclic aromatic com-
pounds lacking the hydrogen bond donor, 4l and 4m,
showed attenuated activity.


High melting indole-containing compounds 4j and 4k
displayed limited solubility in a variety of common
organic solvents and moderate water solubility under
thermodynamic conditions (0.075 mM at pH 6.8). Nev-
ertheless, a set of pharmacokinetic parameters for com-
pound 4k (shown below in Table 2) show that, despite
and high clearance of greater than 2 L h�1 kg�1, the
compound showed a half-life of greater than 5 h, a Cmax


of greater than 10-fold the IC50 versus PLD2, and mod-
erate bioavailability of 18%.

In conclusion, replacement of the p-fluorophenyl moiety
of halopemide 1 and 4a with a 2-indolyl moiety (present
in analogs, 4j and 4k) improved the potency versus
PLD2 75-fold that was unmatched in a set of fused bicy-
clic heteroaromatic compounds. The oral availability
and potency of indole 4k provided a suitable starting

point for further optimization of potency and oral avail-
ability as well as a useful tool for study in models of
arthritis and inflammation.
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Abstract—In order to elucidate the essential structural features for KDR kinase inhibitors, three-dimensional pharmacophore
hypotheses were built on the basis of a set of known KDR kinase inhibitors selected from the literature with CATALYST program.
Several methods tools used in validation of pharmacophore hypothsis were presented, and the first hypothesis (Hypo1) was consid-
ered to be the best pharmacophore hypothesis. The model (Hypo1) was then employed as 3D search query to screen the Traditional
Chinese Medicine Database (TCMD) for other potential lead compounds. One hit illustrated high binding affinity with KDR kinase
measured by the surface plasmon resonance biosensor. Docking studies may help elucidate the mechanisms of KDR kinase recep-
tor–ligand interactions.
� 2007 Elsevier Ltd. All rights reserved.

Vascular endothelial growth factor (VEGF) plays pivot-
al roles in many angiogenic processes both in normal
and pathological conditions.1,2 VEGF binds tyrosine ki-
nase receptors Flk-1 (also known as VEGF receptor 2,
KDR as human counterpart)3 with high affinity and reg-
ulates angiogenesis during the development of solid tu-
mors. The inhibition of VEGF-Flk-1/KDR signal
transduction might be promising for the treatment of
highly vascularized tumors.


A considerable number of activity data for KDR kinase
inhibitors that belong to diverse chemical classes are cur-
rently available. Several compounds such as SU5416,4


PTK787,5 and CP-5476326 have been reported to inhibit
KDR kinase at low micromolar concentration. A phar-
macophore model based on the binding of ATP to the
hinge region of the kinase domain of VEGFR has been
developed by Nagarajan Pattabiraman and co-workers.7


Recently, a series of compounds representing a new class
revealed very high activities and strong selectivity for the
inhibition of the KDR kinase.8–13 As the number of syn-
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thetic inhibitors of KDR kinase increases, it becomes
important to elucidate the structure–activity relation-
ships (SAR) of these diverse compounds.14 We investi-
gated ligand-based pharmacophores for KDR kinase
inhibitors to inform the design process for new selective
inhibitors and to gain a greater understanding of the
structure–KDR kinase inhibitory activity relationships,
which combined CATALYST HypoGen approach15


with a training set selection method.


In this study, feature-based three-dimensional model for
KDR kinase inhibitors was developed, and the model
was then used as a search query for the Traditional Chi-
nese Medicine Database (TCMD) searching in an at-
tempt to find new classes of compounds with affinity
for the KDR kinase. Potential lead compound was
selected for further in vitro study. Docking studies
may help elucidate the mechanisms of KDR kinase
receptor–ligand interactions.


Twenty-eight compounds forming the training set were
used to generate pharmacophores, and biological
activity data of 28 compounds span over 5 orders of
magnitude. Binding assays are reported in detail
elsewhere.8–13 Structures of these compounds are listed
below in Table 1. The compounds were built using the
CATALYST 2D/3D visualizer in CATALYST 4.10
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Table 2. Information of statistical significance and predictive power


presented in cost values measured in bits for top 10 hypotheses as a


result of automated HypoGen pharmacophore generation processa


Hypothesis no. Total cost Dcost RMS deviation Correlation


1 122.026 75.184 0.94745 0.910977


2 122.715 74.495 0.97764 0.904688


3 123.451 73.759 1.02323 0.894325


4 126.741 70.469 1.12766 0.870113


5 129.698 67.512 1.21125 0.848652


6 130.865 66.345 1.23152 0.843869


7 131.090 66.120 1.25973 0.834611


8 131.216 65.994 1.26864 0.831770


9 131.330 65.880 1.26906 0.831778


10 131.904 65.306 1.22785 0.847449


a Null cost of 10 top-scored hypotheses is 197.21. Fixed cost value is


108.48. Configuration cost is 13.174.


Table 1. Chemical structures and activity data (IC50 values, lM) of the 28 training set molecules applied to HypoGen pharmacophore generation
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software package and were minimized to the closest local
minimum using the CHARMm-like force field imple-
mented in the program.16 CATALYST generated a rep-
resentative family of conformational models for each
compound using the Poling Algorithm and the ‘best con-
formational analysis’ method.17–19 Diverse conforma-
tional models for each compound were generated using
an energy range of 20 kcal/mol of the calculated poten-
tial energy minimum. Specify 250 as the maximum num-
ber of conformers of each molecule to ensure maximum
coverage of the conformational space. After preparing
lead set of molecules, generating a conformational model
for each one, we chose the functions to be used and then
set up a background process to generate a hypothesis.


Pharmacophores were computed and the top 10 hypoth-
eses were exported. Results of pharmacophore hypothe-
ses are presented in Table 2. The first hypothesis
(Hypo1) is the best pharmacophore hypothesis in this
study, characterized by the highest cost difference
(75.184), lowest root-mean-square error (0.947), and
the best correlation coefficient (0.911). The fixed cost,
pharmacophore cost, and null cost are 108.48, 122.026,
and 197.21, respectively. Hypo1 is presented in Figure 1.

Figure 2 shows the Hypo1 aligned with the highest ac-
tive compound 1 (IC50 = 0.003lM) of the training set.


Besides this cost analysis, another validation method to
characterize the quality of Hypo1 is represented by its
capacity for correct activity prediction. Table 3 shows







Figure 1. CATALYST HypoGen pharmacophore model illustrating hydrophobic (blue); ring aromatic (orange), hydrogen bond donor (purple), and


hydrogen bond acceptor (green). Distance-1, 9.723 Å; Distance-2, 11.997 Å; Distance-3, 3.974 Å; Distance-4, 3.025 Å; Distance-5, 6.370 Å, and


Distance-6 9.004 Å.


Figure 2. Best HypoGen pharmacophore model Hypo1 aligned to training set compound 1 (IC50 = 0.003 lM). Pharmacophore features are color-


coded (hydrophobic, blue; ring aromatic, orange; hydrogen bond donor, purple; hydrogen bond acceptor, green).
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Table 3. Experimental biological data and estimated IC50 of training


set molecules based on pharmacophore model Hypo1


Compound Actual


IC50 (lM)


Estimated


IC50 (lM)


Error Ref.


1 0.003 0.009 +3.0 8


2 0.004 0.0029 �1.4 11


3 0.004 0.001 �3.9 12


4 0.006 0.017 +2.8 8


5 0.008 0.093 +12 9


6 0.011 0.028 +2.5 8


7 0.015 0.029 +2.0 8


8 0.018 0.099 +5.5 8


9 0.019 0.014 �1.4 8


10 0.02 0.028 +1.4 12


11 0.026 0.037 +1.4 8


12 0.03 0.13 +4.4 12


13 0.035 0.024 �1.4 8


14 0.052 0.028 �1.9 8


15 0.053 0.075 +1.4 8


16 0.09 0.062 �1.4 12


17 0.13 0.12 �1.1 9


18 0.15 0.51 +3.4 11


19 0.2 0.13 �1.6 11


20 0.27 0.071 �3.8 9


21 0.30 0.26 �1.2 13


22 0.87 0.43 �2.0 13


23 1.1 0.099 �11 11


24 1.4 0.5 �2.8 11


25 2.7 2.4 �1.1 11


26 4.6 2.8 �1.6 8


27 20 160 �1.3 10


28 31 9.4 �3.3 10


Table 4. Chemical structures and activity data (IC50 values, lM) of the 20 t
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the actual and estimated inhibitory activities of the 28
molecules from the training set based on the pharmaco-
phore model hypothesis, Hypo1. The difference between
estimated activity values and experimental activity val-
ues is represented as error (ratio between the estimated
and experimental activity), with a negative sign if the
actual activity is higher than that of the estimated. As
we can see from Table 3, most compounds were predict-
ed correctly.


The validity and the predictive character of Hypo1 were
further assessed by using the test set molecules. A test set
containing 20 molecules of different activity classes was
analyzed (Table 4). All test set molecules were built and
minimized as well as used in conformational analysis
like all training set compounds. Hypo1 was regressed
against the test set compounds. A score of 81.89% was
achieved. In the test set analysis, most of the IC50 values
were predicted correctly. The results are presented in
Table 5.


Finally, cross validation using the CatScramble program
available in CATALYST was applied to assess the sta-
tistical confidence of Hypo1. The goal of this type of val-
idation is to check whether there is a strong correlation
between the structures and activity. CatScramble mixes
up activity values of all training set compounds and cre-
ates 19 random spreadsheets. In this validation test, we
select the 95% confidence level. The results are presented
in Figure 3.

est set molecules







Table 5. Experimental biological data and estimated IC50 of test set


molecules based on pharmacophore model Hypo1


Compound Actual


IC50 (lM)


Estimated


IC50 (lM)


Error Ref.


1 0.003 0.015 +5.0 8


2 0.007 0.057 +8.1 11


3 0.01 0.061 +6.1 11


4 0.013 0.018 +1.4 8


5 0.013 0.061 +4.7 9


6 0.018 0.16 +8.9 9


7 0.019 0.01 �1.9 8


8 0.05 0.22 +4.3 11


9 0.054 0.081 +1.5 8


10 0.055 0.11 +2.0 8


11 0.06 0.26 +4.3 11


12 0.14 0.36 +2.6 13


13 0.24 0.41 +1.7 13


14 0.27 0.096 �2.8 9


15 0.38 0.082 �4.6 12


16 0.65 0.41 �1.6 13


17 1.0 1.7 +1.7 10


18 1.7 0.42 �4.1 13


19 2.9 1.2 �2.4 11


20 15.4 15 �1 10


Figure 4. Binding affinity of hit compound to the KDR kinase


evaluated by Biacore 3000. Sensorgrams obtained from the injections


of hit over the immobilized KDR kinase surface at concentrations of


80, 40, 20, 10, 5, and 2.5lM (curves from top to bottom).
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We employed the first hypothesis (Hypo1) as 3D-search
query against the Traditional Chinese Medicine Data-
base (TCMD), using the ‘fast flexible search’ approach
implemented within CATALYST. The pharmacophore
captured 392 hits from a commercially available data-
base of 10,458 compounds. The molecules identified
included a broad range of templates that were structur-
ally diverse from the starting molecule. The hits were
subsequently fitted against the Hypo1 and the highest
ranking 20 compounds were selected for being further
investigated as potential new structures for design of
novel KDR kinase inhibitors.


Lipinski ‘rule of five’ to the problem of recognizing
‘drug-like’ molecules has been employed. With this tool,
it appears possible to identify compounds which have
desirable or ‘drug-like’ properties. Results indicated that
one compound (Compound_Number_5688) satisfies the

Figure 3. The difference in costs between the HypoGen runs and the scramb

demands of Lipinski ‘rule of five’. This compound was
evaluated as KDR kinase inhibitor in vitro, and SPR
biosensor technology20 was used to directly measure
the binding interactions of small ligand to KDR kinase
using the dual flow cell Biacore 3000 instrument
(Biacore AB, Uppsala, Sweden). For kinetic analysis,
various concentrations of small ligand were injected
for 60s at a flow rate of 20 ll/min to allow for binding
with KDR kinase immobilized on the chip surface.
The Biacore biosensor determination results for the
binding of the ligand with immobilized KDR kinase
are shown in Figure 4. For the KDR kinase, hit com-
pound resulted in a significant and dose-dependent in-
crease in SPR response units (RU). The hit compound
concentration series were fitted to a steady-state binding
model encoded in the Biacore 3000 evaluation software
for binding affinity determination. The dissociation con-
stant (Kd value) between the hit compound and KDR
kinase was determined as 30 lM.


In addition, Affinity program within InsightII was used
for docking of hit compound into the KDR kinase bind-
ing site, which was taken from a crystal structure (PDB
code: 1YWN),21 and so we could learn the mechanisms
of KDR kinase receptor–ligand interactions. Figure 5

led runs. The 95% confidence level was selected.







Figure 5. Model of hit compound bound to KDR kinase (PDB code: 1YWN). Hydrogen bonds in black are shown.
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shows a possible energy-minimized docking model of
KDR kinase-inhibitor. From docking results we know
that several hydrogen bonds are formed between hit
compound and KDR kinase. Interestingly, one of the
hydroxyl oxygens of hit compound and the Cys 917 of
KDR kinase form H-bond interaction, one of the
hydroxyl groups of hit compound and Lys 866, Glu
883 of KDR kinase also form optimal H-bond interac-
tion. The modeling also suggested that the hydrophobic
of hit compound contacted with a hydrophobic region,
which is comprised of the side chains of Ile 886, Leu
887, Ile 890, Val 896, and Leu 1017. These interactions
lead to a large stabilization of compound in this region.
This binding motif is in agreement with other studies.22


Figure 6 shows the binding mode of KDR kinase with
4-amino-furo[2,3-d] pyrimidine (PDB code: 1YWN).


The alignment of the Hypo1 with hit compound (Fig. 7)
was compared with the energy-minimized docking model
of KDR kinase-inhibitor. A marked similarity was ob-
served between the hit compound binding features in

Figure 6. Model of 4-amino-furo [2,3-d] pyrimidine bound to KDR kinase (

the energy-minimized docking model and that proposed
by the Hypo1. This result confirmed clearly that the spe-
cific interaction between KDR kinase and hit compound
was consistent with that proposed by the phamacophore.


In summary, pharmacophore model Hypo1 was ob-
tained from the set of KDR kinase inhibitors. Hypo1
consists of one hydrophobic, one hydrogen bond
acceptor, one hydrogen bond donor, and one ring
aromatic function. This pharmacophore model was
able to accurately predict known inhibitors, and the
validation results also provide additional confidence
in the proposed pharmacophore model. The model
was then employed as 3D search query to screen the
Traditional Chinese Medicine Database (TCMD). The
pharmacophore captured 392 hits, and the highest rank-
ing 20 compounds were selected for being further inves-
tigated. Lipinski ’rule of five’ to the problem of
recognizing ‘drug-like’ molecules has been employed,
one compound satisfies the demands of Lipinski ‘rule
of five’. This hit compound illustrated high KDR kinase

PDB code: 1YWN). Hydrogen bonds in black are shown.







Figure 7. Best HypoGen pharmacophore model Hypo1 aligned to hit compound. Pharmacophore features are color-coded (hydrophobic, blue; ring


aromatic, orange; hydrogen bond donor, purple; hydrogen bond acceptor, green).
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binding affinity measured by the surface plasmon reso-
nance biosensor. In addition, docking studies were sure-
ly help to elucidate the mechanisms of protein–inhibitor
interaction.

Supplementary data


Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.bmcl.
2007.01.089.
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Abstract—The design, synthesis, biophysical and biochemical evaluation is presented of a new series of benzylamino-substituted
acridines as G-quadruplex binding telomerase inhibitors. Replacement of the previously reported anilino substituents by benzyla-
mino groups results in enhanced quadruplex interaction, and for one compound, superior telomerase inhibitory activity.
� 2007 Published by Elsevier Ltd.

Telomeres are specialized nucleoprotein structures at the
ends of eukaryotic chromosomes protecting them from
degradation and recombination, and allow the DNA
damage response to distinguish between double-strand
breaks and natural chromosome ends.1,2 Telomeric
DNA comprises tandem repeats of simple G-rich
DNA sequence motifs (TTAGGG in human telomeres),
typically several kilobases in length. The extreme 3 0 ter-
minus of telomeric DNA (ca. 150–200 nucleotides) is
single-stranded. This single-stranded overhang is associ-
ated with the hPOT1 protein,3 which plays a key role in
the regulation of telomere length. Telomeres progres-
sively shorten in somatic cells at successive rounds of
replication. As a consequence of the ‘end-replication’
effect, DNA polymerase is unable to fully replicate the
blunt ends. When telomeres reach a critically short
length, cells enter a replicative senescence state and divi-
sion no longer occurs.4


All human cancer cells maintain the integrity of telo-
mere length.5 Over 80% do so by up-regulation of the
reverse transcriptase enzyme telomerase, which catalyses
the synthesis of telomeric DNA repeats,6 thereby stabil-
ising telomeres and contributing to cellular immortalisa-
tion and oncogenesis.7 The telomerase enzyme complex
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comprises two principal components, a catalytic domain
(hTERT) and an RNA template (hTR), and various
approaches have been devised to target one or other as
an anticancer strategy.8 A modified oligonucleotide tar-
geting hTR has recently entered Phase I clinical trial.9


Another approach targets the substrate, the 3 0 single-
stranded end of telomeric DNA, and uses small mole-
cules to induce its folding into quadruplex structures,
which are inaccessible to the RNA template component
of the telomerase complex.10 A large number of such
small molecules have been reported,11 which bind quad-
ruplex DNA and efficiently inhibit telomerase. Most of
them are based on a polycyclic aromatic core that inter-
acts by p–p stacking with the planar G-tetrad motif of a
quadruplex,12 and have cationic side chains that interact
with the negatively charged phosphate backbones in
G-quadruplexes.


We have previously reported13 on a number of 3,6,9-tri-
substituted acridine molecules, one of which, BRACO-
19 (compound 1: Table 1), has been studied in detail.
It produces cell growth arrest, chromosomal end-to-
end fusions,14 and anticancer activity in tumour xeno-
grafts,15 all within a short time after exposure, contrary
to the paradigm that extended exposure to telomerase
inhibitors is necessary in order to induce anticancer ef-
fects. It also, in common with the natural product telo-
mestatin,16 competes with hPOT1 for binding to the
single-strand telomeric DNA overhang, thereby
inducing it to fold into a quadruplex structure.17 The
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Table 1. Data for FRET-based DTm values (�), telomerase inhibition (lM) and cell growth inhibition (lM) for the trisubstituted acridines


Compound Benzylamine R1 FRET (DTm) TRAP EC50 DU145 MCF7 A549


1 HN N N 28 0.12 2.3 2.53 2.42


2 HN
F


F
N 29.5 0.03 9.75 2.26 2.11


3
HN


OMe


OMe


N 32.5 0.35 10.44 3.72 4.57


4
HN N 29.5 1 10 3 1.19


5
HN


CF3


F


N 30.5 0.24 2.53 1 2


6
HN


CF3


CF3


N 27.5 0.86 2.61 1.07 6.3


7 HN
F


F
N 26.5 0.88 2.25 0.52 1.2


8
HN


OMe


OMe


N 30 0.44 0.47 0.2 0.37


9
HN N 31 0.23 0.77 0.46 0.5


10
HN N 24 0.39 0.63 0.58 0.57


11 HN N N 21 0.36 2.57 0.54 2
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identification of BRACO-19 as a potent G-quadruplex
binding molecule and telomerase inhibitor has led to
the concept of these molecules as Telomere Targeting
Agents, whose selective action is due to the uncapping
of telomerase from telomere ends, resulting in the induction
of a rapid DNA damage response and selective cell death.
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This report describes an approach to maximizing
quadruplex target affinity and biological activity for
3,6,9-trisubstituted acridines by rationally altering a
key structural feature in these molecules, the 9-substi-
tuent, which in BRACO-19 and analogues is an ani-
line group. We have used as a starting-point for
structure-based design the crystal structure of the
potassium form of the intramolecular 22-mer human
quadruplex,18 which has an all-parallel topology for
the backbone.19 This structure, with its propeller
loops and large G-tetrad surface area (the G-plat-
form), has been used to represent the quadruplex fold
formed from the single-stranded telomeric DNA over-
hang in the crowded environment of the cell nucleus,
in accord with observations that the all-parallel form
predominates in polyethylene glycol solution.20 We
cannot exclude the possibility of other topologies
for the human intramolecular quadruplex, such as
the mixed parallel–antiparallel arrangement reported
in NMR studies,21 although the sequences analysed
in these studies have been modified from wild-type
telomeric repeats.
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A simulated-annealing and molecular dynamics proto-
col22 was used to explore possible ligand binding modes
and located a plausible low-energy binding geometry for
compound 1 (BRACO-19) with the quadruplex struc-
ture. This geometry for an acridine-quadruplex complex
is distinct from that reported previously13 using the anti-
parallel NMR-derived quadruplex structure23 and has a
6.6 kcal mol�1 lower free energy of binding. In this new
arrangement the central acridine core stacks on two gua-
nines of the G-platform and both the 3- and 6-side
chains straddle the second loop of the quadruplex. The
cationic pyrrolidino end-groups are held in the binding
pockets formed by the TTA loops of the quadruplex.
The 9-substituent N-dimethylanilino group is non-co-
planar with the acridine ring due to steric hindrance
and is orientated out of the plane of the G-platform
(Fig. 1). We envisaged that adding an additional methy-
lene linker at the 9-position would enable the benzyl ring
to be more coplanar with the G-platform (Fig. 1), there-
by improving its affinity to human telomeric quadruplex
DNA. The effects of substituents on the benzyl ring such
as fluorine or methoxy on quadruplex affinity were
explored, to ascertain if they would help to counter
the steric effects of the non-planar methylene bridge. It
was also reasoned that judicious choice of substituents
would enhance the lipophilicity and hence uptake of
these polar compounds and improve their pharmacoki-
netic features. Fluorine substitution would also improve
stability against oxidative metabolism. Molecular
dynamics simulations of the G-quadruplex complexes
for 1 and 2 were undertaken using the AMBER pack-
age24 and binding energies calculated using the Pois-
son-Boltzmann continuum solvent model. This gave
the relative binding free energies of 1 and 2 as
�25.7 ± 0.2 and �28.4 ± 0.2 kcal mol�1, respectively.


In order to test the benzylamine hypothesis and generate
some further compounds for subsequent pharmacologi-
cal evaluation, a small focussed library of ten 3,6,9-ben-
zylamino derivatives has been synthesised as described
in Scheme 1.26 Only the most conservative of changes
were made to the 3,6-side chains, in accord with previ-
ous structure–activity studies,13 which have found that
the pyrrolidino- and piperidino-propionamido substitu-
ents are of optimal size and chain length.

Figure 1. Solvent-accessible surface representations25 of the low-energy quad


simulations. Carbon atoms of the ligand are coloured green. The complex wit


ca. 45� to the G-platform. The complex with compound 2 is on the right, w

Variation of substituents on the benzyl ring was restrict-
ed to simple electron-donating and withdrawing groups.
A detailed synthetic route to these 3,6,9-trisubstituted
acridines has been described previously13 with the excep-
tion of the final step, which has been modified for the
present compounds, enabling the final product to be
precipitated out in the salt form (Scheme 1). All final
compounds were isolated as the free bases from a sol-
vent mixture of DCM/dilute ammonia and were subse-
quently used as such for biophysical and biological
studies.


All compounds were evaluated for their ability to bind
and stabilise G-quadruplex structures by a modified
fluorescence resonance energy transfer (FRET) as-
say27,28 using the 21-mer d[GGG(TTAGGG)3] oligonu-
cleotide end-labelled with a fluorescent donor–acceptor
pair, and the change in donor/acceptor excitation emis-
sion monitored with respect to temperature. The result-
ing DTm values provide an indication of the stability of a
given ligand-quadruplex complex. Human telomerase
enzyme inhibition was measured in a modified telome-
rase repeat amplification protocol (TRAP) assay,29


and results are expressed as telEC50 values. Compounds
were also evaluated for in vitro cell growth inhibition,
expressed as IC50 values, using the sulforhodamine B
(SRB) assay in three human tumour cell lines, DU145
(prostate), MCF7 (breast carcinoma) and A549 (non-
small cell lung carcinoma). Results are presented in Ta-
ble 1, which also shows the structures of individual
members of the series.


In general all of the compounds are effective G-quad-
ruplex stabilisers. They produced changes in DTm in
the range of 21.0–32.5� at a ligand concentration of
1 lM. Data at other ligand concentrations (available
as Supplementary Data) show the same overall trends.
The majority of compounds produced an increase in
DTm values when compared to compound 1 (BRAC-
O-19), with 3 showing the greatest ability to stabilise
human G-quadruplex DNA, with a difference in
DTm of 4.5� at 1 lM compared to 1. This broadly
supports the hypothesis that the effects of the benzyl
group at the 9-position result in enhanced quadruplex
affinity. Compounds 3 and 8, with –OMe substituents,

ruplex-ligand complexes from simulated annealing/molecular dynamics


h compound 1 is on the left, with the N-dimethylanilino ring orientated


ith the benzyl ring stacked approximately parallel to the G-platform.
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Scheme 1. Synthetic route to the benzylamino-substituted acridines. In the final step, 8.0 g (16.2 mmol) of the 9-chloro was suspended in 250 mL


acetonitrile. 2.6 g (17.8 mmol) DFBA and 2.3 g (17.8 mmol) DIPEA were added and the mixture heated to reflux for 28 h. The solid was collected by


filtration of the hot reaction mixture and washed twice with hot acetonitrile and dried under vacuum. The product was obtained as a yellow solid in


(8.32 g) 87%.
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are more effective than 2 and 7, with strongly elec-
tron-withdrawing –F substituents, suggesting that the
effects are both steric and electronic. The greater bulk
when two –CF3 groups are present, in compound 6 in
particular, has a deleterious effect on binding (shown
by, for example, compound 5 > 2 > 6), as does the
replacement of the pyrrolidino rings at the 3,6-posi-
tions with piperidino ones. An exception to this is
the superior stabilising ability of 9 compared to 6;
the reasons for this are not apparent. Even so, com-
pounds 7 and 8 are significantly superior quadruplex
binders than the piperidino analogue of BRACO-19,
compound 11. Molecular modelling suggests that the
piperidino are slightly too large for optimal fitting into
the quadruplex grooves (Fig. 1); compound 10, which
also has an extra methyl substituent on this ring, is
unsurprisingly a weaker binder and is the least potent
compound in this group. Compounds 4 and 9 are as
potent quadruplex binders as 2 indicating that the
presence of the methyl group on the benzyl ring can
be tolerated, in accord with the structural model. Ta-
ble 1 shows that benzylamino substituents in the 9-po-
sition bearing electron-withdrawing groups (such as 2
and 5) have lower DTm values than the analogues
bearing electron-donating groups. This is to be expect-
ed since the benzyl ring lies close to the cationic chan-

nel of the quadruplex, which would thus contribute to
its binding.


All of the compounds in this series inhibit telomerase
with telEC50 values <1 lM. There is no simple correla-
tion between telEC50 and DTm values, or with short-term
cell kill (IC50 values). As previously observed13 effective
quadruplex stabilisation is a necessary element but by it-
self is not sufficient for telomerase inhibitory potency. It
also has to be borne in mind that DTm values are not
equivalent to association constants, and so high correla-
tions with biochemical and biological measures of activ-
ity should not be expected. Even so, it is apparent that
high DTm values are consistently associated with telome-
rase potency as estimated by telEC50 values. The most
potent telomerase inhibitor, compound 2, has given an
increased DTm value compared to 1, of 1.5�, but this is
significantly less than that for 3. The increased short-
term cell kill potency observed for the piperidino com-
pounds 7–10 compared to their pyrrolidino counterparts
2–4 appears to be due to the increased lipophilicity of
the former group, and is not related to telomerase inhi-
bition. The calculated logP values for 2 and 7, for exam-
ple, are 1.59 and 2.35, and are a consequence of the
additional two carbon atoms at the ends of the side
chains.
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The favourable DTm and telEC50 values for compound 2
compared to 1 (BRACO-19), together with its improved
lipophilicity and pharmacokinetic behaviour (to be pub-
lished), have led to the selection of 2 as a potential clin-
ical candidate molecule. In vivo antitumour data for 2
will be reported elsewhere, but off-target toxicity has
been more recently observed, and further compounds
with diminished toxicity are now being evaluated.
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PAGE gel and visualized by staining with SYBR Green I
(Sigma). The TRAP products were quantified by fluores-
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